Batteries

II.C Next-Gen Lithium-lon: Advanced Cathodes R&D

II.C.1 Enabling High-Energy/Voltage Li-lon Cells: Electrochemical Analysis and
Evaluation (ANL, LBNL, NREL, ORNL)

Daniel P. Abraham, Principal Investigator
Argonne National Laboratory

9700 S. Cass Avenue

Lemont, IL 46039

Phone: 630-252-4332

E-mail: abraham@anl.gov

Peter Faguy, Technology Manager
U.S. Department of Energy

Phone: 202-586-1022

E-mail: Peter.Faguy@ee.doe.gov

Start Date: October 1, 2014 End Date: September 30, 2018
Total Project Cost: $4,000,000 DOE share: $4,000,000 Non-DOE share: $0

Project Introduction

High energy density lithium-ion batteries are needed for transportation applications in order to increase the
driving range of vehicles on a single charge. Towards this end, electrochemical cells containing near lithium-
stoichiometric, manganese-bearing, nickel-rich layered oxides (Li1+xNiaMnpCocO>, x typically <0.05) and
graphite-bearing negative electrodes are being cycled to higher voltages (> 4.35 V) as part of the Applied
Battery Research (ABR) for Transportation program. Cell lifetimes are, however, affected by these voltages
with performance degradation being greater at the higher voltages. The cell electrolyte, typically containing
carbonate-based solvents, is a major contributor to this performance loss as it tends to oxidize at the higher
voltages leading to the generation of deleterious species that degrade the positive electrode. Hence, the
development of electrolyte systems and stable interfaces that mitigate this performance degradation is a
priority. This project is intended to "enable" high-energy/high-voltage (HE/HV) cells via new insights and/or
understanding, not currently available, of why present materials/systems fail. This chapter deals with
electrochemical investigations focused on gaining such insights and understanding; more specifically, studies
relating to electrolyte and surface stability including solvents, additives, and surface coatings are presented.

Objectives

The goals of this project are related to acquiring a deeper, fundamental understanding of the processes that
influence the stability of NMC surfaces and the subsequent strategies, such as electrolyte formulations and
surface coatings, which are aimed at stabilizing these surfaces under high-voltage operation, and are as
follows:

o Identify additives, which when incorporated into the baseline electrolyte consisting of 1.2M LiPF6 in
EC:EMC (3:7 w/w), denoted as Gen2, reduces cell degradation

o Provide an understanding of electrolyte-additive mechanisms through experimental and computational
techniques

o Investigate fluorinated electrolyte systems with decreased activity at charged cathode surfaces

o Investigate the efficacy of coated surfaces, using various coating methods, under long-term
electrochemical cycling
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e Report and publish the knowledge gained so as to accelerate the development of high-energy/high-
voltage cells that are suitable for vehicular applications

Approach
The goals listed above will be pursued through the following experimental thrusts:

e Systematic study and evaluation of various additive systems to include:
0 Previously identified and new additive combinations
o0 Electrochemical evaluation under standard project protocols
o0 Development of Figure of merit (FOM) metrics for reliable evaluation of systems
0 Mechanistic determination of additive performance
o Investigation of fluorinated electrolytes and their electrochemical stability including:
o Various electrolyte formulations
0 Measurements of oxidative stability
0 Characterization of cathode surface stability
e Electrochemical evaluation of coated cathode surfaces including:
0 NMC cathodes, modified with Al,Os-based coatings, using various wet-chemical processes

0 Al,Os-coated, NMC particles and electrodes using atomic layer deposition (ALD)

Results
Additive Systems

In this work, all experiments were conducted using electrodes from ANL’s cell fabrication facility (CAMP)
with cell assembly and testing following the standard HE/HV protocols (Long et al., JES 163, A2999, 2017) in
a voltage window of 3.0-4.4 V vs. graphite. The additives in this study were chosen to mitigate the known
effects of Li* trapping at graphite SEI layers or impedance growth arising at the cathode. Additives include
2,4,6-trivinylcyclotriboroxane (tVCBO), Prop-1-ene-1,3-sultone (PES), Phenyl boronic acid ethylene glycol
ester (PBE), Li-bis(oxalato)borate (LiBOB),Vinylene carbonate (VC), Li-difluoro(oxalate)borate (LiDFOB),
Tris(trimethylsilyl) phosphite (TMSPi) and Triethyl phosphite (TEPi). Additives are listed in Figure 11-214b
(right) according to their reported efficacy at either the anode or cathode.

To compare performance of the various additive compounds Figure of Merit (FOM) values were defined for
cell Energy (relates to capacity) and Power (relates to impedance). These FOM values were based on cells
containing the baseline (Gen2) electrolyte — for these cells the energy density decreases to 80% of its initial
value (713 to 570 Wh/Kgoxige) after 170 cycles, and the power density decreases to 80% of its initial value
(135 to 108 mW/cm?) after 23 cycles. For the additive-bearing cells, the Energy FOM (FOME) is the
extrapolated cycle number at which the energy density decreases to 570 Wh/Kgoxide and the Power FOM
(FOMP) is the extrapolated cycle number at which the power density decreases to 108 m\W/cm?; note that the
FOM values do not depend on the initial energy and power density values of the additive-bearing cells.
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Figure 1-214. (Top) FOME and corresponding FOMP values, in descending order, of tested additive combinations. (Bottom)
Plot of FOMP vs. FOME for the additive systems tested.

Figure 11-214 (left) shows the electrolytes in descending order of FOME and the corresponding FOMP. The
plot indicates no obvious correlation and suggests that the mechanisms governing long-term energy
performance are relatively independent from those that govern the long-term power performance of the cells.

Figure 11-214 (right) shows a plot of FOMP vs. FOME. Here a direct comparison between the baseline system
(located at the intersecting lines) and the additive systems can be made, where points in the top-right would
indicate improved performance and point in the bottom-left degraded performance. An examination of the data
shows that only cells with the 0.25% tVCBO + 1% TMSPi combination would have significantly better long-
term energy and power retention than the baseline. The data in Figure 11-214 represents a large amount of
information and it is clear that the approach of combining standardized protocols and FOM values is a
powerful approach. This methodology can be used to evaluate new electrolyte systems, optimize electrolyte
formulations, and gain insights into the mechanisms of electrolyte behavior. Furthermore is has now been
adopted to the study of cathode coatings.
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Figure 1-215. Schematic depiction of the electrocatalytic cycle for the baseline electrolyte and the role of TMSPi and TEPi

TMSPi has emerged as a useful electrolyte additive and the data in the FOM plots above indicate that this is an
additive of interest. Therefore, TMSPi and the structurally analogous TEPi were further examined. Cycling
data revealed lower capacity fade, lower impedance rise, and lower TM deposition on anodes for cells utilizing
TMSPi compared to cells with TEPi. Furthermore, X-ray photoelectron spectroscopy (XPS) showed P- and O-
rich surface films on the positive electrodes of TMSPi cells. These observations suggest that removal of TMS
groups from the central P-O core of the TMSPi additive enables formation of a protective oxide surface film.
In contrast, oxidation of the structurally analogous TEPi does not yield a protective positive electrode film,
which results in inferior performance.

For baseline cells, the following degradation mechanism is proposed, shown in Figure 11-215a. At higher
voltages, reactive M-O° radicals abstract hydrogen atoms from solvent molecules generating solvent radicals
and transient M-OH species. The abstracted hydrogen can react with fluorine species in the electrolyte to form
corrosive acids (e.g., HF) that enhance TM dissolution from the oxide. These dissolved TMs can migrate and
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deposit at the negative electrode and accelerate electrolyte reduction and Li* trapping in the SEI and, therefore,
capacity fade.

For TMSPI, it is proposed that the reaction of the TMS groups with HF leads to the formation of trimethylsilyl
fluoride (TMSF) and a phosphorus intermediate, [TMSPi*], Figure 11-215b. In close proximity to the oxide
surface the reactive M-O° species form bonds with the central P atoms of the [TMSPi*], leading to a P- and O-
rich surface film, as detected by XPS. For these bonds to form, the scission of at least one TMS group must
occur; however, the removal of two or all of the TMS groups from the central P-O moiety, prior to surface film
formation, is possible. Quenching of reactive M-O" sites by the phosphorus-bearing film reduces hydrogen
abstraction and in turn reduces formation of corrosive species. For TEPI, it is proposed that oxidation of TEPi
occurs via hydrogen abstraction from the TEPi alkyl groups, initially generating more HF species compared to
the baseline cell (Figure 11-215c). Unlike TMSPIi, TEPi does not initially form a surface film on the oxide
electrode, allowing the M-O" catalytic centers to continue oxidizing solvent molecules and generating
corrosive acids. Thus, increasing TM deposition at the negative electrode and accelerating capacity fade.

Fluorinated Electrolytes

The use of conventional organic carbonate electrolytes results in instabilities at the cathode/electrolyte
interface that contribute to a loss of capacity and a rise in interfacial impedance. One strategy to address these
instabilities is through new solvent designs that are more intrinsically stable at charged cathode surfaces. This
project has developed a fluorinated, carbonate-based electrolyte and evaluated its electrochemical performance
at high voltages in NMC-532//graphite cells (Gr). Preliminary results indicated potential benefits, especially at
the cathode/electrolyte interface, relative to the baseline electrolyte (Gen2). However, details of the observed
electrochemical properties are not well understood. This work aims to gain insights into the working
mechanisms of fluorinated electrolytes when used in NMC//Gr systems cycled to high voltages (> 4.4 V).
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Figure 1-216. a) Capacity and coulombic efficiency of NMC-532//Gr cells containing Gen2 and DFEC/HFDEC electrolytes
cycled using a 4.5 V upper cutoff. b) ASI as a function of HPPC cycle for the DFEC/HFDEC cell shown in (a).

The fluorinated electrolyte developed in this project maintains the same 3:7 solvent ratio of cyclic carbonate to
linear carbonate as the Gen2 formulation. However, EC is substituted with a difluoro cyclic carbonate,
4,5-difluoro ethylene carbonate (DFEC) and the EMC with a hexafluorinated diethyl carbonate,

bis (2,2,2-trifluoroethyl) carbonate (HFDEC). The fluorinated formulation has a LiPFes concentration of 1.0 M
and is abbreviated herein as DFEC/HFDEC. Figure 11-216a shows capacity vs. cycle number and coulombic
efficiency (right axis) for NMC-532//Gr cells containing the Gen2 electrolyte and DFEC/HFDEC electrolyte.
The area specific impedance (ASI), as a function of hybrid pulse power characterization (HPPC) cycles, shown
as low points in the cycling data of Figure 11-2164a, is presented in Figure 11-216b.Three points of interest are
observed. 1) DFEC/HFDEC results in the same first-cycle charge capacity as Gen2 but with lower first-cycle
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efficiency, leading to lower initial cycling capacity; 2) the coulombic efficiency for the DFEC/HFDEC cell is
significantly higher than the baseline Gen2 cell; 3) the ASI for the DFEC/HFDEC cell is initially higher than
the Gen2 cell (~25 Qecm? for Gen2, not shown) but does not increase with cycling. Interestingly, Gen2 cells
eventually (~75 cycles) show ASI values higher than those of the DFEC/HFDEC cell shown in Figure 11-216b.
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Figure 11-217. a) and ¢) DFEC/HFDEC compositions (%). b) and d) corresponding dQ/dV profiles for each of the fluorinated
compositions in Gr//Li cells on the first-cycle lithiation of graphite.

Figure 11-217a and Figure 11-217b show electrolyte compositions and dQ/dV profiles, respectively, for the first
lithiation process of Gr//Li cells. Cells with 80% DFEC (20% HFDEC) showed significantly larger dQ/dV
peaks at nearly all potentials relative to cells with 30% DFEC (70% HFDEC). These peaks are all at higher
potentials than the dominant electrochemical activity of graphite, and thus are attributed to electrolyte
reduction. Figure 11-217c and Figure 11-217d show that when 30% FEC is substituted for DFEC, there is
substantially less reduction occurring below ~1.3 V. These data reveal that reduction of the DFEC component
in the DFEC/HFDEC electrolyte is a major contributor the initial capacity loss and poor first-cycle efficiency
observed in Figure 11-216a. Several tests were also conducted to understand the origin of the high ASI values
observed in Figure 11-216b.
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Figure 1-218. a) and b) ASI values for various cell configurations as described in the text. ¢) Oxidation current vs. time at
4.5V for NMC-532//Gr cells containing DFEC/HFDEC, FEC/HFDEC, and Gen2.

Figure 11-218a shows ASI values for two cells containing Gen2 electrolyte as well as graphite anodes that had
been previously formed using Gen2. However, the cathodes (NMC-532) of these cells were previously formed
with either Gen2 (black curve) or DFEC/HFEC (red curve) electrolytes. The small impedance difference
between these two conditions indicates that forming the cathode with the fluorinated electrolyte is not the
source of the high impedance observed in Figure 11-216b. Figure 11-218b shows the ASI for two cells that both
contain graphite anodes previously formed with DFEC/HFDEC electrolyte, and paired with pristine NMC-532
cathodes in cells containing either Gen2 (black curve) or DFEC/HFDEC (red curve) electrolytes. The large
impedance change between these two cells, along with the data in 5a, shows that the formation environment of
the graphite anode (or NMC cathode) is not the dominant contributor to high impedance. Clearly, the identity
of the electrolyte itself is a major factor in determining the ASI observed in Figure 11-216Db. Finally,
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Figure 11-218c shows a plot of oxidation current vs. time (at 4.5 V) for NMC-532//Gr cells containing
DFEC/HFDEC, FEC/HFDEC, and Gen2. Clearly, the fluorinated compositions lead to less oxidation current
and thus greater stability at high voltages than the Gen2 baseline. These data taken together show that
fluorinated electrolytes, and particularly the FEC/HFDEC composition, are of interest for high-voltage
applications. Work is ongoing to better understand the nature of SEls formed on graphite anodes using these,
and other, fluorinated compositions.

Coated NMC Cathodes

Cathode coatings, particularly Al,Os, are often reported as beneficial to high-voltage operation. However, a
wide variety of results can be obtained from the literature. This project is aimed at systematic studies of
coatings in order to gauge their efficacy in enabling high-voltage performance. The systems tested included
various NMCs coated by ALD (particles and electrodes) as well as wet-chemical methods (discussed
elsewhere). Figure 11-219 (top) and Figure 11-219 (bottom) show summary data from a detailed study,
conducted by Argonne’s Cell Analysis, Modeling and Prototyping (CAMP) facility in collaboration with Forge
Nano (Louisville, Co). Forge Nano delivered three coating levels of Al,Os on NMC-532 powders to CAMP for
electrode fabrication and testing. Sample A being the thinnest (2 ALD cycles) coating followed by samples B
(4 cycles) and C (8 cycles). The table in Figure 11-219 (top) shows cell formation and rate data of duplicate sets
of full cell coin-cells.

Pristine 215 31 a4 180 169
Sample A 215 30 85 179 169
SampleB 220 34 24 179 168
Sample C 211 31 83 174 161
Pristine 221 35 85 178 168
Sample A 220 33 85 181 170
SampleB 219 33 85 179 167
Sample C 207 31 83 171 158
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Figure 1-219. (top) Cell formation and rate data for duplicate sets of coated NMC-532//Gr. (bottom) Cycle life plot of Set 1
data between 4.4-3.0 V, C/3 charge and discharge, 30°C.
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Cells consisted of the coated cathodes, graphite anodes, and Gen2 electrolytes. All cells underwent formation,
rate studies, HPPC, and cycle life testing. Figure 11-219b shows cycle life testing of samples A, B, and C
between 4.4-3.0 V at a C/3 charge and discharge rate. The main conclusions of this more detailed study can be
arrived at from the data in Figure 11-219. Specifically, ALD-Al,O3 coatings on NMC-532 did not significantly
improve performance over the uncoated baseline under any of the conditions tested. A negative trend in
performance was found with increasing ALD cycles (coating thickness). Preliminary data of ALD-AIl>Os
coatings on electrode laminates, conducted at NREL, present similar conclusions with a possible NMC
composition dependence for these coatings. For example, Figure 11-220 shows NMC-532, 622, and 811
electrodes coated via ALD with Al,O3. No clear trend is observed for NMC-532 or 811, however, the NMC-
622 data may indicate a net positive benefit. Future studies will focus on the effects of cathode composition on
ALD coatings.
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Figure 1I-221. NMC-532 powders wet-coated with Al2O3 by various wet-chemical methods as a function of (a) wt.% Al20s,
(b) Al salt/solvent system, and (b) 0.5 wt.% Al20s via a wet impregnation method.

Figure 11-221a-c show wet-chemical coatings of Al,0s; on NMC-532 cathodes. In general, it can be observed
that 1) thinner coatings lead to better performance; 2) the precursor/solvent system plays a role where

Figure 11-221b shows that 0.2 wt. % Al>Os, coated on NMC-532 by way of Al-isopropoxide in methanol,
outperforms the uncoated material; 3) The wet impregnation method leads to greatly reduced initial impedance
(not shown) and, subsequently, higher cycling capacities as a function of rate.
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Conclusions

e Protocols and Figure of merit values have been developed that allow for reliable comparisons of
electrolyte formulations and insights into the mechanisms of their success or failure

o Fluorinated electrolytes have been developed that show increased stability at charged cathode surfaces
and unique SEI films with enabling properties at graphite anodes

e Al,Os coatings on NMC cathodes have been studied in great detail and, while findings thus far do not
substantially support the idea that this particular material can enable long-term, high-voltage stability in
NMC//Gr systems, certain synthesis conditions/methodologies show more promise than others

o Future studies will focus on select methodologies and their ability to promote stable surfaces in
NMC//Gr systems at higher voltages.
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Project Introduction

The inability to charge commercially available Lii+xNiaMn,Co.O2 (NMC-abc, where X is typically <0.05),
cathode materials beyond ~4.3 V (vs. graphite) without incurring excessive surface damage, electrolyte
decomposition, structural instabilities, gassing, and loss of lithium inventory is a significant challenge in
meeting next-generation energy storage targets. This project aims to understand the underlying failure
mechanisms associated with these issues that prevent state-of-the-art Li-ion battery systems from achieving
higher practical energy densities than are currently obtainable. To do so, several research thrusts have been
established across the overall project including cathodes, electrolytes and additives, surfaces and interfaces,
testing and analysis, modeling, and cell fabrication. In addition to these areas of focus, cross-cutting
collaborations are targeted at obtaining information on the failure mechanisms of NMC//graphite (Gr) cells
that affect systems-level performance when cycled at high voltages. This project is intended to "enable" high-
energy cells via new insights and/or understanding, not currently available, of why present materials/systems
fail. This chapter deals with the materials and characterization component of the project; more specifically,
detailed studies of the structure and behavior of NMC surfaces, and their interactions with materials applied as
surface stabilizers, as a function of synthesis are presented.

Objectives

The goals of this project are related to acquiring a deeper, fundamental understanding of the processes that
influence the stability of NMC surfaces and identify strategies, such as coatings, aimed at stabilizing these
surfaces under high-voltage operation, and are as follows:

o Understand the complex relationships between NMC particle morphology and the associated, facet-
dependent electrochemical properties
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o Design, synthesis, and characterization of model systems that are directly compatible with experimental
and theoretical approaches to allow for unique, atomic-scale insights into the reactivity of NMC surfaces

o Develop surface-sensitive, structural characterization tools that allow better correlations to be made
between the morphology and composition of pristine and coated, Ni-rich cathodes, and their associated
electrochemical properties

o Understand the effects of surface coatings on cathode interfaces and bulk structures as a function coating
methodology (technique, annealing temperature, and coating content) and cathode composition

o Understand the effects of cathode composition on surface segregation, coating efficiency, and
electrochemical performance of Ni-rich cathodes

Approach
The goals listed above will be pursued through the following experimental thrusts:

o Synthesis of model systems that allow for detailed experimental and theoretical characterization of NMC
surfaces including:

0 Single-crystal, NMC particles with well-defined compositions, sizes, and morphologies
o0 Surface-modified particles
o Thin-film, NMC cathodes
o Systematic studies of coated NMC particles using Al.O3 as a baseline, to include:
0 NMC composition (442, 532, 622, 811, NCA, and LCO)
o0 Characterization and effect of initial surface-Li content and Li leaching

0 Aqueous vs. non-aqueous solvents coupled with various Al precursors with oxidizing and non-
oxidizing associated anions

0 Post-synthesis annealing temperature and diffusion/solubility of Al, LiAl>Os, and Al;,O3
o Structure and morphology of coatings as a function of the above variables

0 Wet-chemical methods compared to atomic layer deposition (ALD)

0 Physical and electrochemical characterization

Results

Synthesis of Model Systems

In this work, a modified molten-salt synthesis approach is used to fabricate layered, NMC single-crystal
samples with well-defined particle morphologies, sizes, and compositions. In a typical synthesis procedure,
stoichiometric amounts of transition-metal (TM) precursors, Mn(NO3)2-4H20, Co(NOs)2-6H20 and Ni(NO3)-
2-6H,0, are dissolved in a small amount of de-ionized water. A lithium source, LiNOgz, Li,COs3, or LiOH*H,0
is added to the solution followed by the addition of a flux, typically KCI (m.p. = 771°C) or CsCl (m.p. =
645°C). The mixture is then transferred into an alumina crucible, covered with a lid, and trace amount of
residual water is removed by gentle heating at 200 C. The resulting dry powder is further heated at a controlled
rate to an elevated temperature, typically 850°C or 900°C, and then soaked at the high temperature for 8-12
hours before cooling to room temperature. The final product is thoroughly washed with de-ionized water to
remove the flux and dried in a vacuum oven overnight. Choice of precursors, flux, ratio between precursor and
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flux, soaking time, and temperature can be adjusted to influence the uniformity and physical characteristics of
the synthesized crystals.

Previously, crystal samples with varying TM ratios, including NMC-333, NMC-532, NMC-622, and NMC-
811, were synthesized using the above procedures as shown in the SEM of Figure 11-222. Importantly, these
data were used to corroborate density functional theory (DFT) calculation carried out by Iddir et al., showing
that, energetically, (012) surfaces dominate under highly oxidizing synthesis environments (see also 11.A.3.iv).
The (001) surface appears in all samples in a nearly constant fraction, while the coverage of (104) planes
increases as the degree of crystal truncation increases, Figure 11-222f. Furthermore, as shown in Figure 11-223,
these crystals can be fabricated into composite electrodes and cycled in electrochemical cells. These results
support and verify the strategy of using “practical”, model systems that can be directly understood by
experiment, advanced characterization, and theory.

. (012)
I (001)
(104)

Qctahedron T-octahedron Polyhedron

Figure II-222. NMC-532 crystal samples with varying particle sizes and morphologies: a) 50 nm, b) 100 nm, ¢) 1 ym,
d) 1 um, e) 10 um and f) summary of surface facets and their fraction on NMC-532 crystals.
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Figure 11-223. Half-cell cycling stability comparison of NMC crystal cathodes: a) NMC-333 in 100 nm size, b) NMC-532 in
100 nm size and ¢) NMC-532 in 10 ym size.

Low-temperature (LT) synthesis routes (~500°C) were also explored, as part of a Go/No-Go milestone, in

order to obtain other particle morphologies. Figure 11-224a and Figure 11-224b show SEM images of NMC-333
crystals synthesized through a LT route. Hexagonal nano-platelets, with an average particle size of 200-300 nm
and a thickness of ~70-80 nm, were obtained and this particle morphology was found to be insensitive to NMC
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composition. XRD data shows that the crystals adopted a phase-pure, layered structure. As such, a Go decision
was made on pursuing these LT synthesis routes. High-resolution TEM (HRTEM) studies are underway to
better understand the atomic-scale properties of these particles.

Spectroscopic characterization was performed on various NMC crystals to investigate the effect of Ni content
on pristine surface properties. Figure 11-224c and Figure 11-224d show the soft X-ray absorption (XAS) data
collected on NMC crystals with compositions of NMC-333, 532, 622, 811. All crystals had the same particle
size of 1 um and the same particle shape of truncated-octahedron (Figure 11-222d), which is predominately
enclosed by the (012) family of surface facets. The spectra were collected in either total electron yield (TEY)
mode, which probes a depth of ~5 nm (e.qg., surface), or fluorescent yield (FY) mode, which has a probing
depth of ~50 nm (e.g., bulk). No obvious differences were observed in the oxidation states of Mn or Co (not
shown), suggesting minimal impact of Ni concentration on similar surface planes. Ni oxidation state was found
to increase along with the increase of Ni content, evidenced by the increasing intensity ratio of Ni L3 high/low
peaks between 852-858eV (Figure 11-224c). A comparison with the bulk Ni oxidation state, collected in FY
mode (Figure 11-224d), shows that surface Ni is more reduced than the bulk in all NMC crystal samples. The
particles presented above, and variations thereof, will be used to investigate the atomic-scale, facet-dependent,
electrochemical properties of NMC surfaces and inform further theoretical studies.

1¢) NMC-333 |
| NMC-532 |]
NMC-622 |
1 NMC-811 |

Intensity (a.u.)

T T T T T T T T T T T T T T T T
850 855 860 865 870 875 850 855 860 865 870 875

Energy (eV) Energy (eV)

Figure 1-224. a, b) SEM images of NMC-333 synthesized from a LT-synthesis route. c) TEY Ni L-edge and d) FY Ni L-edge
XAS profiles.
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Mn Kal

Figure 11-225. a) SEM image of ~0.15Li2Mn03* 0.85LiCo02 particles used for surface and bulk nickel doping. b) HRTEM
image showing layered structure of the Ni-doped surface. c) EDS maps showing distribution of surface Al after ALD coating.

Figure 11-225a shows single-crystal particles synthesized via a salt-flux method having a composition of
~0.15Li2Mn03+0.85LiCo0,. The composite nature of the material gives LiMng-type ordering and Li sites
within the TM layers. Treatment of these particles, in an acidic solution containing Ni%* cations, and
subsequent annealing leads to the incorporation of Ni?* into the Li sites of the TM layers in an exchange
process, thereby creating a Ni-doped, layered, R3-m-type of oxide. Depending on post annealing
time/temperature, Ni can be doped primarily within the surface regions or distributed more deeply into the
bulk. HRTEM data (b) and spectroscopy (not shown) reveals regions of Ni incorporated into a well-layered
structure to a depth of ~20 nm for samples annealed at ~600°C. Preliminary XAS results show that the
electrochemical behavior of Ni is different for samples annealed at 900°C (e.qg., bulk incorporation of Ni)
compared to 600°C (e.g., surface-doped Ni); even when protected by coatings such as Al,Os, Figure 11-225c.
Further analyses, as well as spectroscopic studies using various coatings and additives, are ongoing to better
understand these systems and the role of surface vs. bulk nickel in nickel-rich cathodes.

Thin film cathodes have been produced by magnetron sputtering from NMC-442, 532, 622, 811, and NCA
targets. XRD, ICP, and electrochemical profiles have been used to determine the sputtered phases and lithium
contents of films produced under different processing conditions. Thin-film NMC-442, 532, and 622, heat-
treated in air to 700°C, demonstrated proper phase content and voltage profiles but with low initial capacities
for two, different film thicknesses (Figure 11-226). NMC-811 and NCA sputtered films demonstrated voltage
plateaus that did not agree with the established profiles for these materials, where ICP results indicated
lithium-rich compositions for these films. Process optimization is ongoing.

4.5 PR L1 | L1 4,5_"" saaleway (I e
—+— NMC532 T, seesteee= NMC442
: NMCG22 1 - —e— NMC532 E
< - : . NMC622 | r
?.a 4 T um = a 4 .‘..
o . F ® o, 500 nm C
{@)] B L [e)] .
© ] u & L
53.5- - 935 -
035_ — =2 3
>
3 - —_— A 3 : VL :
15C 0 50

50 @ 100 50 . 100 1
Sp. Capacity (mAh/g) Sp. Capacity (mAh/g)

Figure 1I-226. Discharge profiles of NMC-442, 532, & 622 thin-film cathodes, 1 um (left), and 500 nm (right).

Coating Mechanisms and NMC Cathode Particles

The effect of NMC metal ratios on surface and bulk composition, morphology, and electrochemical
performance for Al,Os-coated samples was studied with NMC-532, 622, and 811 prepared with aqueous
coatings, varying Al,Os content, and annealing temperatures. Surface elemental distributions, local chemical
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and atomic structures, surface species and bulk changes were examined by SEM, TEM, XRD, and solid-state
nuclear magnetic resonance spectroscopy (NMR). Results show that with compositional change from 532 to
811, the Al>,O3 coatings begin to diffuse into the bulk on high-temperature annealing due to Al compatibility
with Ni-rich materials, Figure 11-227a. Because diffusion of surface Al,Os into the bulk of 811 is easier, and
more evenly distributed when compared to 532 and 622, morphology differences can be observed, SEM
Figure 11-228a. 2’Al NMR data showed formation of a surface LiAlO, phase for all compositions when
annealing temperatures increased to 800 °C. The diffusion of Al into the lattice was found to negatively affect
electrochemical performance, indicating the importance of compatibility between surface coatings and bulk
oxides.
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Figure II-227. a) 27Al NMR spectra of 5 wt.% Al20s-coated NMC-622 and 811 annealed at 800°C for 8h, compared to Co-rich
NCA, Ni-rich NCA and NCMA, and Co-rich NCMA. b) 7Li NMR for Al2Os-coated NMC-532 with various salt/solvent systems.
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Figure 11-228. a) SEM images of Al20s-coated NMC-532, NMC-622, and NMC-811 with Al203 at 1, 2, and 5 wt.% annealed at
800°C for 8 h. b) SEM images of Al203-coated NMC-532 with various aluminum sources, solvents, and annealing times.

NMR has also shown the presence of surface proton and lithium species, Figure 11-227b. In addition, lower
initial capacities in comparison to pristine samples were observed with aqueous solvents, suggesting possible
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lithium loss or displacement from the bulk of cathode oxides during coating. In order to mitigate these
challenges, alternative Al precursors and solvent systems were studied. Experiments were performed on NMC-
532 with 2 wt.% Al-nitrate and isopropoxide as aluminum sources, and ethanol, methanol, and xylene as
solvents. Coated samples were annealed at 400°C and 800°C to study the temperature effect on coating
composition and electrochemical performance. Results show that surface-lithium contents after annealing are
indeed influenced by choice of solvent (Figure 11-227b), and particle morphologies are altered when changing
both solvent and aluminum precursor, Figure 11-228b. Furthermore, electrochemical performance was
improved with the use of Al-isopropoxide/methanol in comparison to the Al-nitrate/water pair (11.C.1).
Theoretical calculations have also been carried out on Al,Os-coated NMC surfaces and important insights
gained on the interface structures of coated NMC materials (11.C.3).

Conclusions

A major goal of the overall project is an atomic-scale understanding of the physiochemical properties of NMC
surfaces and interfaces. In order to obtain unique insights into these materials, model systems were pursued
that will allow for combined experimental and theoretical studies that can be correlated by practical
experiments and tractable calculations. FY17 efforts have shown that well-defined, single-crystal particles can
be synthesized and facet-dependent properties probed. In addition, model cathode particles and thin-film
cathodes have been fabricated for combined spectroscopic and electrochemical characterization. Furthermore,
a detailed study on the effects of NMC composition, precursors, solvents, and annealing conditions has been
carried out to elucidate the mechanisms of protecting NMC surfaces by means of coating methods. It has been
shown that all parameters act in concert to arrive at the final product and profoundly influence electrochemical
performance. In particular, the propensity for lithium leaching in aqueous solvents, coating thicknesses, and
the driving force for Al segregation and diffusion, both strong functions of TM content, play a particularly
important role in realizing efficient particle coatings. The electrochemical properties of these and other
coatings is presented in I1.C.1.
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Project Introduction

The inability to charge commercially available Lii+xNiaMn,Co.O2 (NMC-abc, where X is typically <0.05),
cathode materials beyond ~4.3 V (vs. graphite) without incurring excessive surface damage, electrolyte
decomposition, structural instabilities, gassing, and loss of lithium inventory is a significant challenge in
meeting next-generation energy storage targets. This project aims to understand the underlying failure
mechanisms associated with these issues that prevent state-of-the-art Li-ion battery systems from achieving
higher practical energy densities than are currently obtainable. To do so, a more complete description of the
atomic-level structure and reactivity of NMC surfaces is needed. This chapter deals with atomistic and
electrochemical modeling studies focused on understanding material surfaces and interfacial reactions as well
as relating electrochemical performance measurements to diagnostic studies on lithium-ion cells.

Objectives

The goals of this project are related to acquiring a deeper understanding of the atomic-scale processes that
influence the structure and stability of NMC surfaces under various electrochemical environments by:

o Determination of surface structures and the driving forces for surface elemental segregation

e Theoretical predictions of electrolyte- and additive-NMC surface interactions

o Theoretical predictions of electrolyte decomposition and dissolution products and related effects

o Effect of NMC, transition metal (TM) composition on the synthesis of Al,O3-based NMC coatings

¢ Understanding the effects of side reactions and electrode crosstalk through electrochemical modeling
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Approach

The goals of the project will be accomplished through atomistic modeling using density functional theory
(DFT) and electrochemical modeling using continuum-based transport equations combined with kinetic and
thermodynamic expressions. All atomistic calculations were carried out by spin-polarized DFT as implemented
in the Vienna Ab Initio Simulation Package (VASP). The exchange-correlation potentials are treated by the
generalized gradient approximation (GGA) parametrized by Perdew, Burke, and Ernzerholf (PBE). The
interaction between valence electrons and ion cores is described by the projected augmented wave (PAW)
method. Furthermore, the GGA+U scheme is used for applying the on-site correlation effects among 3d
electrons of the TMs, where the parameter of (U-J) is set to 5.96 eV, 5.00 eV, and 4.84 eV for Ni, Co, and Mn,
respectively. The wave functions were expanded in the plane wave basis up to a kinetic energy of 500 eV. All
surface calculations were performed using a periodically repeating slab separated by vacuum layers along the
surface normal. A vacuum thickness of 10 A was adopted to remove interactions between the slab layers. The
lattice parameter of the supercell was fixed at its bulk value. All ions were allowed to relax until the total
energy differences were no more than 0.003 eV. After geometry optimization within the DFT+U framework,
electronic relaxation was performed using a single point calculation with the hybrid functional HSEQ6 to
determine the surface energy at that level of theory.

NMC-111 is used as a model material because the TM-layer, ionic configuration is known. In order to
establish the ion ordering in the TM layers, it is necessary to use a supercell that is at least three times bigger in
the a and b directions than for a single-metal, layered material such as LiCoO,. A k-point mesh of 3x3x3 was
found sufficient to get accurate electronic energies for bulk calculations on this unit cell. Each ion has six
neighbors consisting of groups of the other TMs arranged in a triangular shape. This ordering was found to be
the most favorable using solid state NMR. This structure was also confirmed by DFT calculations of an initial
set of 30 lowest-energy configurations determined based on electrostatic interactions only. The ordering can be
explained based on the local charge balance. The sum of the electrovalencies of the nearest-neighbor cations
should be equal to the charge of the anion in ordered rock-salt structures. Adsorption and reaction energies
(AE) were calculated using the following expression:

AE = Esurf+adsorbate - Esurf - Eadsorbate (1)

Where Eagsorbate iS the energy of the isolated molecule in the vacuum, Esyr is the energy of the bare slab, and
Esurtradsorbate 1S the total energy of the molecule adsorbed on the slab. Bulk solvent effects were accounted for by
using an implicit solvation model as implemented in the DFT code VASP. Additionally, calculations of
reactions in solution were performed with the Gaussian 09 implementation of DFT at the B3LYP/6-31+G(d,p)
level of theory. Frequency calculations were performed for all structures in order to determine the nature of the
stationary points. The ultrafine integration grid was employed in all calculations.

Results
Atomistic Modeling

Oxidation mechanism of electrolyte molecules on pristine and delithiated NMC surfaces

DFT calculations were used to estimate the interaction of electrolyte solvent molecules with the surfaces of
NMC particles. Solvent molecules included ethyl methyl carbonate (EMC), ethylene carbonate (EC),
hexafluorinated diethyl carbonate (HFDEC), and difluoro ethylene carbonate (DFEC), see I1.A.3.iii. It was
shown in an earlier report that the most reactive NMC facet is the (012) surface [1]. This facet was used as the
prototype surface to determine cathode electrolyte interactions. Ab initio Molecular Dynamics (AIMD) was
also used to explore the configuration space of the molecules over the surfaces. Several adsorption
configurations were evaluated in order to find atomic positions that minimized the adsorption energy on the
fully lithiated and delithiated NMC surfaces. The lowest energy configuration for EMC is shown in

Figure 11-229a. In this configuration the EMC molecule is chemically oxidized via hydrogen abstraction. The
negative reaction energy denotes an exothermic reaction. The reaction produces a radical that is stable under
the simulation conditions. However, this radical intermediate is highly reactive so its reactivity was tested by
adding an alkene molecule to the simulation box. In the presence of an alkene the intermediate polymerizes
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until a termination step is provided. Note that the hydrogen abstraction process transfers one electron to the
lattice reducing a TM at the surface. EC interaction with the NMC (012) surface (Figure 11-229b) takes place in
an equivalent process. However, according to the calculated reaction energies, EC oxidation is more
thermodynamically favorable than EMC oxidation. This indicates that EC would decompose preferentially in a
Gen2 electrolyte. Contrary to EC and EMC, the fluorinated molecules HFDEC and DFEC do not react with the
lithiated surface. The adsorption configurations of the fluorinated electrolyte molecules are shown in

Figure 11-229c and Figure 11-229d. The interaction of HFEC and DFEC with the surface is weak, leading to an
adsorption energy of -0.11 eV and -0.03eV respectively. There is no charge transfer during this interaction.
Hence, no TM reduction is expected. The molecules interact in an analogous manner on the delithiated slab.
On the other hand, the interaction of the additive Tris(2,2,2-trifluoroethyl) phosphite (TTFP) with the surface
differs from the electrolyte molecules mentioned above. On the lithiated surfaces the interaction of TTFP is
weak (AE=-0.04 eV). This matches the interaction of the fluorinated electrolytes molecules. In contrast, on the
delithiated surface TTFP prefers to form a phosphorous-oxygen bond (Figure 11-229¢). The hydrogen
abstraction is not favorable in this case, probably due to steric effects. Furthermore, the produced phosphate
TTFPa molecule readily detaches from the surface without any energy barrier. Indeed, the reaction energy
(AE=-3.1 eV) of taking an oxygen from the surface at this level of lithiation is very similar to the computed
energy of oxidation of TTFP to TTFPa in solution (AE=-3.5 eV) [2, 3]. Oxidation of TTFP to TTFPa, creates
an oxygen vacancy at the surface and leaves two electrons in the lattice that reduce the TMs. The reduction of
the TMs and the creation of oxygen vacancies at the surface is likely the trigger of a surface phase change
(e.g., layered to spinel).

AE =-0.56eV AE =-1.96eV
ba . W @) (b)
\\}*V%{/H abstracted H abstracted

Figure 1-229. Lowest energy configurations of electrolyte molecules on NMC (012) surface. (a) EMC, (b) EC, (c) HFDEC,
(d) DFEC, (d) TTFP, (e) TTFP, (f) TTFPa
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Interaction of select additive decomposition products with NMC surfaces

The interaction of the additive Tris(trimethylsilyl) phosphite (TMSPi) with the NMC (012) surface was also
investigated. It was found that the decomposition products of TMSPi are stable on the surface in an oxidized
state as phosphates. Figure 11-230 shows the interaction of TMSPi with the delithiated (012) surface. The
interaction of the additive is weak due to the steric effect of the bulky TMS groups. However, TMSPi can lose
a TMS group (reaction with PFs and HF) and form a phosphate at the surface. The phosphate absorbs
favorably at the surface. The absorbed species could produce a passivation effect at the cathode, in agreement
with experimental findings that show a low impedance rise and much reduced TM dissolution (11.C.2). TMSPi
was also compared with Triethyl phosphite (TEPi). Although the two additives are both phosphites, contrary to
TMSPi, the TEPi leads to higher metal dissolution, higher impedance, and lower capacity retention [4, 5]. A
more detailed mechanistic study is underway.

Figure 11-230. TMSPi interaction with the delithiated NMC (012) surface.

Transition metal segregation to specific NMC surfaces

Calculations show that a thermodynamic driving force for Co segregation to the (104) facet of NMC surfaces
exists [1]. However, no driving force was found for preferential segregation, via the TM layer, to the (012)
surface. On the other hand, Ni segregation to (012) facets is related to surface-phase transformation. Previous
work has found the (012) surface to be Ni rich. (See Figure 11-231.) In order to gain some insights into these
processes, a bulk Li/Ni anti-site defect formation energy of Er= 0.3 eV was computed, which leads to an

equilibrium concentration:
_Ef
C = Neonse RT = 1.3%

Ni row

Figure 1I-231. Ni enriched NMC-111 (012) surface showing a stable arrangement of Ni in a row within the Li layer.

The energy of formation of a second anti-site defect in the same TM layer is ~1.8 V. A third anti-site defect in
the same TM layer produces a spinel-like region. The energy of formation of this defect is 0.4 eV. This
indicates that the formation of rows of Ni in the Li layer near the surface is more favorable than randomly
localized defects. This mechanism is likely at the origin of the observed formation of Ni-rich facets. However,
in order to explore such surface-phase transformations (e.g., layered to spinel), thicker slab models need to be
considered. Such systems are computationally expensive. Furthermore, to accurately describe key electronic
structure features, hybrid functionals are required, adding to computational costs of DFT calculations. The
convergence of the self-consistent loop is very hard to achieve at this level of theory and model sizes.
However, good progress has been made and results are in preparation for publication.
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Theoretical Insights on how Transition Metal Composition Affects Alumina Coatings on Ni-Rich Cathodes

A model slab for the (012) surface (Figure 11-232) was used that was found to contribute the most to the
overall surfaces of NMCs and was in agreement with the experimental results. Five layers of NMC-111 and
two layers of a-LiAlO2 on each side of the slab (symmetric configuration) were constructed. This
configuration was chosen because a-LiAIO; is isomorphic with NMC. The matching unit cells produced a
model with negligible strain. The likelihood of forming a different phase on top of the a-LiAIO; was
investigated. In order to model this system, a disordered a-LiAlO> phase, which could be considered as a
precursor to a phase transformation to y-LiAlIO2, was constructed. The interface energy (Ei) between the
LiAIO; layer and the NMC part of the material was computed as:

E; = ELiaio,—surface  Enmc—buik — Enmc-tiato,

Where ELia10,-surface 1S the energy of a LIAIO: slab, Eyyc—puik is the energy of a bulk NMC-111 model with
the same number of unit cells as the slab model, and Eypc—pia10, is the energy of the NMC slab surface with a
LiAIO; coating film. Figure 11-233 shows the change in the interface energy with the thickness of the a-LiAlO;
region. The energy decreases when the a-LiAlO; region increases. This result indicates that the a-LiAIO, phase
could stabilize a different phase if the thickness of the film is larger than four atomic layers. Also, this is
evidence of a possible presence of an interfacial a-LiAlO, between NMC and a different phase, such as y-
LiAIO.
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Figure 1-232. (a) Model slab for the (012) NMC-111 surface coated with 2 layers of a-LiAlO2. Light blue spheres represent
Al, green spheres Li, purple for Mn, blue for Co, silver for Ni and the small red sphere represent O atoms. (b) Transition
metal layer configuration for NMC-111, (c) Al swapped with Mn, (d) Al swapped with Ni, and (e) Al swapped with Co. The

dashed circles represent the first and second nearest neighbors to Al atoms. The values of energy at the bottom of panels
(c) to (e) represent the thermodynamic energy change after swapping Al from the surface layer with different transition

metal centers in the bulk of NMC-111.
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Figure 11-233. Change in NMC/LiAIOz interface formation energy with thickness of o-LiAlO2 and a disordered layer at the
surface.
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The ion ordering within the TM layer of NMC-111 is shown in Figure 11-232b. This configuration allows the
simulation of different environments for Al if different TM cations (from NMC) are swapped with Al from the
surface LiAIO- layers. The only thermodynamically favorable configuration is the interchange of Al with Mn
as shown in Figure 11-232c. In this configuration the Al atom is exclusively surrounded by Ni and Co while the
second nearest neighbors within the TM layer maintains the NMC-111 configuration. The negative number for
the energy means that it is 0.52 eV more stable than the original configuration shown in Figure 11-232b. All the
configurations with Mn as a first neighbor (to Al) produce a positive change in energy with respect to the
reference configuration (Figure 11-232d and Figure 11-232e). This result shows that Al prefers to be surrounded
by Co and Ni cations (not Mn) in the TM layers of NMC. The existence of Mn in the TM layer can, therefore,
greatly block the diffusion of Al from the surface to the bulk of the NMC particles. Previous work has also
shown that there is a driving force for Co-Al clustering in Ni-rich environments.

Electrochemical Modeling

The focus of electrochemical modeling studies this year has been on side reactions and crosstalk in lithium-ion
cells. An interesting study conducted within this program is utilized to establish and help calibrate a proposed
model [6]. In that study, constant voltage relaxation currents for NMC//graphite (Gr), Li, or LTO, in standard
and special coin and pouch cells, were measured over a wide range of voltages and conditions. Most
noteworthy are the long relaxation time constant of 10s of hours and the final pA/cm? level currents observed.
The study also proposes a series of side reactions on both electrodes (Figure 11-234a).

(a) (b)
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Figure 1-234. (a) Proposed side reaction mechanism from ref. 11. (b) Electrochemical model for transport and reaction of
side reaction components.

An earlier study on oversized negative electrodes indicated that long cell time constants can arise from edge
effects [7]. Applying the electrochemical model to the present study, a long relaxation time constant was
observed for the lithium concentration in the negative, however, the cell current relaxed relatively quickly.
Ignoring the edge effects, the standard electrochemical model was modified to account for SEI growth,
reactant species electrolyte transport, and side reaction kinetics and thermodynamics as given in

Figure 11-234b. Initial studies with the electrochemical model indicated that, when one electrode has a flat
open circuit voltage (OCV) curve (e.g., graphite electrode) and one has a sloping OCV (e.g., NMC), the
constant voltage relaxation current at long times is controlled by side reactions occurring at the electrode with
the sloping OCV. A previous cell aging study was utilized in order to estimate the level of side reactions on the
graphite negative [7]. As shown in Figure 11-235, the slow relaxation can be modeled with a combination of
SEI growth and reactant stabilization. This was accomplished with a relatively high initial side reactant
concentration in the electrolyte and a slow SEI growth rate. While the current level and the long time constant
can be matched, a close comparison of the relaxation indicates further improvement in the fitting is needed.
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Figure 1-235. (a) Full electrochemical model relaxation of an NMC//Gr cell. (b) Relaxation results with NMC cathode and
indicated anode from ref. 11.

Conclusions

DFT calculations have been used to understand the pristine structure of NMC cathode surfaces where the (012)
facet of NMCs has been shown to be one of the most prevalent and reactive surfaces. The (012) structure was
further utilized in calculations to understand the interaction of electrolyte solvent and additive molecules on
pristine and charged cathodes. It was found that, in Gen2, EC preferentially oxidized relative to EMC via
hydrogen abstraction and subsequent reduction of surface TMs. Conversely, select fluorinated solvents
(HFDEC and DFEC) were found to interact only weakly with the cathode surface. Oxidation of the phosphite
additive molecule, TTFP, was found as a possible trigger to surface oxygen loss and phase transformation,
whereas the phospite additive molecule, TMSPi, was found to decompose on the (012) surface and create a
passivating phosphate-based film. Interestingly, the use of a different phosphite molecule, TEPi, led to higher
TM dissolution and impedance rise.

Studies on TM segregation have revealed a driving force for Co segregation to the (104) facet and the observed
tendency for Ni segregation to the (012) facet of some NMCs was found to be related to the formation
tendency of Li/Ni ant-site defects.

Detailed calculations of AlOs-based coatings on NMCs suggest that an interfacial phase of a-LiAlIO,, between
NMC surfaces and the bulk, coating phase, could stabilize surface structures such as y-LiAlO». In addition,
substitution of Al into the surfaces of NMCs favors Al surrounded by Co and Ni (e.g., Mn/Al exchange).

Initial electrochemical modeling results show that experimental data, related to side reactions and crosstalk in
lithium-ion cells, can be understood in terms of a modified electrochemical model. Electrolyte transport of
reactive species, SEI growth, and side reaction kinetics and thermodynamics were incorporated and qualitative
agreement with experimental data was achieved. These results bode well for continuing studies aimed at
understanding crosstalk in NMC//Gr systems.
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Project Introduction

Development of high energy density, low-cost, and safe electrode materials is one of the key enablers for
advanced batteries for transportation. Currently, one major technical barrier towards development of high
energy density lithium-ion batteries is the lack of robust, high-capacity cathodes. Traditional layered LiMO;
(M = Mn, Co, Ni, etc.) cathodes cannot reversibly cycle their entire Li supply (e.g., x < 0.5 in Li1.xC00y).
When charged beyond ~4.3 V vs. Li/Li+, many lithium-transition metal oxide cathodes undergo irreversible
structural changes with concomitant oxygen gas evolution, resulting in irreversible capacity loss and voltage
fade during cycling.[1-3] Understanding and addressing these structural instabilities is of vital importance to
design next-generation cathode materials which can better utilize their Li supply without sacrificing cycle life.

In FY'16, we developed Li>CugsNiosO2 cathodes which have a very high theoretical capacity of 250 mAh/g
(assuming complete Li extraction).1 Nearly 400 mAh/g of capacity was obtained during the first charge, but
only ~125 mAh/g was reversible. The large first-cycle irreversible loss is attributed to oxygen evolution and
irreversible structural transformations. To address these issues, Q1 of FY 17 focused on developing a new sol-
gel synthesis route to produce carbon-coated Ni-rich Li>CuxNi1-xO2 cathodes (x = 0.6).

We also developed Li-M0oOs cathodes which may be used as a structural stabilizing unit in layered-layered
composite cathodes. [4, 5] LizMoO3 has R3 m symmetry and thus is expected to coherently blend with
traditional layered LiMO; materials. Furthermore, Mo can access multiple oxidation states (e.g., Mo4+ -
Mo6+), allowing for reversible Li storage in both the Li2MoO3 and LiMO; moieties. Finally, LixM0oOQs is
expected to have improved oxidative stability compared to Li2MnO3 due to reversible anionic charge
compensation.[4] To aid the development of composite x LioMoOs3 ¢(1-x)LiMO; cathodes, detailed structural
analysis of the LiMoO3; component was performed in FY17. The oxidative stability and structural evolution of
these cathodes were evaluated using a suite of advanced characterization methods including in-situ mass
spectrometry, Raman spectroscopy, synchrotron X-ray diffraction (XRD), and transmission electron
microscopy (TEM). Combining the information gained from these experiments, new insights are made on the
possible use of Li2MoOs in layered-layered composite cathodes to be developed in FY'18.

Objectives

o Synthesize Ni-rich LioCuxNi;-xO2 cathodes with x = 0.2 and 0.3 and evaluate their high voltage capacity
and oxidative stability [goal of > 225 mAh/g, 25 cycles].

e Complete in-situ and ex-situ x-ray, neutron, and spectroscopic studies of Ni-rich LioCuxNi1xO and
related high voltage cathode compositions.
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o Synthesis of one particular class and composition of disordered cathodes-Li:MoO3 and/or Cr substituted
LizMOOs.

o Complete structural and electrochemical performance analysis of disordered cathodes-Li2MoO3 and/or
Cr substituted Li>MoOz.

Approach

We employ a number of synthesis routes including solid state, hydrothermal, solvothermal, and sol-gel
reactions to produce cathode materials. The cathode compositions and phases are selected based on: (i) phase
diagram analysis and modeling from work by Ceder and others, (ii) thermal safety, and (iii) materials
availability and cost. When appropriate, we utilize ORNL’s expertise to produce thin film electrodes with these
new chemistries. Thin film electrodes do not require polymer binders or conductive carbon additives, and can
therefore facilitate our understanding of the intrinsic properties of the cathode material. We also have an active
interest in developing coatings that can improve cathode properties such as conductivity or interfacial stability.
For optimizing our cathode synthesis process and improving cell level performance, we correlate
electrochemical properties with information obtained from advanced characterization methods including
micro-Raman spectroscopy, mass spectrometry, microscopy, and X-ray and neutron diffraction.

Results

Accomplishments

o A sol-gel synthesis route was developed to produce carbon-coated Ni-rich LioCuxNi1.xO2 (X = 0.6).
During the 1% charge cycle, the material undergoes an irreversible structural transition from
orthorhombic to trigonal phase accompanied by oxygen loss.

¢ Synthesis conditions to produce phase-pure LixM0O3 powders and sputtered thin films with the desired
structure were identified.

¢ In-situ mass spectrometry studies demonstrate that Li-MoOs3 cathodes have very stable lattice oxygen
and do not evolve O, or CO; gases even when charged to very positive potentials (e.g., 4.8 V vs. Li/Li*).
This unique property makes LixMoOs a promising candidate for stabilizing the structure of layered-
layered composite cathodes.

o Investigate solid-state and sol-gel synthesis routes to produce composite layered-layered cathodes with
the general formula xLi2MoOs3¢(1-x)LiMO.. Identify stable phases with the compositional space with
x=0.2-0.4 and M = Mn, Ni, and/or Co. The initial goal is to achieve capacities in the range of
225 mAh/g with low or minimal lattice oxygen evolution at potentials > 4.4 V vs. Li/Li*.

o Explore fluorine substitution in Mo-based cathodes as a strategy to increase their operating potential
and/or oxidative stability.

o Perform additional studies with the sputtered thin film Li.MoOs3 cathodes. Unlike conventional slurry
cast cathodes, the thin films have a dense structure which is absent of conductive carbon and polymer
binder. These properties will facilitate interpretation of XPS and EIS experiments to better understand
the fundamental characteristics (e.g., charge compensation mechanism, charge transfer kinetics, and Li
transport rates) of LiMoO3 cathodes.

Redox Activity of Ni-Rich Li2CuxNi1xO2 Cathodes

In FY'16 we successfully synthesized LioCuO; and Li>CugsNio.s02 compositions and studied their capacity
retention, oxidative stability, and structural transformation during cycling. Substituting 50% Ni at Cu sites
improved the redox voltage and stability. In Q1 of FY17 we focused on stabilizing Ni-rich LioCuxNi1.xO2 with
x = 0.60. This was necessary before trying to achieve a higher Ni-content of around 75%. Additionally, we
aimed to improve the electrochemical Kinetics by using adipic acid (AA) as a chelating agent which formed an
amorphous carbon coating and reduced the primary particle size (determined from EDX and SEM, results
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not shown). Figure 11-236 shows cyclic voltammograms (CV) of Li>Cuo4NiosO2 synthesized with molar ratios
of AA ranging from 0 to 0.75 relative to the overall metal-ion content. During the 1%t charge cycle the material
underwent an irreversible structural transition from orthorhombic to trigonal phase accompanied by oxygen
loss as reported earlier. The 2" cycle CV represents the signature of Li.CuxNi1-xO2 redox activity with two
broad oxidation peaks at 3.9 and 3 V. The corresponding reduction peaks were shifted by 300 mV towards
lower voltage implying significant kinetic barrier. These electrochemical test data also show lower capacity
compared to Li>CuosNigsO2, and as such, the focus during the remainder of FY 17 was shifted to the
development of disordered Mo-based cathodes.
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Figure II-236. CV during 1st and 2nd charge-discharge cycle for Li2Cuo.aNio.e02 synthesized using sol-gel method using a
chelating agent adipic acid (AA).

Synthesis and Redox Properties of Li2MoQOs Cathodes

We investigated the stability and oxygen activity of a new multi-lithium cathode composition, Li,MoQOgz. The
goal of this study was not to use this material as a high voltage cathode candidate, but rather to consider this as
one of the structural units for composite cathodes with the general formula xLizM0O3z¢(1-x)LiMO2. LiM0O3
was synthesized through the reduction of LiMoO. powder at 675°C for 12 or 48 h under flowing Ar/H,. As
shown in Figure 11-237a, the shorter reaction time resulted in mixed phases of LiM0oO4 and LioMoOs, whereas
the product obtained after 48 h contained phase-pure LixMoOj3 (used for all subsequent experiments) with

R3m symmetry. The scanning electron microscopy (SEM) image in Figure 11-237b shows the Li;MoOs
powder consisted of irregularly shaped particles which were on the order of 1 — 10 um in size.
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Figure 11-237. (a) X-ray diffraction (XRD) patterns for as received Li2MoO4 precursor and the synthesized Li2MoOs.
(b) Scanning electron microscopy (SEM) image of the synthesized Li2MoOs particles.
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The electrochemical properties of slurry cast Li2MoOs3 cathodes were characterized through galvanostatic
charge/discharge experiments in half cells. During the first charge cycle, a sloping potential profile over 3.6 —
4.8 V vs. Li/Li* was observed with a corresponding delithiation capacity of 223 mAh/giizmeo3 (See

Figure 11-238a). The theoretical capacity of Li,MoOsz assuming complete Li extraction is 340 mAh/g,
indicating 34% of the Li remained in the cathode structure after charging to 4.8 V. Upon the first lithiation
cycle, a dramatically different profile was observed with a reversible capacity of 147 mAh/gLizmoo3
(corresponding to 0.86 Li cycled per Mo) and an average operating potential ~2.5 V vs. Li/Li*. The large
hysteresis between the charge and discharge steps suggests that an irreversible phase transformation occurred
during the first cycle. During subsequent cycles, the cathode showed gradual changes to the voltage profile in
which most of the redox activity occurred at potentials < 3.5 V vs. Li/Li* due to the oxidation/reduction of the
Mo reaction center. The sloping nature of these profiles suggests that the lithiation/delithiation proceeded
through a single, disordered phase rather than a two-phase intercalation reaction. After 50 cycles, the electrode
exhibited moderate voltage fade with a reversible capacity of 119 mAh/g (see Figure 11-238b). Note that the
spurious data point at cycle 31 was due to a temporary power outage of the battery testing equipment.
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Figure 11-238. (a) Charge/discharge curves and (b) cycling stability for a Li2MoOs cathode cycled between 2.0-4.8 V vs.
Li/Li* at 10 mA/gLi2moo3.

Stability of Lattice Oxygen in Li2lMoQs Cathodes

Under the aggressive cycling tests used in Figure 11-238 (i.e., charging up to 4.8 V vs. Li/Li*), the oxygen
lattice in most conventional cathodes (e.g., LIMO2) becomes unstable, resulting in evolution of Oz or CO; gas
and poor cycling stability caused by this irreversible structural change. To evaluate the oxidative stability of
LiMoQg, in-situ mass spectrometry was used to measure gas evolution which occurred during electrochemical
delithiation/lithiation. The measured potential and gas profiles are shown in Figure 11-239. After a 1 h rest at
open-circuit, the background O, and CO; levels (due to evaporation of the electrolyte) were 0.23 and 0.16%,
respectively. Upon galvanostatically charging/discharging the cell, the O/CO; gas levels remained at or below
their baseline values, demonstrating that the lattice oxygen in LizMoOQs is stable up to 4.8 V vs. Li/Li*.
Interestingly, the liquid carbonate-based electrolyte may be expected to decompose to O./CO; gases beyond its
anodic stability limit (approximately 4.5 V vs. Li/Li*), but this was not observed here. One possible
explanation is that the electrolyte decomposed to form solid species which were not detectable with the mass
spectrometry setup.
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Figure 11-239. In-situ mass spectrometry results showing the potential profile and measured 02 and CO2 levels evolved from
the cell during charge and discharge.

Structural Evolution of LioMoQO3z Cathodes

A series of ex-situ X-ray diffraction (XRD) were performed to assess how the Li2MoOs structure evolved
during the first cycle. In these studies, the cathodes were cycled galvanostatically to predetermined voltage
followed by a 5 h potential hold. The harvested cathodes were then thoroughly rinsed with dimethyl carbonate
and dried prior to characterization. Figure 11-240b shows synchrotron XRD patterns collected for the cathodes
at various stages during initial lithiation/delithiation. For the pristine powder, the integrated intensity of the
(003)/(104) diffraction peaks was 1.3, indicating the presence of a well-ordered R3m structure with little
cation mixing (i.e., Mo was located primarily in the 3b sites).[6] The (003)/(104) ratio remained fairly
constant (ranging from 1.3 to 1.5) during charging but decreased to 1.04 and 0.73 for electrodes discharged to
2.00 and 2.50 V vs. Li/Li*, respectively. This result indicates that upon discharge, the Li.M0oO3 became more
disordered (i.e., some Mo migrated to the 3a sites) compared to the pristine sample.

In addition to changes in the (003)/(104) ratio, the LioMoOQ3 diffraction peaks became broader with attenuated
intensity during the first cycle, indicating a decrease in crystallinity. To qualitatively determine the extent of
amorphization, the integrated intensity of the Li-MoO3 (003) diffraction peak was divided by that of the Al
current collector’s (111) peak. Since all samples had approximately the same loading (2.77 £ 0.80 mgLiamoos/
cm?), decreases in the (003)Li2mo03/(111)a ratio correspond to lower crystallinity of the Li,-xMoO3 phase. The
pristine electrode had a (003)Li2mo0s/(111)i ratio of 0.67 which rapidly decreased to 0.12 at the end of charge.
Upon lithiation, this ratio remained relatively unchanged, indicating the LioMoOs irreversibly lost much of its
crystallinity during the first charging cycle.

The irreversible structural transformation which occurred during the first cycle was also explored using ex-situ
Raman spectroscopy. Figure 11-240c shows Raman spectra for LiMoOs cathodes harvested at various stages
during the first cycle. The pristine LixMoO3 powder and slurry cast cathode exhibited several distinct Raman
bands which agree well with previous reports.[5,7] The Raman signature was unchanged when charging to
3.75 V vs. Li/Li*. However, when charging to 4.0 V (corresponding to a capacity of 113 mAh/g and a cathode
stoichiometry of Lii33M003), dramatically different spectra were recorded. Specifically, two broad bands
appeared which were centered around 300 and 880 cm™ and contained multiple convoluted peaks. These
features changed subtly throughout the lithiation/delithiation process, but the electrode clearly did not return
to the original structure when re-lithiated to 2.0 V vs. Li/Li*. These Raman results substantiate the conclusions
drawn from the XRD analysis and indicate a disordered amorphous phase formed during the first cycle.
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Figure 11-240. (a) Charge/discharge curve during the first cycle of a Li2MoOs cathode. (b) Ex-situ synchrotron XRD patterns
collected at various stages during the first cycle. (c) Ex-situ Raman spectra collected at various stages during the first cycle.

To understand how the structure evolved beyond the first cycle, additional XRD data (using Cu Ka radiation, A
= 1.540562 A) and Raman spectra were collected on cathodes in either the charged or discharged states after
10 cycles (results not shown here). The diffraction peaks of the electrodes after 10 cycles were extremely
weak, and the Raman spectra contained broad bands similar to those observed during the first charge/discharge
cycle (Figure 11-240c). Overall, the results demonstrate the lithiation/delithiation of Li-MoO3 proceeded
through an amorphous phase rather the crystalline solid solution mechanism proposed by Ma et al. [4]

The amorphous Liz-xMoO3 phase which formed during cycling was also characterized using ex-situ
transmission electron microscopy (TEM). Figure 11-241 shows the morphology (a-d) and selected area electron
diffraction (SAED) patterns (e-h) for electrodes cycled 0, 1, 2, and 50 times. The pristine sample showed the
presence of a highly crystalline LixMoO3 phased as indicated by the periodic spacing of the diffraction spots
(collected from the [100] zone axis). After 1 and 2 cycles, the SAED patterns contained a few, low intensity
spots corresponding to a crystalline phase with R3m symmetry. However, these samples show predominantly
diffuse patterns indicating the formation of amorphous phases nucleated randomly throughout the material.
After 50 cycles (Figure 11-241h), the SAED pattern was very diffuse, indicating the cathode became
completely amorphous after extended cycling.

&

Pristine 1 Cycle 2 Cycles 50 Cycles

Figure 1-241. (a-d) Transmission electron microscopy (TEM) images and (e-h) corresponding selected area electron
diffraction (SAED) patterns for a Li2M0oOs cathode before cycling and after 1, 2, and 50 cycles.
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Investigation of Sputtered Thin Film Li2MoO3z Cathodes

Interpreting in-situ and ex-situ data collected with traditional slurry cast electrodes is oftentimes complicated
by the presence of conductive carbon and polymer binder which may produce signals that overlap with or
dominate the desired signal from the active material. For example, the Raman scattering intensity from the
conductive additive is generally much stronger than that of Li metal oxide cathode materials. Sputtered thin
film cathodes composed entirely of active material can potentially resolve these issues, and thus experiments
during Q4 focused on preparing and characterizing Li-MoOs3 thin film cathodes for comparison with previous
results obtained with traditional slurry cast electrodes.

Li-MoO:s films with thicknesses ranging from 1.0 — 1.2 um were sputtered onto a Pt-coated Al,O3 substrate
followed by heating at 675°C for 2 h under flowing Ar/H; (96/4). Figure 11-242a shows a cross-sectional
scanning electron microscopy (SEM) image of the resulting film which was uniform and dense in
appearance. The X-ray diffraction (XRD) patterns in Figure 11-242b demonstrate a phase-pure LizMoOs3 film

with R3m symmetry was produced, and all diffraction peaks of this film could be assigned to either LioMoO3
or the Pt-coated Al,O3 substrate.
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Figure 1-242. (a) Cross-sectional SEM image of a sputtered thin film Li2MoOs cathode. (b) XRD pattern of a sputtered
Li2MoOQs thin film, Li2MoOs powder, and the sputtering substrate (Pt on Al203). Galvanostatic charge/discharge curves for
half-cells containing a (c) thin film Li2MoOs cathode and (d) slurry cast Li2MoOs cathode.

Galvanostatic charge/discharge experiments were conducted between 2.0 — 4.8 V for coin cells containing a
Li-MoOs thin film cathode and a Li metal anode. As shown in Figure 11-242c¢, the cathodes exhibited an initial
charge capacity of 190 mAh/g and reversible capacity of 166 mAh/g. The voltage profile and initial capacities
of the thin films are in reasonable agreement with our previous studies on slurry cast Li,MoQ3 cathodes (223
and 147 mAh/g, respectively, see Figure 11-242d). However, while these slurry cast electrodes demonstrated
excellent cycling stability, the thin film cathodes showed moderate capacity fade over 20 cycles. Future work
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on the thin film LizMoOs cathodes will include additional synthesis and electrochemical characterization to
understand the cause of this capacity fade. Despite this discrepancy, ex-situ Raman spectroscopy and XRD
studies indicated that cycling the thin films induced a crystalline to amorphous transformation similar to that
shown in Figure 11-240 (results for thin films not shown). Unlike conventional slurry cast electrodes which
contain complex pore structures, the planar structure of the sputtered thin films is ideal for studying the charge
transfer Kinetics and Li* transport rates in LizM0oOs3 using electrochemical impedance spectroscopy (EIS).
These experiments will be initiated in FY18 to provide complementary information to that obtained with
conventional electrode architectures.

Conclusions

A sol-gel synthesis route was developed to produce Ni-rich Li>Cuo.4NiosO2 cathodes, but these materials
exhibited lower capacity compared to Li>CuosNios0; developed in FY16. As such, the focus during the
remainder of FY17 was shifted to the development of disordered Mo-based cathodes. For LizMoO3 cathodes,
an irreversible crystalline to amorphous transformation was initiated when charging to potentials > 4.0 V vs.
Li/Li*. This amorphization reaction proceeded with further cycling, and there was no apparent crystallinity
remaining in the cathode after 50 cycles. These conclusions are supported by complementary information
obtained from X-ray diffraction (XRD), Raman spectroscopy, and transmission electron microscopy (TEM).
Interestingly, the amorphization of LixM0O3 did not prevent reversible Li storage from occurring. LiMoO3
cathodes exhibited an initial reversible capacity of 147 mAh/gLizmoos With an average operating potential
~2.5V vs. Li/Li*. The cathodes retained 81% of their initial capacity after 50 cycles.

In-situ mass spectrometry studies demonstrated the amorphization of Li-MoO3 did not involve the release of
lattice oxygen even when charged to very oxidative environments (i.e., 4.8 V vs. Li/Li*). This observation
makes LioMoOs3 quite unique compared to traditional LiMO, compounds which evolve significant amounts of
O and/or CO;, at potentials > ~4.5 V vs. Li/Li*. The excellent oxidative stability of Li-MoOz may be a useful
property to exploit in the preparation of layered-layered composites cathodes (i.e., XLioM0O3z¢(1-x)LiMO,).
Various synthesis strategies will be explored in FY18 to produce such materials.

These studies broadly demonstrate the challenges associated with multi-lithium transition metal oxides, where
there is close interplay between structure, transport, and oxygen loss that limits their use as high capacity
cathodes for advanced lithium-ion systems.
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Project Introduction

The project objectives are to develop the anode and cathode materials for high-energy density cells for use in
plug-in hybrid electric vehicles (PHEVs) and in electric vehicles (EV) that offer substantially enhanced
performance over current batteries used in PHEVs and with reduced cost. Specifically, the goal of this project
is to enable cells with an energy density exceeding 1 kWh/liter. The carbon anode in today’s Lithium-ion cells
will be replaced with a tin-based anode with double the volumetric capacity of carbon. Similarly, the present
intercalation cathodes will be replaced by materials, which are capable of reacting with up to two lithium ions
per redox ion. Moreover, these cell reactions will occur within the stability limit of today’s electrolytes,
leading to longer-lived batteries.

Objectives

We propose to develop the anode and cathode materials for high-energy density cells for use in plug-in hybrid
electric vehicles (PHEVS) and in electric vehicles (EV) that offer substantially enhanced performance over
current batteries used in PHEVs and with reduced cost. Specifically the primary objectvives are to:

¢ Increase the volumetric capacity of the anode by a factor of 1.5 over today’s carbons by using a SnFeC
composite conversion reaction anode

¢ Increase the capacity of the cathode by using a high capacity conversion reaction cathode, CuF,, and/or
using a high capacity 2 Li intercalation cathodes, VOPO..

o Enable cells with an energy density exceeding 1 kWh/liter.

Approach

Innovative Approach

The approach of this “beyond Li-ion” battery concept is (a) to remove the volume intensive intercalation-based
carbon anode in today’s Li-lon batteries, and replace it with a conversion reaction-based material, and (b) to
replace the present cathodes that mostly react with less than one Li ion per transition metal ion with cathode
materials that can react with more than one Li ion. This latter is similar to the concept of using the divalent
magnesium with its two-electron transfer. However, we believe that moving two of the much more mobile
singly charged lithium ions is more viable, and moreover today’s electrolytes, SEI additives and cell
technology can be used. Attainment of the goals proposed here will lead to a 50-100% increase in the
volumetric and gravimetric energy storage capability of both the anode and the cathode, which will allow for
the realistic attainment of the next generation batteries for PHEV vehicles. At the same time, the science

502 11.C.5 High Energy Density Lithium Battery (Binghamton University)


mailto:Stanwhit@binghamton.edu
mailto:Tien.Duong@ee.doe.gov

FY 2017 Annual Progress Report

generated will be applicable to other energy storage systems, such as anodes for Li/S. The anode and cathode
components in this approach are:

1. A SnFeC composite for the anode which reacts by a conversion mechanism giving LixSn and Fe.

2. A CuF; containing material for the cathode which reacts with 2 Li ions by a conversion mechanism
giving Cu and LiF.

3. A VOPOq containing cathode which reacts with up to 2 Li ions by an intercalation mechanism giving
Li2VOPO..

The optimized anode and cathode from the above will then be combined in a full cell.

Results
We have achieved the following progress:

The Fe/Sn/C anode

Last year we reported the excellent cycling of the Fe/Sn/C composite anode formed by a mechanochemical
process. This year we have developed an alternative approach, that is more scaleable, to produce a
SnyFe/SnsFe mixture. The first 550 cycles of this material are shown in Figure 11-243 for two voltage regimes.
Although charging to 1.5 volts leads to a larger capacity, much of the added capacity is at too large a potential
to be useful in a full cell. The capacity can be increased slightly by replacing a part of the iron by copper as
shown in Figure 11-244. After 200 cycles the capacities were 465 mAh/g and 1.26 Ah/cc at the C/2,
significantly higher than that of graphite.
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Figure 11-243. Cycling capacity of the SnyFe anode vs Li, in the voltage regimes (a) 0.01 - 1.5 volts and (b) 0.01 - 1.2 volts.
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Figure 1-244. Cycling capacity of the SnyFeCu anode vs Li at a C/2 rate.

The Cathode CuF2

We now better understand the challenges facing the CuF, cathode. It can be fully discharged to LiF and Cu
metal achieving a capacity of over 500 mAh/g, but on recharge there is a competition between transport of Li*
and Cu* ions to the anode in all the electrolytes we have studied including organic and ionic liquids, and
organic and inorganic solid electrolytes. As a result, significant amounts of copper metal are plated out on the
anode particularly at potentials above 3.5 volts, and the capacity rapidly decays on each cycle. The mixed
CuosFeosF2 cathode cycles much better, but a spectroscopic study indicates that this is a result of the Fe
cycling from metallic iron to FeFs.

The Cathode LixVOPO4

The large particle size of LiVOPO4 synthesized at elevated temperatures required that it be ball-milled to
reduce the particle size to achieve high capacities. However, such ball-milling significantly degrades the
crystallinity of the material. Ball-milling followed by a moderate temperature anneal, 450°C, was found to
improve the crystallinity but not to that of the original crystalline LiVOPOa4. However, the smaller particle size
is retained, and the electrochemical capacity is increased from 225 mAh/g to over 300 mAh/g as shown in
Figure 11-245(a). The rate capability is also increased achieving around 250 Ah/g at the C/2 rate. Increasing the
annealing time to 20 hours reduces the capacity at all rates, as shown in Figure 11-245(b).
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Figure 1-245. (a) Cycling curve for LiVOPO4 before annealing and after annealing for 15 hours, and (b) capacity retention
and rate capability of LiVOPO4 before annealing and after annealing for 15 and 20 hours.

Subsequent to the above finding, we developed a totally new synthesis approach that formed smaller particles
in the initial step so that no ball-milling or annealing was required. The first five cycles vs a lithium anode of

this material are shown in Figure 11-246(a), and the excellent capacity retention is shown in Figure 11-246(b).

This material was used for the full cell tests described in the next section.
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Figure 11-246. (a) The first five cycles of LixVOPO4 and (b) the capacity for the first 30 cycles vs a lithium anode.

The Full Cell: Sn/Fe/C // LiVOPO4

The cell components were evaluated separately vs lithium metal to determine cell reproducibility. They were
quite reproducible as shown in Figure 11-247. A full cell was then constructed with a loading of the cathode
exceeding 20 mg to ensure that a capacity exceeding the 4 mAh/g goal. This accomplishment is also shown in
Figure 11-247(c).
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achievement of 4 mAh goal.

To ameliorate the rapid capacity fading observed in Figure 11-247, a study was made of the appropriate relative
loadings of the two electrodes. The results are shown in Figure 11-248. As can be observed an excess of the
anode results in the highest capacity and capacity retention. Between 15 and 20 cycles were obtained in excess
of the 4 mAh cell goal. However, there is still an unacceptably high capacity fade rate.
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Figure 1I-248. Electrode Balancing. Cycling behavior of cells with (a) electrode capacity matched, (b) 20% excess anode, and
(c) 50% excess cathode.

To ascertain the cause of this capacity fade, the impact of active material loading and of the anode material
was determined. Figure 11-249(a) and (b) show the impact of doubling the electrode loadings. Doubling the
electrode loading has no negative impact, and in fact leads to better capacity retention. However, as shown in
Figure 11-249(c), the capacity fade is the same for the graphite anode as for the Sn/Fe anode suggesting the
cause of the capacity fade is not related to the anode, but rather to the Lix\VOPQO4 cathode.
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Figure 11-249. Cycling of two LixVOPO4 vs graphite cells with active materials loadings of 8 and 17 mg (left and center)
indicating that loading is not a major factor in capacity fading. 17 mg loading allowed the achievement of the 4 mAh goal.
(Right) Comparison of fade behavior of these two cells compared to one with a Sn/Fe anode suggesting that the fade is not
due to the anode. a

The baseline couple for this study is the graphite//LiFePOa cell. A comparison with Sn/Fe//LixVOPO4 shows
that the latter has 70% more capacity when two lithium ions are intercalated than one lithium in LiFePO.. Even
when only one lithium ion is intercalated in VOPQy, in the 4 volt plateau, the energy stored is comparable to
that of LiFePO4 as shown in Figure 11-250. The energy stored in this two electron lithium couple is much
higher than that stored by the alternative, the two-electron one- magnesium ion intercalation couple.
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Figure 11-250. Comparison of the cycling of LixVOPO4 and LiFePO4, showing that two Li cycling in VOPO4 has a much higher
capacity than that of LiFePO4. One Li cycling in VOPO4 has a comparable energy density to LiFePOa.

Conclusions

We have made significant progress in both the cathode and anode conversion materials. The SnoFe/C
composite has achieved well over 1.5 times the volumetric capacity of the graphitic anode based on the
lithiated product. This has been achieved for over 500 full cycles and over a range of C rates. A second
synthesis approach has been successfully developed, and copper

We have shown that copper fluoride electrodes have capacities around 500 Ah/kg on the first discharge at low
rates, and that even at rates as high as C/5 the capacity remains above 400 Ah/kg. We have shown that on
charging the Cu/LiF product of the discharge reaction, cuprous ions are transported through the electrolyte,
whether liquid or solid, leading to plating of copper metal at the anode. In the mixed CuFe fluoride, the
capacity after the first few cycles almost totally is due to the Fe redox.
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We have shown that the two-electron redox cathode, lithium vanadyl phosphate, LiVOPOQO4, can be readily
cycled at rates up to 2C. It shows a substantially higher energy density than the alternative approach using
magnesium.

Full cells comprising a SnFe anode and a LiVOPO4 cathode have achieved over 4 mAh for 15 cycles, when
there is a slight excess of the anode. The cycle life appears to be limited by the LiVOPO, cathode and not the
anode. The capacity and energy density of this cell is much higher than the baseline cell, graphite//LiFePOa.

Key Publications
1. “g- and B-LiVOPOA4: Phase Transformation and Electrochemistry”, ACS Appl. Mater. & Interfaces, 9,
28537-28541 (2017). Hui Zhou, Yong Shi, Fengxia Xin, Fredrick Omenya, and M. Stanley
Whittingham. DOI: 10.1021/acsami.7b07895.
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Project Introduction

The lithium ion battery (LIB) is the most promising energy storage system for electric vehicles (EVs) and
plug-in hybrid electric vehicles (PHEVs) that can help reduce environmental pollution and promote energy
security in the United States. However, the large-scale market penetration of EVs has been hindered by several
barriers, including limited energy density, high cost, and safety concern with cathodes in LIBs. Conventional
layered oxide LiCoO; (LCO) has been widely used in LIBs developed for consumer electronics, but the high
cost of cobalt and low lithium utilization (~0.5 Li) has limited its application for EVs. To enable the EVs to
drive over 300 miles on a single charge and promote the market penetration of EVs, low-cost electrode
materials with high tap density, high energy density, good rate capability, and long-term cycle life must be
developed. Ternary layered oxides LiNixMn,Co,0, (NMCs) are promising cathode materials, because they
combine the advantages of Ni, Co, and Mn in the structure. Replacement of Co with high Mn/Ni content also
reduces production cost significantly. NMC cathode materials that have been successfully adopted in
commercial LIBs, including LiNiysMn13C01302 (NMC333) and LiNio.4Mng4Co00.20, (NMC442), can deliver a
reversible capacity of about 160 mAh g* with very decent long-term cycling if they are charged to a voltage of
4.3 V vs. Li*/Li. However, this capacity and energy density are still not sufficient to support high-energy Li-
ion batteries for EVs.

We proposed to develop high-energy cathodes based on modified NMC, which can be charged to a high
voltage with long-term stability. Extending the charge cutoff voltage is one simple method to increase the
utilization of lithium ions in the NMC materials, but this is at the expense of shortened cycle life. Another
efficient strategy to improve the energy density of NMC is to develop NMC materials with higher Ni content,
which involves both the Ni?*3* and Ni®*/4* couples and offers a high discharge capacity of more than 200 mAh
g*. The energy density of Ni-rich NMC cathodes can reach ~800 Wh kg* (calculated based on cathode only),
which is 30% higher than that of conventional LiCoO; cathodes (570 Wh kg). However, several technical
challenges still exist with these Ni-rich NMCs due to their structural/interfacial instability and poor thermal
stability. In FY17, we took several effective approaches, including grain boundary engineering, use of novel
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electrolytes, and lattice doping, to enhance the structural/interfacial stability of Ni-rich NMC cathodes, which
significantly improves their long-term cycle life.

Objectives
o Develop high-energy cathode materials with improved safety for PHEV and EV applications

o Develop low-cost synthesis routes for environmentally benign cathode materials with long cycle life

Approach

1. Engineer the grain boundary to enhance the structural integrity and interfacial stability of Ni-rich NMC
materials.

2. ldentify an optimized electrolyte that could efficiently stabilize the electrode/electrolyte interface of Ni-
rich NMC cathodes.

3. Identify metal elements (Mg, Al, V, and Y) for lattice doping to enhance the cycling stability of Ni-rich
NMC cathodes at high charge cutoff voltages. Electrochemical results demonstrated that Al doping
helped improve the cycle life of Ni-rich NMCs.

Results

(1) Tailoring the grain boundary to improve the cycle life of Ni-rich NMC cathodes

Lithium phosphate (LPO) solid electrolyte coating and thermal infusion technology was adopted to improve
the structural integrity/stability of Ni-rich NMC cathodes, e.g., LiNio.76Mno.14C00.1002, and hence enhance their
electrochemical performance.

The pristine Ni-rich LiNig.76Mno.14C00.1002 sample was composed of secondary particles of 10~15 um that was
constructed with primary particles of 100~300 nm (Figure I1-251a). After atomic layer deposition (ALD), a
thin layer of LPO was coated on the surface of secondary particles (Figure 11-251b). Thermal treatment at
600°C infused the thin-film LPO into the interior grain boundaries of secondary particles (Figure 11-251c), as
confirmed by transmission electron microscope (TEM) energy dispersive spectroscopy (EDS) mapping
(Figure 11-251d). Electrochemical data (Figure 11-251e, f) demonstrated that the as-coated cathode material
delivered lower discharge capacity, because the coating layer blocked the fast lithium-ion diffusion pathways.
With thermal treatment, the LPO-infused LiNio.76Mno.14C00.1002 secondary particles exhibited similar initial
discharge capacity to that of the pristine material, but the long-term cycling stability of Ni-rich
LiNio.76Mng.14C00.1002 was significantly improved. The LPO-infused material achieved 91.6% capacity
retention after 200 cycles, which is much higher than the 79.0% retained by pristine material.
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Figure 1-251. (a-c) SEM images of (a) pristine, (b) LPO-as-coated, and (c) LPO-infused LiNio.76Mno.14C00.1002 cathode
materials. (d) High-angle annular dark-field (HAADF) TEM images and EDS maps showing the presence of LPO at the grain
boundary inside a secondary particle of LiNio.76éMno.14C00.1002. (€) Initial charge/discharge voltage profiles and (f) cycling
performance of pristine and LPO-treated LiNio.76Mno.14C00.1002 cathode materials at C/3 between ~2.7 and ~4.5 V.
Cathode electrode loading is ~4 mg cm-=2.

The functioning mechanism of LPO solid electrolyte coating was systematically investigated using focused ion
beam (FIB) scanning electron microscopy (SEM), scanning TEM (STEM), and electrochemical impedance
spectroscopy (EIS) analysis. The pristine material showed substantial crack formation after cycling

(Figure 11-252a), indicating a poor capability to accommodate the micro-strain generated during deep Li-ion
extraction processes. Accompanying the crack formation, the electrolyte then penetrated into the interior of
secondary particles along the crack network, leading to the formation of a resistive solid electrolyte interface
(SEI) layer at the grain boundaries. This increased cell resistance, especially the charge transfer resistance.
Therefore, the pristine material showed faster capacity fading. In contrast, the LPO-infused material exhibited
greatly improved structural integrity upon cycling (Figure 11-252c), with no obvious cracks being observed.
This indicates that the LPO solid electrolyte network could effectively buffer the detrimental micro-strain
generated during deep delithiation, contributing to superior long-term cycle life.
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Figure 11-252. Cross-sectional SEM images of (a) pristine and (c) LPO-infused LiNio.76Mno.14C00.1002 before and after 200
cycles at C/3 after 3 formation cycles at C/10 between ~2.7 and ~4.5 V. (b) HAADF/bright field (BF) and STEM images of
pristine LiNio.7z6Mno.14C00.1002 material after 200 cycles. (d) HAADF and STEM images of LPO-infused LiNio.76Mno.14C00.1002
material after 200 cycles.

High resolution STEM was further employed to study the microstructural changes of pristine and LPO-infused
LiNio.76Mno.14C00.1002 after electrochemical cycling. The pristine material before cycling showed a dense
packing of the layered primary particles within the secondary particles. However, the unmodified material
exhibited severe structural changes after 200 cycles at C/3 between ~2.7 and ~4.5 V (Figure 11-252b). The
grain boundaries between primary particles separated from each other and the gap between primary particles
was filled with by-products of the parasitic side reactions between active material and the electrolyte. Also, the
layered structure of Ni-rich NMC was transformed to disordered rock-salt structure. The degradation of the
electrode crystal structure and the electrode/electrolyte interface was considered the main reason for the fast
capacity decay of pristine Ni-rich LiNio.76Mno.14C00.1002. In contrast, the LPO-infused material showed well-
maintained dense packing of the primary particles and well-preserved layered structure without serious phase
transformation in the cycled particles (Figure 11-252d). The enhanced structural and interfacial stability led to
the greatly improved cycle life of Ni-rich LiNio.76Mno.14C00.1002. These fundamental findings validate the
artificial solid electrolyte coating in conjunction with thermal infusion as a promising technology for
developing stabilized Ni-rich cathode materials for high-energy-density Li-ion batteries.

(2) Tailoring the electrode/electrolyte interface to improve the cycle life of Ni-rich NMC cathodes

The electrode/electrolyte interfacial stability of the Ni-rich NMC cathode, i.e., LiNio.76Mno.14C00.1002 was
enhanced by using an optimized electrolyte (E-optimized) composed of 0.6 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), 0.4 M lithium bis(oxalate)borate (LiBOB), and 0.05 M LiPFg in
ethylene carbonate (EC)-ethyl methyl carbonate (EMC) (4:6 by wt.), leading to significantly enhanced
electrochemical performance.
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Figure II-253. (a, d) Cycling performance of Ni-rich LiNio.7z6Mno.14C00.1002 cathode in (a) E-baseline (1 M LiPFe/EC-EMC) and
(d) E-optimized (0.6 M LiTFSI, 0.4 M LiBOB, and 0.05 M LiPFe in EC-EMC) electrolytes during cycling at C/3, 1C, 2C, 5C
rates (after 3 formation cycles at C/10) between ~2.7 and ~4.5 V. (b, c; e, f) HAADF-STEM images of Ni-rich
LiNio.76Mno.14C00.1002 after 100 cycles at C/3 between ~2.7 and ~4.5 V in (b, c) E-baseline electrolyte and (e, f) E-optimized
electrolyte.

The electrochemical performance data showed that, using optimized electrolyte, the Ni-rich
LiNio.76Mno.14C00.100, was able to deliver an initial discharge capacity of 220 mAh g and achieve 86.9%
capacity retention after 250 cycles, far superior to those (215 mAh g, 75.2% retention after 250 cycles)
obtained in baseline electrolyte (1 M LiPFs/EC-EMC) (Figure 11-253a,d). Meanwhile, the advantage of using
E-optimized for Ni-rich NMC is further evidenced by the much improved stability in long-term cycling at
higher charge/discharge C rates of 1C, 2C, and 5C, as compared to those using E-baseline (Figure 11-253a, d).

The mechanism of improved cyclability of the NMC cathode using E-optimized electrolyte was systematically
investigated using SEM, TEM, x-ray photoelectron spectroscopy (XPS), and EIS. E-optimized has been
previously proven to be much more stable with the Li metal anode, thereby suppressing the polarization
increase occurring on the anode side. In addition, the E-optimized electrolyte greatly enhanced the surface
structural stability of LiNio.76Mno.14C00.1002. Although similar particle cracking was observed in the two
electrolytes, less corrosion and much less structural transformation (from R-3m layered to Fm-3m disordered
rock salt) were detected at the particle surface of Ni-rich NMC cycled in E-optimized (Figure 11-253¢,f), as
compared to those observed in E-baseline (Figure 11-253b,c¢). This improvement can be ascribed to the absence
of HF acidic species that could etch the cathode particle surface, resulting in the phase transformation from
layered to disordered rock-salt phase. The enhanced surface structural/interfacial stability is regarded as the
primary reason for the improved capacity retention and mitigated voltage decay of Ni-rich
LiNio.76Mno.14C00.1002. The results highlight the importance of maintaining the particle surface

structural/interfacial stability to enable the sustainable operation of Ni-rich cathode materials for high-energy-
density Li-ion batteries.
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(3) Doping the lattice to enhance the cycling stability of Ni-rich NMCs

Surface lattice doping has been adopted to enhance the cycling stability of Ni-rich NMC cathode materials at a
high charge cutoff voltage of 4.5 V. Using the spherical NiossMno22C00.10(OH). precursor, the effects of
dopants on the electrochemical performance of Li(Nio.csMno.22C00.10)0.99Mo.0102 (M = Mg, Al, V, or Y) were
systematically investigated. The lattice-doped materials were prepared by mixing the Nio.ssMno.22C00.10(OH)2
precursor (with a secondary particle size of ~10 um) with the dopant precursors; the mixture was then blended
with lithium hydroxides and annealed at the optimum calcination temperature of 775°C for 24 h. The cycling
performance of the obtained 1%-metal-doped cathode materials was evaluated in lithium half-cells using
baseline electrolyte (1 M LiPFs/EC-EMC (4:6 by wt.)). Electrochemical performance results showed that the
additional lattice doping slightly reduced the discharge capacity, due to electrochemical inactivity of the
dopants (Figure 11-254a). During long-term cycling, only the Al doping improved the capacity retention, while
the other dopants (Mg, V, and Y) deteriorated the cyclability of the Ni-rich NMC cathodes (Figure 11-254b, c).
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Figure 1-254. (a) Initial discharge profiles at C/10, (b) cycling performance and (c) capacity retention of
Li(Nio.esMno.22C00.10)0.99M0.0102 (M = Mg, Al, V, or Y) during cycling at C/3 after 3 formation cycles at C/10 (1C =
200 mA g1). (d) Initial discharge voltage profiles at C/10, (e) cycling performance and (f) capacity retention of
Li(Nio.76Mno.14C00.10)1xAlxO2 during cycling at C/3 after 3 formation cycles at C/10. Cathode electrode loading: ~4 mg cm-2.
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The effect of Al doping content on the electrochemical performance of another Ni-rich NMC
Li(Nio.76Mno.14C00.10)1-xAlxO2 (synthesized at 750°C) was also investigated. The doping amount had significant
effect on the long-term cycling performance of the Ni-rich NMC Li(Nio.76Mno.14C00.10)1-xAlxO2

(Figure 11-254e, 1). Increasing the doping amount to above 1% leads to decreased discharge capacity, owing to
the electrochemical inactivity of Al (Figure 11-254d). The pristine LiNio.76Mno.14C00.1002 showed relatively fast
capacity fading during cycling, exhibiting a capacity retention of 75.2% after 250 cycles. With 0.5 mol% and

1 mol% Al doping, the capacity retention after 250 cycles was improved to 75.8% and 85.8%, respectively.
Further increasing the Al doping amount to above 1 mol% led to fast capacity degradation. The materials with
2 mol% and 5 mol% Al doping showed inferior cycling stability, maintaining only 72.1% and 69.4% of their
initial capacity, respectively, after 250 cycles. This could be because excess Al precursor could not be
successfully doped into the layered structure lattice, but formed a thick coating on the surface, which
dramatically increased the kinetic barrier for lithium ion transportation and the reversible lithium ion
de/intercalation processes. The results suggest that both the doping elements and the doping amount must be
carefully optimized in Ni-rich NMC cathodes to maximize their electrochemical performance.

Conclusions

Three approaches were pursued to improve the structural and interfacial stability of high-energy-density Ni-
rich NMC cathode materials for LIBs.

In the first approach, a thin LisPO4 solid electrolyte layer was infused along the grain boundaries of Ni-rich
LiNio 76Mno.14C00.1002 secondary particles via ALD coating and thermal infusion. The infused LPO solid
electrolyte network could block the diffusion of electrolyte during cycling and act as an efficient buffer to
minimize the detrimental influence of the micro-strain generated during deep delithiation. Therefore, the LPO-
infused material showed well-maintained dense packing of the primary particles along with well-preserved
layered structure without serious phase transformation even after long-term cycling. The homogeneous solid
electrolyte coated material demonstrated significantly enhanced cycling stability, achieving the improved
capacity retention of 91.6% after 200 cycles. These fundamental findings prove that artificial solid electrolyte
infusion is a promising technology for prolonging the cycle life of high-energy-density Ni-rich cathode
materials.

In the second approach, an optimized electrolyte (0.6 M LiTFSI, 0.4 M LiBOB, and 0.05 M LiPFg in EC-
EMC) was shown to improve the electrode/electrolyte interface of Ni-rich LiNig.76Mno.14C00.1002. The
optimized electrolyte significantly improved the long-term cycling stability of LiNig.76Mno.14C00.100; at
different C rates ranging from C/3 to 5C. In particular, when cycled at C/3, the capacity retention with E-
optimized was increased to 86.9% after 250 cycles, far superior to the 75.2% retention obtained with E-
baseline. In addition to improving the stability of the Li metal anode, another important reason for the
improved cycling performance is formation of an enhanced CEI layer that can better protect the Ni-rich
LiNio.76Mno.14C00.1002 cathode against electrolyte corrosion and suppress the structural transformation from
layered to disordered NiO type rock-salt phase.

The third approach used in this work is lattice doping, which can effectively enhance the surface structural
stability of Ni-rich NMCs. Several lattice dopants (Mg, Al, V, and Y) were investigated. Al dopant showed
improved long-term cycling stability of Ni-rich materials including LiNig.esMno.22C00.1002 and
LiNio.76Mno.14C00.1002. With 1 mol% Al doping, the capacity retention after 250 cycles of a Ni-rich
LiNio.76Mno.14C00.1002 cathode was improved to 85.8%, which is much better than that obtained for pristine
material (75.2% after 250 cycles). Further increasing the Al doping amount above 1 mol% led to faster
capacity degradation. This could be explained by an increased kinetic barrier for lithium ion transportation
caused by excess Al precursor that could not be successfully doped into the material structure, but only existed
as a thick coating layer. The results suggest that doping elements and doping amount should be carefully
optimized to maximize the performance of Ni-rich NMC cathodes.
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Based on the above achievements and fundamental understanding, future work will be focused on lattice
modification, effective grain boundary engineering, and identification of effective electrolyte additives (or a
combination of these) to maximize the long-term cycle life of Ni-rich NMC cathode materials. Any
improvement identified in lithium half-cells will be further evaluated in full-cell configurations using graphite
or a higher capacity Si/C composite as anode materials.
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Project Introduction

Despite considerable interest in developing new battery electrodes, only a small number of known materials
show real promise for achieving significant improvement in capacity and/or a reduction in cost. The
preparation of new compounds or materials with unique properties often relies on trial and error as there are a
variety of synthesis parameters (precursor concentration, temperature, pressure, pH value, cation type and
reaction time, etc.) that can have a strong influence on the material properties (crystal structure, morphology,
particle size) and electrochemical performance. Most synthesis reactions are carried out in a sealed autoclave
and therefore the reactor is a black box — the inputs and outputs are known, but little is known about
intermediate phases and overall reaction pathways. In situ, real-time probing of synthesis reactions can provide
the details of reactions, elucidating intermediate phases and how temperature, pressure, time and the precursor
concentrations affect the reaction pathways. The results of such studies enable strategies to optimize synthesis
reactions, particularly the formation of materials of desired phases and properties. With a better understanding
of the correlation between synthesis conditions, crystallization processes, and material properties, a rational
design of advanced battery materials should emerge.

Objectives
The goal is to develop novel high-capacity cathodes through synthetic control of the phase, stoichiometry and
morphology.

Approach

One unique approach taken in this project is to develop in situ techniques/capabilities for diagnostics and
synthetic design of new battery materials using the world-best facilities at Brookhaven and other national
laboratories. More specifically, synchrotron X-ray, neutron-based in situ techniques are developed and applied
to studies of synthesis reactions during preparation of high-capacity cathode materials, allowing access to the
structural chemistry involving intermediate and short-lived phases. Insights obtained from in situ studies will
provide knowledge on how the synthesis conditions (temperature, pressure, pH, precursor concentration, etc.)
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affect the kinetics and pathways of synthesis reactions. Ex-situ characterization conducted using synchrotron
X-ray, neutron scattering, transmission electron microscopy (TEM), electron energy-loss spectroscopy (EELS)
and various electrochemical techniques helps us to gain understanding of how structure, composition, and
synthesis affect electrochemical performance. Together, in situ studies of synthesis process coupled with ex
situ structural/electrochemical characterization of the synthesized materials provide a basis for synthetic design
of phase-pure cathodes of desired stoichiometry and morphology.

Results

In situ studies of synthesis reactions in preparing layered oxides

In the last fiscal year, in situ studies were made on synthesis reactions in preparing LiNiOz and the Co-
substituted variants (LiNiC0x0O>), and with the insights gained from the studies, synthesis procedures were
developed for making Ni-rich layered oxides with synthetic control of structural and electrochemical
properties. The developed in situ approaches were further applied to studies of synthesis reactions in making
LiCoOg, LiNiO2, and a series of solid solutions LiNi1.x(CoMn)xO, from hydroxide precursors. Synchrotron X-
ray was employed for fast acquisition of high-resolution diffraction patterns with wide Q range, allowing
access to intermediates and short-lived phases under real synthesis conditions.

Precursors were made from mixtures of Li source (LiOH) with transition metal hydroxides, TM(OH), (TM =
Ni, Co, Mn of varying molar ratios). Time-resolved synchrotron x-ray diffraction (XRD) patterns were
recorded from the hydroxide mixtures upon heating from low to high temperatures. Figure 11-255 shows
representative contour plots of the XRD patterns recorded from intermediates at low temperatures (< 500°C) in
preparing LiNiO2 and LiNip.7C00.15Mng.1502 (NMC71515). The phase transformation process is overall similar
in these two cases, both from initial hydroxides (space group: p-3m1) to the layered phase (R-3m). But more
complex reaction occurred in the precursors containing 2 and 3 elements, along a much different pathway than
that in those precursors containing only Ni or Co. For example, heat treatment led to decomposition of
Ni(OH), at ~230°C, giving rise to rock-salt (NiO), and no layered phase was observed at temperatures up to
500°C (Figure 11-255a). In contrast, Nio.7C00.15Mng.15(OH) transformed into structurally similar intermediates
at temperatures between 218-313°C, and layered phase thereafter, through complex anionic exchange and
cationic migration/re-ordering processes (Figure 11-255b). Results from ex situ XRD measurements showed
that, with elongated sintering time, the transformation from Nio.7C0.15Mno.15(OH)2 to the intermediates
occurred at a much lower temperature (~120 °C), and then to the layered at temperature as low as 200 °C.
Quantitative structure analysis is now under way for better understanding of the synthesis process and
dependence of kinetic pathway on transition element species in the precursors.
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Figure 11-255. In situ temperature-resolved synchrotron XRD for tracking structural evolution of intermediates in preparing
(a) LiNiO2, (b) NMC71515 from hydroxides (via solid-state reaction in O2 flow with a heating rate of 5°C/min).
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Technique development for in situ probing cation ordering

In addition to various in situ reactors built for X-ray experiments, a new design of in situ reactor, with
configuration suited for neutron diffraction (ND) measurements was recently developed, with a gas-flow
system integrated allowing for probing solid-state reaction under controlled atmosphere (Figure 11-256a). The
reactor has been used for in situ ND studies of synthesis reactions in preparing NMC71515. Figure 11-256b
shows one representative contour plot of temperature-resolved ND patterns from the measurements, revealing
the entire reaction process, from the precursors (a mixture of Li/transition metal hydroxides) to intermediates,
and then to the final layered NMC71515. The results are consistent with the in situ XRD observation

(Figure 11-255b), but more details were obtained from in situ ND measurements (particularly on cation
ordering), owing to the unique capabilities of neutron scattering in detecting light elements (e.g., Li) and
differentiation of the involved transition metals (Ni, Mn, Co).
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Figure 11-256. (a) Setup for in situ neutron and synchrotron diffraction measurements. (b) Contour plot of temperature
resolved in situ neutron diffraction patterns of intermediates during synthesis of NMC71515.
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Details of the synthesis reactions can now be obtained through joint refinement of in situ XRD and ND data
acquired from the same system (as demonstrated in Figure 11-257), not only on the overall structural evolution,
but potentially on the ordering of all the involved cations, thereby offering new insights into kinetic and
thermodynamic parameters governing synthesis process in preparing Ni-rich layered oxides.
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Figure 11-257. (a) Synchrotron X-ray and (b) neutron diffraction patterns of the synthesized NMC71515, in comparison to

that from structure refinement. The enlarged spectra in small d—spacing range are shown in the inset. In the plots, open

circles are used for the observed data, red lines for the calculated data, pink bars for Bragg positions, blue lines for the
difference between the observed and calculated data, and green lines for the refined background.

Kinetic control of the cation ordering in NMC71515

In addition to studies on the reaction pathway of the whole synthesis process (as given above), synchrotron and
neutron-based in situ techniques were also applied to probing and synthetic control of the cation ordering in Ni-
rich layered oxides subjected to heat treatment at high temperatures. Representative time-resolved synchrotron
XRD patterns from NMC71515 are shown in Figure 11-258a. The evolution of diffraction peaks, such as fast rise
of (003) peak, indicates rapid improvement of cation ordering during the heat treatment and strong dependence
on temperature (Figure 11-258b-d).

o]

£ £
] o @
2 E E
S = =
z £ g
: 3 2
2 B T
= 135 140 145 150 12 33 450 455 460 465
2-Theta (deg.) 2-Theta (deg.) 2-Theta (deg.)
1.1 r
| . 4 - " L) 'l “ 1}
_g1r'.mnuﬁ"-ﬂ“:=p“"cl g|u++++.¢+*+'é ++§* -E-
! e | £
Eo.m -‘.l‘"- %n‘ *ﬁ é
- '
< | = " - = .
o | g _ ©o3) | g
odf " . 00 g ® oy | £ [, S e
= | ® (104) = 04 I
o ——te ‘ " s - . . L L S S
o 1 F] 3 4 [ 00 08 10 18 20 28 o 1 z 3
Holding time (h) Time (h) Holding time (h)
—— 800 °C 850 °C 900°C —>

Figure 1-258. (a) Representative time—-resolved XRD patterns from NMC71515 during heat treatment (at 850°C).
(b) Evolution of the reflections characteristic of layered structure. (c) lllustration of the atomic configuration and reflection
planes of (104) and (003) in the layered structure. (d) Evolution of the integrated intensity of the (003) and (104) peaks.
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Details on structural ordering processes, such as the evolution of Li-slab distance and Li/Ni disordering with
holding time, were obtained through quantitative analysis of XRD data (Figure 11-259a, b). The results from
this study revealed a complex synthesis process, involving competition between cationic ordering and
disordering processes (largely due to Li/O loss) that concomitantly occur during heat treatment. Treatment at
elevated temperature would always facilitate the ordering process, but the ordering kinetics did not increase
monotonically with temperature -- being compromised by the accelerated disordering with an increase of
temperature. Kinetic control of the cationic ordering, via finely tuning heating temperature and time, was
found to be crucial to optimizing structural ordering of the final products.
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Figure 11-259. (a) Evolution of cationic disordering (i.e., Ni ions at 3b sites and (b) Li—slab distance with holding. (Lines:
fittings to y=Alexp(-kx)+yO.

The impact of synthesis conditions on the kinetic pathway and structural ordering of the final products was
evaluated through in situ XRD, X-ray absorption spectroscopy (XAS), thermogravimetric analysis (TGA), and
ex situ structural characterizations. The combined studies revealed a strong temperature dependence of the
kinetics of cationic ordering in NMC71515 as a result of thermal-driven oxidation of transition metals and
Li/O loss (Figure 11-260a) that concomitantly occurred during heat treatment. In addition, particles grew
quickly upon high-temperature treatment (Figure 11-260b). Kinetic control of the cationic ordering and

morphology, via finely tuning heating temperature and holding time, was found to be crucial to optimizing the
electrochemical performance of the final products.
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Figure 11-260. (a) TGA curves of the precursors during holding at constant temperatures (800°C, 850°C, 900°C). (b)
Evolution of crystallite size with holding time at the three temperatures (as labeled).
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Evaluation of synthesis conditions on the electrochemical performance of the final products

The findings from this study enabled us to identify optimal conditions for synthesizing NMC71515 with low
cationic disordering and high electrochemical activity. Figure 11-261a displays the representative
charge/discharge voltage profiles of synthesized materials, indicating much higher discharge capacity in the
sample synthesized at 850° C, 197 mAh g%, compared to that obtained at 800 and 900°C, 162 and 174
mAhg 1, respectively. In addition, a lower overpotential was obtained in the sample heated at 850°C. The
measured electrochemical performance is in good agreement with structural analysis, that is, the sample heated
at 850°C has low Li/Ni mixing at 3b sites, large Li slab, and moderate crystallite size. Excellent capacity
retention was obtained in the three samples obtained at 800, 850, and 900°C, of 93.5%, 84.1%, and 84.5% after
50 cycles (Figure 11-261b). The extension of electrochemical windows to 4.5, 4.7 V led to greatly increased
capacity, but at the cost of capacity retention. The findings from this study provide new insights into synthetic
design of high-Ni layered oxide cathodes.

b 1 T 1 1
a /‘ 2500, -
4.5 L— —_— “'-1'4“.‘

—~ F\ 7/ o | 77— 1
S N = 200 ot -
- <E: N
wn 4.0 - 150%
> 2
= 'S .

P Y M + 800°C,3.0-43V
D35 & _— ° /
&3 8 ® 850°C,3.0-43V
5 S — A 900°C,3.0-43V
> @ °r___. @ 850°C,3.0-45V y
Q
3.0 w —_ © 850°C,3.0-47V
M 1 " 1 " 1 L 1 i 1 L " 1 " 1 1 M 1 M
0 50 100 150 200 250 300 00 10 20 30 40 50
Specific capacity (mAhg ) Cycle number

Figure 11-261. Structural, chemical and morphological evolution in the intermediates of NMC71515 during heat treatment
at 800°C, 850°C, 900°C. (a) Evolution of the cationic disordering (i.e., occupancy of Ni ions at 3b sites). (b) TGA curves of
the precursors during holding at constant temperatures. (c) Evolution of crystallite size with holding time.

Conclusions

New capabilities were developed under this project, enabling real time probing of cation ordering in Ni-rich
layered oxides during synthesis under controlled atmosphere. Details of the synthesis reactions can now be
obtained through joint refinement of in situ XRD and ND data acquired from the same system, not only on the
overall structural evolution, but the ordering of all the involved cations, thereby offering new insights into
kinetic/thermodynamic parameters governing synthesis process in preparing Ni-rich layered oxides.

Following the previous studies on synthesis of LiNiO2, LiNio.sC00.20>, in situ studies were further conducted
on synthesis reactions in preparing high-Ni layered oxides, with focus on the specific composition of
NMC71515, for getting deep insights into synthetic control of structural ordering in this type of materials.
Time-resolved in situ HEXRD, XAS, ND were employed, coupled with quantitative data analysis, to track the
kinetic reaction pathway and cationic ordering in the intermediates towards forming NMC71515 when
subjected to high-temperatures heat treatment. The real-time observation revealed a dynamically competing
cationic ordering/disordering process, arising from thermal-driven cationic oxidation and Li/O loss that
concomitantly occurs during heat treatment. Through synthetic control of kinetic reaction pathway, the
structural ordering of the final products was tuned for obtaining highly ordered NMC71515 with excellent
electrochemical performance. The findings shed light on designing high-performance Ni-rich layered oxides
through synthetic control of the kinetic reaction pathway and structural ordering in the materials.
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In the future, in situ studies will be carried out for developing different types of cathodes, but with a focus on
compositionally heterogeneous NMC layered oxides, wherein both high capacity and long cycling stability are
expected to be achieved via synthetic control of local oxidation and ordering of cations in the materials.
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Introduction

Research in lithium-ion batteries (LIB) is intensely focused on the development of next-generation systems
capable of meeting ever-increasing demands placed on energy and power densities, while maintaining
acceptable levels of cost and safety. Lithium- and manganese-rich, ‘layered-layered’ (LL), composite
materials, XLizMnO3¢(1-x)LiMO; (M = Mn, Ni and Co; 0<x<0.5), have received considerable attention owing
to their high reversible capacities (~250 mAh/g) when compared to competing LIB cathodes that deliver
capacities of <180 mAh/g (i.e., LiCoOz, LiMn20a, Li1+«NiiaMn,Co:O2 (NMC) and LiFePO,). In addition, Mn-
rich materials are attractive due to their favorable cost and safety characteristics with respect to Co- and Ni-
rich systems. However, key challenges to the wide scale adoption of LL composite cathodes remain. Notably,
irreversible structural changes occur on the extraction of lithium from Li- and Mn-rich domains within the
composite structure during first-cycle charge and “activation” above ~4.4 V (vs. Li/Li*). These changes lead to
subsequent voltage fade and hysteresis in the charge/discharge curves and slowly decrease the energy output of
cells. Furthermore, the activation process leads to surface degradation that contributes to the material’s poor
rate performance, especially at low states of charge.

A promising approach to stabilizing LL structures has been to integrate a structurally compatible spinel
component to form a complex, ‘layered-layered-spinel” (LLS) composite. Previous work done under this
project has shown that by controlling the amount of spinel integration, while limiting excess lithium contents,
several metrics can be simultaneously improved. Specifically, voltage fade, rate capability, and first-cycle
efficiencies are all enhanced for LLS cathodes with respect to their spinel-free, LL counterparts. In terms of
surfaces, oxygen loss, surface reconstruction, and Mn dissolution are all surface issues that can contribute to
poor cycle-life and rate performance of Li- and Mn-rich cathode materials and countless treatments/coatings
have been tried in attempts to mitigate the adverse effects of unstable surfaces. Treatments have included
carbons, phosphates, oxides, polymer coatings, and more. This chapter deals with efforts aimed at further
stabilizing Mn-rich cathode materials. Specifically, a previously developed LLS composition is used to
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systematically explore the effects of various surface chemistries and synthesis processes on rate and cycle-life
of lithium-ion cells containing LLS cathodes.

Objectives

e To develop low-cost, high-energy and high-power Mn-oxide-based cathodes for lithium-ion batteries
that will meet the performance requirements of PHEV and EV vehicles

¢ Improve the design, composition and performance of advanced electrodes with stable architectures and
surfaces, facilitated by an atomic-scale understanding of electrochemical degradation processes

Approach

Exploit the concept and optimize the performance of structurally-integrated “composite” electrode structures
with a prime focus on LLS materials. Alternative processing routes, in collaboration with Argonne’s Materials
Engineering Research Facility (MERF), will be investigated; Argonne National Laboratory’s comprehensive
synthesis and characterization facilities will be used to explore novel surface and bulk structures in the pursuit
of advancing the properties of state-of-the-art cathode materials.

Results

Several surface treatments and processing routes were investigated with respect to their efficacy in improving
the cycle life and/or rate capability of a baseline LLS cathode. Preliminary studies aimed at optimizing the
synthesis of a baseline LLS material were conducted using co-precipitation reactors at MERF, and within
ANL’s Chemical Sciences and Engineering (CSE) division. This effort resulted in high-quality LLS particles
that were subsequently scaled to the ~1 kg level and used in surface-treatment studies.

The baseline LLS has a composition of ~Li1.18Mng54C00.18Ni0.2602 with an integrated ~ 6% spinel component.
Figure 11-262a shows a scanning electron microscopy (SEM) image of the final, lithiated product. Particle
analysis revealed a D50 (um) = 20.7 and a reasonably high tap density of 2.0 g/cc. The material exhibited a
reversible capacity of ~200 mAh/g when cycled between 4.45 — 2.5V, after an initial activation cycle between
4.6 — 2.0 V, as shown in Figure 11-262b. All electrochemical testing was carried out at 30°C using 15 mA/g
charge and discharge currents in cells containing lithium-metal anodes.
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Figure 11-262. a) SEM and b) cycle-life of the LLS baseline material used for all surface treatments. All electrochemical
characterization was carried out at 30°C and 15 mA/g. Each material underwent an initial activation cycle between
4.6 - 2.0V followed by extended cycling between 4.45 - 2.5 V vs. Li/Li*.
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The surface treatments consisted of three chemistries (Li;WOa, LisPO4, and Al;Os) and their respective
processing conditions. A summary of the processing conditions for each treatment is found in Table 11-8. In
short, each treatment was carried out via a wet-chemical method (aqueous) followed by several different post-
synthesis annealing temperatures. The weight percent (wt.%) of each surface-treatment chemistry was
previously optimized. In general, the capacity of the treated samples increased as the wt.% of the surface
treatment decreased. The wt.% shown in Table 11-8 for each surface-treatment chemistry exhibited improved
cycle life while still maintaining an initial capacity similar to that of the baseline material (~ 200 mAh/g).
SEM/energy dispersive spectroscopy (SEM/EDS) measurements on surface-treated samples suggest that
homogenous coverage of the baseline material was achieved and that the morphology was unaffected during
the surface treatments. Representative images are shown later in Figure 11-265 (right).

Table 1I-8: Surface treatments investigated on a LLS Li1.18Mno.54C00.18Nio.2802 (~ 6% spinel)

Chemistry Wt. % Temp 1 Temp 2 Tem 3 Temp 4 Precursors
Li2WO4 2 500°C 650°C 850°C —— Li2WO4 Sigma Aldrich
LisPO4 1 100°C 200°C 550°C 750°C Lithium hydroxide and
ammonium dihydrogen
phosphate
Al203 0.5 100°C 200°C 400°C 550°C Aluminum nitrate nanohydrate

The effect of post-treatment annealing temperature on the capacity retention for each of the surface-treatment
chemistries is shown in Figure 11-263(a-c). The untreated, baseline, LLS is shown as black squares in all
figures. No clear trend was observed for samples treated with Li-;WO. with respect to the annealing
temperature, Figure 11-263a. However, a decrease in performance on going from 650°C to 850°C suggests that
a volcano-type plot may result with more data points and that the optimum temperature is close to 650°C.
Nonetheless, each of the samples treated with Li;WO4 exhibited superior cycle-life with respect to the baseline
LLS. Surprisingly, the cycle-life improved as the annealing temperature was decreased for the samples treated
with LisPO4 (Figure 11-263b) and Al>O3 (Figure 11-263c). Interestingly, the samples treated at the lowest
temperature of 100°C for both the LisPO4 and AlOz (Figure 11-263c) exhibited the best capacity retentions
after 50 cycles. Overall, most of the surface-treated samples demonstrated improved capacity retention,
irrespective of the chemistry. In fact, Figure 11-263d reveals that the “best” sample for each of the surface
chemistries produces similar capacity retention.
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Figure 1I-263. Capacity retention vs. cycle number, as a function of post-treatment annealing temperature, for LLS samples
that have undergone surface treatments with a) Li2WO4 b) LisPO4 and c) Al2Os. The capacity retention was normalized to
the discharge capacity delivered on the 5t cycle for each sample. d) A comparison of the cycle-life vs. cycle number of the
baseline LLS with the best performing samples from each of the surface treatment chemistries presented in a)-c). All
samples were cycled between 4.45 - 2.5V (vs. Li/Li*), at 15 mA/g, after an initial activation cycle between 4.6 - 2.0 V.

The rate performance of each of the samples was also tested at 30°C. An initial activation cycle was carried out
between 4.6 — 2.0 V at 15 mA/g. All rate cycles were conducted between 4.45 — 2.5 V with a constant charge
rate of 15 mA/g while the discharge rates were varied as shown in Figure 11-264. As shown in Figure 11-264(a-
c), the post-treatment annealing temperatures did not affect the rate performances at low-to-intermediate
currents (15 — 300 mA/g) for any of the surface chemistries investigated. However, at high currents (750 —
1500 mA/qg) the rate performance of the surface treated samples revealed a direct correlation with the
annealing temperature. The high rate performance of each surface chemistry improved as the annealing
temperature decreased. In the case of the surface chemistries that contain lithium (LioWO4 and LisPOa, see
Figure 11-264(a-b), the sample treated with the highest annealing temperature performed similarly to the
baseline LLS. While in the case of the surface chemistry that did not contain lithium (Al,Os, see

Figure 11-264c) the two samples treated at the highest annealing temperatures performed even worse than the
baseline LLS. Similar to what was observed in the cycle life testing, a majority of the surface treatments
improved the high rate performance of the underlying baseline material. The best performing samples for each
of the chemistries are plotted against the baseline in Figure 11-264d. The results suggest that similar
improvements to the performance can be achieved with the appropriate annealing temperature after the surface
treatment has been applied.
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Figure II-264. Normalized capacity vs. cycle number, as a function of post-treatment annealing and discharge rate, for LLS
samples that have undergone surface treatments with a) Li2WOa4 b) LisPO4 and c¢) Al20s. The capacity of each cycle was
normalized to the discharge capacity delivered on the 5th cycle for each sample. d) A comparison of the rate performance of
the baseline LLS with the best performing samples from each of the surface treatment chemistries presented in a)-c).

All samples were cycled between 4.45 - 2.5V (vs. Li/Li*) after an initial activation cycle (not shown in graph) between 4.6 -
2.0 V. Each charge cycle was carried out at 15 mA/g. The discharge currents were varied as labeled on each graph.

To gain a better understanding of the possible role lithium may be playing in the chemistry of the surface
treatments, a series of samples was treated with 1 wt.% LixCoPO, with x = 0.25, 0.5, 0.75 and 1.0. The same
LLS baseline material (~Li1.18Mno54C00.18Nio.2802 with ~ 6% spinel present) was used. In order to isolate the
effect of the lithium content, the annealing temperature was kept constant (700°C). Each of the samples then
underwent rate performance testing. The same protocol was used as before: initial activation cycle between
4.6 — 2.0 V followed by cycling between 4.45 — 2.5 V with a constant charge capacity of 15 mA/g. Each of the
samples delivered a capacity of ~200 mAh/g when discharged at 15 mA/g, similar to the untreated baseline.
The capacities delivered at subsequent discharge currents were normalized to respective, 51 cycle capacities.
The results are shown in Figure 11-265. Unlike the previous chemistries that were tested, samples treated with
LiCoPOQg all demonstrated superior rate performance, at all currents, when compared to the baseline LLS.
Little to no difference was observed in samples with varied lithium contents in the surface treatments at
discharge currents between 15 — 750 mA/g. Upon increasing the current to 1500 mA/g it was observed that, in
general, the rate performance improved as the lithium content decreased in LixCoPOa. Based on previous
experiments with similar systems, it is hypothesized that phosphate-based (and other) treatments may leach
lithium from cathode surfaces during processing. Subsequently, achieving optimized lithium contents and
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structures, of both surface phases (e.g., LiCoPO4) and the underlying cathode surfaces themselves, is not
straightforward. The end product is dependent on processing parameters such as initial solution composition,
pH, and post-annealing treatments. The strategy implied by the above results suggests an alternative route to
incorporating integrated spinel phases at cathode particle surfaces via surface-treatment processing.
Characterization efforts are ongoing to understand the phases present at the surfaces of these treated cathodes.
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Figure II-265. (Left) Normalized capacity vs. cycle number, as a function of x in LixCoPO4 surface treatments with x = 0.25,
0.5, 0.75 and 1.0. The capacity of each cycle was normalized to the discharge capacity delivered on the 5th cycle for each
sample. All samples were cycled between 4.45 - 2.5V (vs. Li/Li*) after an initial activation cycle (not shown) between
4.6 - 2.0 V. Each charge cycle was carried out at 15 mA/g. The discharge currents were varied as labeled on the graph.
(Right) EDS mapping of labeled elements for Al-treated LLS (left column) and LiCoPOa treated LLS (right column)

Conclusions

The stabilization of Li- and Mn-rich, LLS, cathode particle surfaces was explored herein. From previous work
done by this project, a baseline LLS composition of ~Li1.1sMno 54C00.18Nio 2802, with ~ 6% integrated spinel,
was scaled to the ~1 kg level and used for all surface treatments investigated. Among the parameters explored
were surface-treatment chemistry and post-treatment annealing temperatures. Surface chemistries included
both lithium- and non-lithium-containing oxides and phosphates. Interestingly, it was found that similar
improvements to cycle-life and rate performance, with respect to the untreated baseline material, could be
achieved by the appropriate choice of processing conditions for any of the given treatments, regardless of
surface chemistry. In addition, lower-temperature, post-annealing conditions consistently led to better high-rate
performance. Furthermore, the study revealed the complex interactions between particles surfaces and the
solution chemistry. These interactions (e.g., Li leaching) were found to play an important role in determining
the final electrochemical properties of surface-treated materials.

The results of this project show that surface treatments can indeed lead to improved performance of Mn-rich,
LLS materials and that such treatments will be a critical and necessary aspect of future developments.
However, due to the ambiguity of the observed improvements, where no surface chemistry resulted in a clear
advantage over others, an important hypothesis might be formed to direct future research; as long as particle
surface-treatments result in good uniformity of coverage with surface phases that do not obstruct Li-ion
diffusion (e.g., thin or low-level treatments), enhancements over non-treated materials can be observed. It is
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important to note that this hypothesis is not necessarily positive and may be particularly relevant to cells that
do not utilize graphite anodes; where effects such as metal deposition at graphite surfaces leads to enhanced
capacity fade. In this respect, ongoing experiments are looking at the efficiency of different treatments in
mitigating metal dissolution from cathode surfaces. Finally, due to the unique surface properties and
electrochemical mechanisms of Li- and Mn-rich materials, unique surface treatments and processing methods
need to be developed in order to better address the novel challenges presented by these materials. Such
materials and processes will be the focus of future work.
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Project Introduction

Ni-rich NMC (LiNixMnyCo0,0.; x+y+z=1, x>y+z) cathodes have strong potential to increase energy density in
lithium ion batteries in the near term, due to their high practical capacities (up to 200 mAh/g depending on Ni
content and voltage limits used). As Ni content is increased, however, cycle life is diminished and safety is
adversely impacted [1]. The aim of this project is to understand the surface, interfacial, and bulk properties of
Ni-rich NMCs (in FY 2017, particular emphasis was placed on NMC-622), and how they affect the thermal
and electrochemical properties.

Our previous work showed that NMC cathodes suffer from surface reconstruction to a rock salt-like phase
under a variety of conditions including storage in electrolytic solution, normal cycling, and high voltage
cycling [2]. The surface reconstruction is probably responsible for the first cycle coulombic inefficiencies that
are commonly observed, even when using conservative voltage limits. In addition, high voltage cycling results
in the formation of an unfavorable cathode/electrolyte interface (CEI) layer that increases cell impedance [3].
It is this rise in cell impedance, rather than deterioration of the bulk material, that results in capacity fading
during cycling to high potentials. Driving forces in both of these phenomena are the high reactivity of surface
Ni ions, and the strong tendency for Ni-containing oxides to lose surface oxygen, particularly at high states-of-
charge. Soft X-ray absorption studies reveal that charge compensation occurs mainly on the transition metal
ions in the bulk (primarily Ni in Ni-rich NMCs) but at the surface, oxygen has a greater tendency to undergo
redox processes [4]. It is the high reactivity of surface oxygen that is responsible for surface reconstruction and
formation of resistive reaction layers on particle surfaces via reactions with components in the electrolytic
solution. One strategy to ameliorate these phenomena includes partial Ti substitution for Co. In NMC-442, the
presence of Ti delays loss of oxygen to higher levels of delithiation [5]. Improved cycling behavior is observed
for Ti-substituted NMC materials when delithiated to the same level as unsubstituted NMC during high
voltage cycling [6]. Synthetic methods can also be used to make materials with reduced Ni contents on particle
surfaces. NMC-442 made by a simple and scalable spray pyrolysis method, exhibited a graded composition
such that the Ni content was naturally lower on both the primary and secondary particle surfaces than in the
bulk [7]. Materials made by this method exhibited better cycling behavior to high potentials and decreased
amounts of surface reconstruction. During FY 17, we focused on NMC-622, with the goal of understanding the
role of heterogeneity on the electrochemical properties by studying both chemically and electrochemically
delithiated samples and comparing them. The results of this study showed that the electrolytic solution plays a
critical role in the surface reconstruction and cathode/electrolyte interface formation. A number of experiments
were also carried out to understand the thermal properties of NMC-622 by studying partially and fully
delithiated materials by various synchrotron techniques to understand surface and bulk processes. Much of this
work is still being analyzed and will be reported during the next fiscal year.
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Objectives

Our objectives are to understand what limits the cycling behavior of Ni-rich NMCs and to gain a deeper
understanding of their thermal properties. Once this is done, methods to improve the robustness of the
materials can be developed, ranging from partial substitution with Ti (for example), coatings, and synthetic
strategies to reduce surface Ni content.

Approach

We use a highly collaborative approach to understand electrochemical and thermal characteristics of Ni-rich
NMC materials. In some cases, commercially provided materials are studied, but we also synthesize our own,
either by classic co-precipitation methods or by spray pyrolysis. Chemically delithiated samples are compared
to those prepared electrochemically. Electrochemical characterization is carried out in lithium half-cell
configurations. A combination of synchrotron radiation and electron microscopy techniques (in collaboration
with A. Mehta, D. Nordlund, T.-C. Weng, and Y. Liu at SSRL and H. L. Xin at BNL) are used to understand
the surface and bulk characteristics of the NMCs (commercial materials, synthesized materials, chemically and
electrochemically delithiated samples, etc). Several physical techniques (XRD, SEM, OES-ICP, etc.) are used
to characterize materials before and after electrochemical cycling under a variety of conditions.
Nanotomographic imaging (Transmission x-ray microscopy, TXM) at SSRL is used to determine chemical
gradients in particles and correlate this with electrochemical behavior. Soft x-ray absorption spectroscopy
(XAS) experiments carried out at SSRL are used to probe oxidation states of transition metals at particle
surfaces and in the bulk as a function of their electrochemical history. These results are correlated with
scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS)
experiments at Brookhaven National Laboratory to obtain a full understanding of what governs the behavior of
NMCs as a function of composition, temperature and cycling history. For a full overview of the behavior of
NMCs, the Pl works closely with other Pls in the Advanced Battery Materials Research program, including R.
Kostecki (interfacial characteristics using spectroscopy), W. Tong (novel materials), B. McCloskey
(differential electrochemical mass spectroscopy to measure gas evolution), and C. Ban (NREL, atomic and
molecular layer deposition for protective layers on cathode materials).

Results

A comprehensive study to detail inhomogeneity in NMC-622 cathode materials was carried out in FY 2017.
One goal of the study was to determine what differences there are between chemically and electrochemically
delithiated samples. This is important because chemically delithiated samples are commonly use to model
electrochemical processes in NMCs and other electrode materials. For this study, we subjected a commercial
NMC-622 to partial chemical delithiation with either NO2BF4 or Br,. NO2BF4 is a stronger oxidizing agent
than Bry; it is possible to completely delithiate NMCs with the former (although it is complicated by proton
exchange), but not with the latter. We also partially charged a sample in an electrochemical cell and subjected
another sample to full charge and then partial discharge. All samples were approximately in the halfway
lithiated state, with some variation in the exact degree of delithiation.

Examination by scanning electron microscopy indicated that the chemically delithiated samples were damaged
by the oxidation process, whereas the electrochemically prepared samples remained intact and particles
resembled that of the pristine sample. Specifically, there was loss of contact between primary particles in the
large secondary particles for the chemically delithiated samples. This is attributable to mechanical damage
from stirring, and possibly to evolution of NOx gases from the sample treated with NO2BF4. Ni K-edge X-ray
absorption spectroscopy was used to determine the oxidation state of Ni, which is closely related to the degree
of lithiation (Co is also electroactive, but most charge compensation occurs at Ni). Shifts in the Ni K-edge
were consistent with the coulometry in the case of the electrochemically prepared samples, or with the
elemental analysis of the chemically delithiated material.

Representative multi-pixel averaged XANES spectra, histograms of the distribution of the Ni oxidation states
(positions of the Ni K-edge) and 2 dimensional mapping of the Ni K-edge from the TXM experiments are
shown in Figure 11-266. These results reveal considerable heterogeneity in the Ni oxidation state in the pristine
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commercial sample. Both chemically and electrochemically delithiated samples are more homogeneous, as the
narrowing of the histogram peaks show. However, by carrying out the 2D mapping using a finer scale,
heterogeneities in all of the partially delithiated samples can be observed (Figure 11-267). In particular, Ni
oxidation states are lower at the cracks in the chemically delithiated sample because these cracks, induced by
mechanical damage, are exposed to the oxidant for a shorter period of time. Similar heterogeneities are seen in
the samples treated with bromine (not shown). The source of the heterogeneity of the electrochemically
oxidized samples are more likely due to disconnection of primary particles as they undergo redox-related
volume changes.
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Figure 1-266. (a) Representative multiple pixels averaged XANES spectra and (b) histogram of Ni K-edge shifts for pristine
(black curve), chemically delithiated with NO2BFa4 (red curve), electrochemically charged (blue curve) and electrochemically
discharged (green) samples. 2D mapping of Ni K-edge in the samples (c) pristine NMC; (d) chemically delithiated NMC-622;

(e) electrochemically charged NMC-622 electrode and (f) electrochemically discharged NMC-622.
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Figure 1I-267. Color mapping of (a) chemically delithiated NMC-622; (b) electrochemically charged NMC-622 electrode and

(c) electrochemically discharged NMC-622 electrode. The color mapping was determined using the statistical peak energy

as the center, and then -1.5eV (blue) and +1.5eV (red) as the two ends. Arrows point to regions of microcracks, which are
less oxidized than surrounding areas.

Here dramatic differences can be observed among the different samples. In particular, the chemically
delithiated sample shows almost no difference between the surface and the bulk. In contrast, a good deal of
surface reconstruction is seen in the pristine sample already, and in the electrochemically delithiated sample.
These differences can be quantified (Table 11-9) and suggest strongly that exposure to the electrolytic solution
drives the surface reconstruction. For the rock salt to form, metal ions must be reduced, but this requires
something else to be oxidized. Components in the electrolytic solution serve this purpose during
electrochemical oxidation, showing that surface reconstruction and CEI formation are intimately related. In the
case of the chemical oxidation, there is no available material that can reduce the surface of the NMC particles

and in turn be oxidized.
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Table 1I-9: Relative L3 high to L3 low peak intensity ratio from nickel L-edge XAS spectra.

Ls high/Lslow Pristine Electrochemically Electrochemically Chemical
Intensity (y) charged 50% discharged 50% delithiation 50%
Y TEY 0.56 0.87 0.57 1.64
Y FY 0.83 1.28 1.04 1.78
A=Y 1ev-Y rv 0.27 0.41 0.47 0.14

Figure 11-268 shows Ni L-edge XAS results on the samples in two different modes. Total electron yield (TEY)
probes about 5 nm into the particle surfaces, whereas fluorescence yield (FY) mode probes about 50 nm in, or
into the bulk. Differences between the ratios of the two Lz edges in the two different modes are diagnostic of
surface reconstruction, as the rock salt surface layer contains metal ions in a reduced state compared to that in
the bulk layered structure.
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Figure 1I-268. Ni L-edge XAS spectra of (a) NMC-622 (b) chemically delithiated NMC-622; (c) electrochemically charged
NMC622 electrode and (d) electrochemically discharged NMC-622 electrode collected using TEY (solid black curve) and FY
(dashed red curve) modes.
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Conclusions

Commercial NMC-622 samples show considerable heterogeneity even in the pristine state. While chemical or
electrochemical delithiation results in some homogenization, variations in oxidation states exist. These can be
attributed to mechanical damage from the chemical oxidation process or disconnection of primary particles
during electrochemical cycling. A significant finding is the fact that chemically delithiated samples show much
less surface reconstruction than the electrochemically delithiated ones. This strongly suggests that contact with
the electrolytic solution plays an important role in this phenomenon.
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Colloquium, Fu Foundation School of Engineering and Applied Science, Columbia University,
New York, NY March 24, 2017. (invited)

13. “Recent Progress on Battery Materials”, Marca M. Doeff, The 2" International Symposium on
Renewable Energy Technologies”, Sydney, Australia, Nov. 30-Dec. 4, 2016. (invited)

14.“Illuminating Performance Characteristics of Battery Materials Using Synchrotron Techniques:
Advanced NMCs, Sodium-lon Batteries, and Solid Garnet-Type Electrolytes” Marca M. Doeff, Energy
Harvesting USA, Santa Clara CA, November 16-17, 2016. (invited)

15. “The Future of Solid State Batteries for Electric Vehicles” Marca M. Doeff, The Northern California
Chapter of The American Vacuum Society, San Jose, CA November 16, 2016.

16. Design of High Performance, High Energy Cathode Materials” Marca M. Doeff 2017 DOE Annual Peer
Review Meeting Presentation.

17.“Editorial for the JECR Special Issue on All Solid-State Batteries” J. L. M. Rupp, D. Rettenwander,
J. Kilner, and Marca M. Doeff, J. Electroceramics, DOI 10.1007/s10832-017-0102-1 (2017).

18.“The Mechanism of Impedance Increase in Nickel-Rich NMC Cathodes” R.C. Lee, C. Tian, M. Doeff,
and R. Kostecki, 232" Meeting of the Electrochemical Society, National Harbor, MD, Oct. 1-6, 2017.

19.“lonic Liquid Enabled High Energy-Density Lithium-lon Batteries” T. Evans, D. Molina Piper, S.C.
Kim, S. Han, M. Doeff, C. Ban, S.J. Cho, K.H. Oh, and S. Lee, 231 Meeting of the Electrochemical
Society, New Orleans, LA, May 28-June 2, 2017.

20.“Controlling the Surface Chemistry of Cathode Materials for High Energy Rechargeable Batteries” F.
Lin and M. M. Doeff, 2315t Meeting of the Electrochemical Society, New Orleans, LA, May 28-June 2,
2017.

21. “Structural Stability of Nickel-Rich Layered Cathode Materials™ Chixia Tian, Yahong Xu, Dennis
Nordlund, Huolin Xin, Yijin Liu, and Marca Doeff. PRIME 2016, Honolulu, HI, October 2-7, 2016.
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Project Introduction

The dependence of modern society on the energy stored in a fossil fuel is not sustainable. A fossil fuel, once
burned, is not recyclable; the gases from fossil-fuel combustion are already choking large population in major
cities such as Beijing in China and Delhi in India. The introduction of an all-electric road vehicle powered by a
rechargeable battery that is competitive in cost, safety, and convenience with today’s road vehicles powered by
the internal combustion engine would reduce, if not remove, the distributed air pollution generated on the
highways of the world. Such a battery would also allow storage of electric power harvested from the sun’s
energy that arrives daily.

The flammable liquid electrolyte of the Li-ion battery of the wireless revolution has prevented the development
with today’s technology of a safe, cost-competitive battery that can compete with the internal combustion
engine.

Objectives

Replacement of the flammable liquid electrolyte with a solid electrolyte from which an alkali-metal anode can
be plated/stripped reversibly and dendrite-free as the anode would provide a safe, rechargeable battery of
higher volumetric energy density than the Li-ion battery, but the low cation conductivity of known solids and
the problems of a solid/solid electrode/electrolyte interface with changing volumes of the electrodes have
suppressed investigation of high-energy-density all-solid-state rechargeable batteries with a long
charge/discharge cycle life. The objective of this project was to explore whether these problems can be
overcome.

Approach

Characterize several Li* solid electrolytes stable on contact with metallic lithium that provide dendrite free
plating of a metallic-lithium anode. Investigate whether this solid electrolyte is stable with an aqueous and/or
an organic liquid electrolyte. Develop a test cell with a lithium anode and a Cu cathode.

Results

The project was conducted in collaboration with others in my group supported for parallel work. We have
reported previously only results obtained with regard to milestones specified by this project. Here, our
previously supported results are placed in the broader context of our collaboration effort.

We began with the choice of a ceramic solid Li* electrolyte that would not be reduced on contact with metallic
lithium The Li7LasZr,012 (LLZO) with the garnet structure had been reported to have a room temperature Li*
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conductivity i = 10* S cm™, and we had improved the bulk conductivity to oLi =~ 10 S cm™ by substituting
Ta for Zr in LissLasZris5Taos012 (LLZT), but we found the materials to be highly hygroscopic; Li»COs and
LiOH formed at the surface of the grains reduce performance. Both LiOH and Li»COs are Li-ion insulators,
which leads to a large grain-boundary resistance of the garnet electrolyte and the lithium/garnet interface also
has a large plating/stripping impedance. We used LiF to increase the stability of the garnet electrolyte LLZT
against moisture and carbon dioxide in air; the grain-boundary and interfacial resistances were reduced
significantly, which makes LLZT a possible solid electrolyte in Li-S batteries.

To demonstrate the advantages of the LiF modification that decreases the interfacial resistance, Li-S cells with
aLLZT and a LLZT-2LiF solid electrolyte were assembled. The solid electrolyte can efficiently block the
polysulfide shuttle, which is a severe problem in Li-S batteries. The total resistance of the cells with LLZT and
LLZT-2LiF in Figure 11-269(a) were 1000 and 2620 Q cm, respectively. The cells with LLZT and LLZT-LiF
display well-defined discharge/charge plateaus and low overpotentials. The cell with LLZT-2LiF exhibited a
much lower gap (0.34 V) between charge and discharge voltages than that with LLZT (0.59 V) at the current
density of 200 pA cm=2. The much reduced interfacial resistance allows the cells to be cycled at high current
densities. As shown in Figure 11-269(c), discharge capacities of 1137, 1074, and 1042 mAh g can be obtained
at the rates of 100, 200 and 300 pA cm?, respectively. Notably, since the polysulfide shuttle can be completely
blocked by the solid electrolyte, the hybrid cells assembled also exhibit a stable cyclability at 200 pA cm2.
The reversible capacity stabilized at 988 mAh g after 100 cycles with the retention of 93% of the stabilized
capacity in the second cycle (Figure 11-269(d)). Furthermore, the Coulombic efficiency maintains almost 100%
over the subsequent 100 cycles, which is much higher than the Li-S cell without garnet in Figure 11-270,
indicating that the solid electrolyte can successfully block the polysulfide shuttle during the whole cycling
processes.
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Figure 1-269. (a) The impedance plots of a Li-S battery, (b) charge and discharge voltage profiles of a Li-S battery (b) with
LLZT and LLZT-2LiF as a separator, (c) charge and discharge voltage profiles of a Li-S battery with LLZT-2LiF at different
current densities, (d) capacity retention and cycling efficiency of the Li-S battery.
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Figure 1-270. Cycling stability and Coulombic efficiency of the Li-S cell without solid electrolyte nor LiNOs additive.

Although we were able to reduce the LioCO3 contamination by introducing LiF at the grain surfaces, removal
of LiCO3 was not complete, so we turned to investigate a ceramic with the perovskite structure. (In
subsequent work, we have developed a preparative procedure that removes all the Li.CO3 and shown that the
garnet is then wet by a Li-metal anode to give dendrite-free plating/stripping of a lithium anode with little
interface impedance; the cells operate well at 60°C.)

In the second quarter, we investigated a perovskite Li* solid electrolyte, LiisSrz16Hf19Tays032 (LSHT) that we
could make 99.9% dense by spark plasma sintering. LSHT has a room-temperature Li—ion conductivity o = 4.4
x10* S cm™ and a small activation energy of 0.33 eV from 298 to 420 K (Figure 11-271). Another advantage
of LSHT is its good stability in air; unlike the garnet electrolyte which reacts with moist air to form Li»COs,
there is no Li,CO3 detectable with a Raman shift at 1080 cmon the surface of a perovskite LSHT pellet after
exposure to air for 3 months.
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Figure II-271. (a) Impedance spectra and (b) Arrhenius plot of LSTH pellet fired by spark plasma sintering.

Because of its stability, LSHT shows a small interfacial resistance with a solid polymer electrolyte and
commercial organic electrolyte; moreover, it is chemically and electrochemically stable with a polysulfide
catholyte. An all-solid-state Li/LiFePO4 battery with LSHT as electrolyte had a small resistance, high
coulombic efficiency of 99.5~100 %, and long cycling life (Figure 11-272). A Li-S battery with dense LSHT as
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a separator that blocks the polysulfide transport towards the Li—-metal delivered an initial discharge capacity of
1100 mAh g, had a high coulombic efficiency of 99.5 %, and kept 93 % capacity after 400 cycles.
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Figure 1-272. (a) Charge and discharge voltage profiles of Li/LSHT/LiFePO4 at 150 and 300 pA cm-2. (b) Capacity retention
and cycling efficiency of the LiFePOas/Li cells. (c) Charge and discharge voltage profiles of a Li-S battery with LSHT at
different current densities. (d) Capacity retention and cycling efficiency of the Li-S battery.

In the third quarter, we studied a new battery concept with the Cu*/Cu® redox couple in the cathode of an all-
solid-state lithium battery. In this concept, the Cu*/CuP redox couple determines the cell voltage and a solid Li*
electrolyte provides Li* ions. We have used a cross-linked poly(ethylene glycol) methyl ether acrylate
(CPMEA,; Figure 11-273) membrane with LiTFSI salt as the solid electrolyte. The membrane was shown to be
electrochemically stable up to 4.8 V vs. Li at 65°C. A battery-grade Cu foil was used as a cathode current
collector and a Cu*/Cu® redox source. The Cu foil was directly placed on one-side of the CPMEA membrane,
and a lithium metal foil was placed on the other side.

Figure 11-274 shows an initial charge/discharge voltage curve of the solid-state Li cell at 70°C. During
charging, a constant voltage plateau at ~ 3.5 V vs. Li was observed, which corresponds to the electrochemical
Cu dissolution via the Cu*/Cu® redox reaction. Li plating occurs at the anode while the dissolved Cu* ions keep
the charge neutrality of the polymer electrolyte. During the following discharge, two voltage regions were
noticed, one at ~3.3 V and the other at ~2.1 V. The upper voltage region should be responsible for the Cu*/Cu®
redox couple. However, the corresponding capacity is only about a half of the charging capacity. It is partly
because the initially dissolved Cu* ions diffuse away from the Cu foil owing to the concentration gradient, and
therefore, the diffusional overpotential increases as the electrochemical Cu* reduction proceeds at the Cu
surface during discharge. The results suggest that higher Li* and Cu* concentrations are necessary to increase
cell capacity and reaction kinetics. For the lower voltage reaction at ~ 2.1 V, the discharge mechanism is not
understood yet, and further study is needed.
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Figure II-273. Structure of CPMEA.
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Figure II-274. Charge/discharge voltage curves of all-solid-state Li/CPMEA-LITFSI/Cu cell at 70°C.

In the fourth quarter, the Cu*/Cu® redox couple in the cathode was tested in a quasi-solid-state lithium battery
cell. To collect more reproducible cell data, we have fabricated a gel polymer electrolyte membrane based on
PVDF-HFP instead of the crosslinked polymer membrane, CPMEA. LiTFSI and poly(ethylene glycol) methyl
ether acrylate were added to the PVDF-HFP solution in acetone; the clear solution was then cast on a Teflon
dish. After vacuum drying at 50°C overnight, the membrane was used as a separator in a quasi-solid-state cell.
We investigated several experimental parameters that affect the electrochemical performance of the Cu*/Cu®
redox couple.

Electrochemical feed of Cu* ions into the separator membrane and its effect on the discharge capacity

First, we have made coin half-cells with Cu foil as the cathode and Li metal as the anode. During the first
charge, Cu dissolves into the polymer membrane and exhibits a voltage plateau at around 3.4 V. The
electrochemical oxidation time was changed (10, 20, and 40h at 20 uA and 60°C) to control the Cu*
concentration in the membrane and to check its effect on the discharge capacity (Figure 11-275). The results
suggest that (i) a higher Cu* concentration in the membrane is needed to promote Cu* conduction and deliver a
higher reversible capacity, (ii) Cu* diffusion away from the cathode interface must be solved to enhance the
Coulombic efficiencies, and (iii) Cu plating at the Li surface should be prohibited.
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Chemical feed of Cu2* jons into the separator membrane and its effect on the discharge capacity

Second, to enhance electrochemical performance, vacuum-dried Cu?* perchlorate was chemically incorporated
into the polymer composite during the membrane fabrication. Cu?* concentration was set to be 1:1 ratio to the
Li* concentration. The Cu-incorporated membrane couldn’t be solely used as a separator owing to the
spontaneous Cu?* reduction reaction at the Li surface: a bare gel polymer membrane was introduced between
the Li anode and the Cu-incorporated membrane. Figure 11-276 shows the charge/discharge voltage curves of
the coin cell with Cu foil as the cathode. The cell was charged first and then discharged at 20 uA and 60°C.
Compared to Figure 11-275, the discharge capacity was greatly improved. It is clear that having sufficient Cu
ion concentration in the membrane is critical to deliver a higher cell capacity and a higher Coulombic
efficiency.
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Figure 1-275. Cu oxidation time and the corresponding discharge capacity.
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Figure II-276. Charge/discharge voltage curves of the Cu cathode.

Conclusions

The data have shown that dendrite-free alkali-metal anodes can be plated reversibly with low plating/stripping
impedance if the alkali-metal wets the solid electrolyte, i.e., if the anode-electrolyte bonding is stronger than
bonding of the alkali metal with itself, and if the solid electrolyte is not reduced on contact with metallic
lithium. Moreover, the solid electrolyte can block soluble species from the cathode as in a Li-S cell.
Investigation of a new concept was initiated in the last half of the years; it consists of plating/stripping of
metallic lithium on the anode and of metallic copper on a copper cathode with a dual-electrolyte system, the
ceramic solid electrolyte contacting the anode.
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Project Introduction

The structural instability of lithium- and manganese-rich, xLizMnO3¢(1-x)LiMO; (M=Mn,Ni,Co), ‘layered-
layered’ (LL) materials, at high states of charge, is a critical barrier to their implementation in commercial
battery systems [1]. One promising strategy to enhance structural stability has been to incorporate a spinel
component to form complex, structurally-integrated, ‘layered-layered-spinel’ (LLS) electrodes [2-5]. LLS
spinel, and even layered-spinel (LS), composites have been explored with positive results utilizing the
incorporation of stoichiometric, manganese-based spinels such as Li1+yMn,.yO4 or LiNiosMny504. However,
several interesting options for integrated spinel components have yet to be studied. For example, lithiated
cobalt-rich spinels, LiCo1xMxO2 (M=metal cations), may be attractive as alternative spinel components for
several reasons: (1) LiCoi-xMxO: (alternatively, Li2[C02-2yM2y]O4) spinels have close-packed structures with a
rock-salt stoichiometry, making them compositionally and structurally compatible with layered structures such
as LiMO; and Li2MnOs; (2) Relative to that of manganese and nickel, cobalt has a lower propensity to migrate
during electrochemical redox reactions (Co3®*/#*) at high potentials [6], thereby, possibly helping to mitigate
voltage fade with cycling; and (3) Lithium extraction from a lithiated cobalt-rich spinel component,
Li>—«C02-2yM2yO4 (0< x< 1), occurs at a potential (~3.6 V) [7, 8] significantly higher than that of its lithiated
manganese-oxide spinel analogue, LizMn204 (~2.9 V) [9, 10]. This chapter deals with efforts within this
project to develop stable, Co-based spinels as possible end-member compounds for integration into more
complex LLS systems in order to realize stable, high-energy, Mn-rich cathode materials capable of meeting the
cost and safety requirements of EV and PHEV vehicle applications.

Objectives

The objective of this project is to stabilize high-capacity, structurally-integrated (LL), Mn-rich cathodes by
introducing a stabilizing spinel component into the parent electrode with a particular emphasis on lithium-

cobalt-oxide and lithium-nickel-oxide spinel components that accommodate lithium at ~3.5 V vs. metallic

lithium.
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Approach

The approach is to design, synthesize and characterize new spinel-related materials, compositions and
structures that operate between 3 to 4 V and to determine their structural/electrochemical property
relationships. This information will be used to identify the most promising spinel components that can be used,
in low concentration, to stabilize high capacity xLioMnO3+(1—x)LiMO, (M=Ni, Mn, Co) electrode structures.

Results
Synthesis of Co-based, lithiated-spinel materials with cation substitutions

Impurities

LiC01-xMxO2 (M = Ni and Mn) materials, synthesized at low temperature (LT), have lithiated spinel structures
that could be used as stabilizing components in high capacity, lithium- and manganese-rich composite
cathodes. After exploring a large portion of the LT-Li(Co1-x.yNixMny)O> compositional phase space, it was
found that Ni and Mn substitution improves the phase purity and electrochemistry of lihtiated-spinel cathodes.
However, impurity phases are easily formed during LT synthesis, and thus the range of Ni and Mn substitution
has to be limited to a small degree in order to obtain monophasic materials. The formation of impurity phases
is related to the relative stability of possible oxide phases in a given overall composition. For example, in
lithiated-spinel Li(Co1-xMnx)O. compounds, the transition metal (TM) cations should maintain an overall
oxidation state of +3 to satisfy the charge neutrality condition. However, Mn cations having a preference for
the +4 oxidaton state will drive the stabilization of a Li-Mn(IV)-O impurity phase, as shown in previously
reported examples of LT-Li(Co1-xyNixMny)O, materials with high Mn contents.

Different from the stoichiometric LT-LiCo1-xMxO2 compounds, that have a Li:TM ratio of 1, the LT-Lis-
x(C0o.9-x-yNiyMn,)O> composition is designed to maintain the Mn(IV) oxidation state by decreasing Li content
with Mn substitution. In Figure 11-277a, LT-Li1-x(C00.9-x-yNiyMny)O2, with x = 0.1 and 0.2, do not show an
impurity phase related to Mn(1V) cations, however, the peaks for Cos0, are clearly detected; the decreased Li
content in Lio.9(C0o.8Nio.1Mnp.1)O2 and Lio.s(C0o.7Nio.1Mno2)O2, devised to maintian the Mn(IV) oxidation
state, actually induces the formatin of a CozO4 impurity phase. For the x = 0.4 sample, a third phase, denoted
as LT-LMO, is observed in addition to the LT-spinel and Co304 phases. From the analysis of the LT-LiMnOo,
the LT-LMO phase is identified as a LiMnOs¢LisMnsO1, composite phase. The high-resolution x-ray
diffraction (XRD) pattern of LT-LiMnO; (Figure 11-277b) shows the presence of a spinel structure while the
additional peak marked with an asterisk suggests superstructure ordering of Li/Mn as in Li,MnOs. The
electrochemical behavior of LT-LiMnO; further confirms the composite structure by clearly exhibiting
characteristics of both Li-MnO3z and LisMnsO12 in the voltage curves of Figure 11-277c. These results,
combined with previous data, point to CosO4 spinel, LixNii-xO rocksalt, and a LizMnO3eLisMns012 composite
as the main impurity phases during the low-temperature synthesis of ‘“NMC spinel’” materials. Therefore,
alternative synthesis routes that can deter the formation of those stable impurity phases, such as soft chemistry
methods, need to be explored.
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Figure 1I-277. (a) XRD patterns of LT-Li1x(Coo.9xNio.1Mnx)Oz, (b) high-resolution XRD and (c) electrochemistry of the low-
temperature product with the LiMnO2 composition (LT-LMO phase).
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Al-substitution

The effect of Al substitution on the structure and electrochemical properties of LT-LCO was also explored.
This approach was adopted because of the important role that Al substitution plays in fortifying the structures
of several well-known, lithium-TM-oxides, such as layered LiNiogC00.15Al0.0s02 (NCA) and lithium-
manganese-oxide spinel materials. A series of Al-substituted LiCo1.xAlxO, (LCO-Al) samples was synthesized
by sol-gel reactions of metal acetates and glycolic acid; the resulting sol-gel precursors were subsequently fired
in air at 400°C (LT) or at an intermediate temperature of 600°C (IT).
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Figure II-278. XRD patterns of sol-gel LiCoO2 (LCO) and LiCoo.s85Al0.1502 (LCO-Al) samples fired at 400°C (LT) or 600°C (IT).
XRD pattern of LCO, synthesized by solid-state reaction, is shown for comparison. Red circles indicate the peaks for Co304.

In Figure 11-278, the LT-LCO sample is indexed to a cubic spinel structure, consistent with products made by
solid-state synthesis at 400°C. LT-LCO particles prepared by the sol-gel method were observed to have a
larger crystalline size (smaller FWHM) relative to solid-state LT-LCO, and to contain a CosO4 impurity phase
that was also apparent in IT-LCO samples, but in lower concentration (reduced peak intensities). The IT-LCO
product prepared at 600°C had a well-defined layered structure, indicated by the split of the (018) and (110)
peaks at ~66° 26, unlike the materials prepared by solid state reaction that required a higher synthesis
temperature (>700°C) to produce well-ordered layered structures.> LCO-Al samples had a similar structure to
their LCO analogues but did not contain a Co3O4 impurity phase. The lower firing temperature required to
order the lithium and TM ions and the growth of larger crystallites in the final products suggest that, relative to
solid state reactions, the sol-gel method lowers the kinetic barriers to the formation of well-defined LCO
structures. VVoltage profiles of lithium cells with LT-LCO and LT-LCO-AI cathodes showed two voltage
plateaus corresponding to layered (3.9 V) and spinel (3.6 V) components, whereas cells with IT-LCO and IT-
LCO-Al electrodes exhibited only the 3.9 V plateau, corroborating the XRD data (Figure 11-279a and

Figure 11-279b). Al-substitution improves the cycling stability of both LT and IT electrodes (Figure 11-279c).
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Figure 11-279. (a, b) Initial voltage profiles and (c) normalized capacities of the sol-gel prepared samples.

I1.C.11 Exploiting Co & Ni Spinels in Composite Electrode (ANL) 547



Batteries

Modified sol-gel synthesis method for layered-spinel composite cathodes

Encouraged by the improved performance of the Al-substituted, Li-Co-O spinel materials, prepared by the sol-
gel route, synthesis efforts were expanded to prepared LS composite materials via a modified sol-gel method.
Previous reports have discussed the structure and electrochemistry of LS LioMnOszeLiMn,0. cathodes. For
these lithium-manganese-oxide materials, with relatively simple elemental components, the formation of
structurally-integrated, layered and spinel domains is readily achieved by high-temperature firing of
homogeneously-mixed precursors. However, such simple synthesis routes rely on thermodynamic phase
segregation into composite structures and, therefore, have limitations in preparing multi-element samples. As
such, alternative synthesis routes that enable more precise control over compositional and structural
arrangements at the nano-scale are desired and hence a modified sol-gel process was explored to synthesize a
LS LizMnOszeLiNiosMn1 504 composite structure in which a heterogeneous distribution of Ni and Mn in the
component phases is required.

Single-phase powder samples of layered LixMnOs and spinel LiNiosMn1504 were prepared by a sol-gel
method. An aqueous solution of metal acetates (Mn or Mn/Ni) was added to a glycolic acid or citric acid
solution at 70°C and ammonium hydroxide was used to adjust the pH values to between 7-9. The final
solutions were dried under stirring until a gel was formed. The gel products were fired at 400°C to remove the

polymer precursors and subsequently heat-treated at 800°C, for 12 hours, to produce well-crystallized powder
samples of LiMnOs and LiNigsMn1504. To produce a LS Li2MnOseLiNigsMn1504 composite structure, the
LizMnQO3 and LiNiosMn1504 sols were mixed together prior to gel formation. With continued stirring and
heating, the mixed sol quickly formed a gel. The gel product was then decomposed at 400°C and heat-treated
under the same conditions as those used for the single-phase powder samples (800°C, 12 hours).

(3) | i Ni, O impurity composite e |

l_,_ —L _JL A, A qu.
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{130}
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Figure 11-280. (a) Synchrotron XRD of Li2MnOs, LiNio.sMn1.504, a 1:1 physical blend of the two, and a
Li2MnOs * LiNio.sMn1.504 composite. (b, ¢) Enlarged regions ranging from 2.5° to 2.8° 26 and from 3° to 3.3° 26,
respectively.

For comparison, a physical blend of the Li-MnO3 and LiNiosMn1504 powders, in a 1:1 molar ratio, was also
prepared. The synchrotron XRD patterns for the composite material in Figure 11-280(a-c) show a merging of
the peaks for each single-phase component together with some peak broadening. This merging effect is
noticeably different in the corresponding XRD patterns of the physical blend, indicating a more complex
structure than the simple mixture. In Figure 11-281(c), the electrochemical profiles for the composite material
display the characteristics of both LixMnQOj3 (Figure 11-281b) and LiNigsMn1504 (Figure 11-281a), but with
much improved electrochemical performance relative to the physical blend of the individual components
(Figure 11-281d). These X-ray and electrochemical data indicate that the modified sol-gel method provides an
effective route to produce structurally-integrated electrode materials.
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Lithium intercalation mechanism of lithiated spinel LiCoO2
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Figure 1-281. (a) Initial voltage profiles of spinel LiNio.sMn1.504, (b) layered Li2MnQs, (c) a Li2MnO3* LiNio.sMn1.504
composite, and (d) a 1:1 physical blend of the two components. (4.8 - 2.0 V at ~C/15 against Li metal).

An interesting electrochemical behavior observed in the lithiated spinel LiCo1-xMxO, materials is a unique
voltage hysteresis between the charge (~3.7 V) and discharge (~3.5 V) processes, which is more prominent
than that in layered LiCoO; or spinel LiMn2O.. In order to understand the lithium deinterlacation mechanism
that is responsible for such a prominent voltage hysteresis, ex-situ XRD analyses and DFT calculations were
conducted. Figure 11-282a shows the initial voltage curve of a Li/LT-LiCoogNio.1O2 cell. The points where the
cycled electrodes were exracted for ex-situ XRD measurement are marked on the curve. In Figure 11-282b, the
corresponding ex-situ XRD data indicates no significant structural changes. Detailed examination of the (311)
and (400) peaks, however, reveals a reversible change in their relative intensities (1311)/l211)) during the
charge-discharge cycle: l(s11)/111) increases during charging and decreases during discharging (Figure 11-282c;
l@1y/la1) = 0.44, 0.64, and 0.45 for the patterns (1), (4), and (6), respectively). The l@i1)/l00) value is
dependent on the relative Li* occupancies of tetrahedral (Tg) vs. octahedral (On) sites in the spinel structure.
For example, 1311/l 00y is greater for the {Li}jqC0204 spinel structure than for the {Li2}{octjC0204 lithiated
spinel structure as compared in the simulated XRD patterns in Figure 11-282d. Therefore, the ex-situ XRD
result suggests Li* migration from On to Ty sites during charging and from T4 to O sites during discharging.

Kinetic mechanisms for the Li (de)intercalation process(s) from the LiCoOy, lithiated-spinel structure were
investigated by DFT simulations wherein the energetically most favorable lithium vacancies were created in
every lowest-energy, model structure of Li1s.xC016032. The DFT calculations found that (1) Li* migration from
On to Tg sites is favorable during charging; (2) meta-stable structures such as {Li}teq{Li10}ocyC016032 form
during charging until the {Lios}gCoO> structure is stabilized at the end of charge; (3) the discharge process
follows the equilibrium reaction pathway between the {Lios}eyC002 and {Li}octiC0O; structures; (4) the
voltage for the meta-stable path is ~0.2 V higher than that for the equilibrium path. These experimental and
thoeretical data corroborate each other and provide a deeper understanding of the electrochemcial and
structural behavior of cobalt-based, lithiated-spinel cathodes.
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Figure 1I-282. (a) Voltage profiles of a Li/LT-LiCoo.oNio.102 cell showing the points where ex-situ XRD data were collected,
(b) corresponding ex-situ XRD patterns, (c) magnified view of the (311) and (400) peaks, (d) simulated XRD patterns of
{Li}iteyCo204 spinel and {Li2}j0cjC0204 lithiated spinel, and (e) Li (de)intercalation mechanism(s) suggested by DFT
calculation.

Conclusions

e A better understanding of the complex relationships that exist between synthesis, composition, structure,
and electrochemical performance of lithiated-spinel, Li-Co-Ni-Mn-O materials has been acquired via
systematic synthesis, characterization, and computational efforts

o Layered LizMnQOs, spinel LiaMnsO12, spinel Coz04, and rock salt LixNi1-xO are identified as common
impurity phases that could be generated depending on compositions and synthesis conditions
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Inactive Al substitution is proven to be a promising strategy to stabilize Co-based, lithiated-spinel
structures and improve cycling performance

The synergistic advantage of atomic incorporation between layered and spinel structures has been
confirmed in LizMnQOseLiNiosMn1504 composite materials prepared by a modified sol-gel synthesis
route

DFT calculations and ex situ XRD data suggest that lithiated-spinel, LiCoO; follows asymmetric
reaction pathways during charge (meta-stable pathway) and discharge (equilibrium pathway) processes,
that are responsible for its large, voltage hysteresis.
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Project Introduction

Currently, the commercial Li-ion batteries adopt a wide use of intercalation cathodes such as layered lithium
metal oxide, spinel-type lithium manganese oxide, and olivine-type lithium iron phosphate. However, these
cathodes can only deliver a reversible capacity of 140 - 170 mAh/g based on the cationic redox. Attempt to
charge layered oxides to higher potentials (> 4.7 V) results in a higher initial capacity (> 200 mAh/g), but leads
to an irreversible phase transformation and ultimately a capacity decay. Recently, Li-, Mn-rich layered oxides
have demonstrated a high reversible capacity of > 250 mAh/g, which outperforms most of the commercially
available Li-ion cathodes. However, this family of compounds experience a series of structural rearrangement
and gas evolution, demonstrating continuous voltage/energy decay over the extended cycles. In this project, we
propose to develop new Li-rich metal oxides that utilize Ni2+/Ni4+ redox, meanwhile, incorporate a second
transition metal (TM) that is located on the first and second row in the periodic table, which is designed to
stabilize the crystal structure and/or contribute electrochemical redox. The presence of Li excess in the
structure is expected to increase the number of Li diffusion paths, therefore, enable more accessible Li.

Objectives
o Develop a cathode that can cycle > 200 mAh/g while exhibiting minimal capacity and voltage fade

0 Target at Li-rich compositions in Li-Ni-O chemical space that utilizes Ni2+/Ni4+ redox to
potentially overcome capacity limitation per TM

0 Integrate a second TM on the first and second row to improve structural stability and/or contribute
electrochemical redox

e Gain in-depth understanding on the correlation between composition and electrochemistry in Li-rich
metal oxides

0 Understand the participation/contribution of cationic and anionic redox in electrochemistry
0 Investigate the potential impact of TMs on oxygen reactivity

Approach

This project integrates material design, synthesis, physical and electrochemical evaluation to search for new
high capacity cathodes within Li-Ni-O chemical space. We initiated our material synthesis efforts with Li, Mn-
rich layered oxide to identify the optimal synthetic condition via a facile solid-state reaction that is ultimately
employed for the synthesis of Li-rich Ni-based metal oxides. Integration of a second TM is expected to
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stabilize structure and/or contribute electrochemical redox. The materials are subjected to a variety of
synchrotron-based radiation and spectroscopy techniques to characterize the crystal structure and electronic
structure of both TMs and oxygen.

Results

We first studied the correlation between the synthesis and electrochemical performance to identify the key
variables that govern the electrochemical properties. Li1.2MnoeNio202 (LNMO) samples were synthesized via
solid-state method using Li>COs, Ni(OH)2, and MnCOs precursors. Raw materials were mixed by either High
Energy (HE) or medium Energy (ME) mechanical milling process, and then annealed at 950°C. The effect of
the synthetic condition, include milling energy, milling time, and annealing time on the electrochemical
performance was studied. Figure 11-283a and Figure 11-283b shows the XRD patterns and the first cycle
voltage profiles of four LNMO samples synthesized with various conditions. Overall, all the samples
demonstrated similar XRD patterns that are consistent with those reported in the literature, and no significant
effect of the synthetic condition on the crystal structure of LNMO was detected by XRD. In contrast, we
clearly observed the effect of synthetic conditions on the electrochemical performance. Despite of the similar
voltage profiles, consisting of an electrochemical activation plateau around 4.5 V as well as a sloping voltage
profile during the discharge, it can be clearly seen that LNMO sample prepared at a high energy for 3 h and
annealing for 15 h delivered the highest discharge capacity (259 mAh/g), corresponding to 0.82 Li per formula.
In comparison, the discharge capacity of the sample prepared at a medium energy was only 215 mAh/g. This
capacity was about 17% lower compared to the best sample (HE3h_15h), although the XRD patterns of these
two samples were similar. This clearly translates into the difference in LNMO active materials rather than
process variables (i.e., slurry formulation, electrode fabrication, and cell assembly). Simply comparing these
two samples led to a combined effect of milling method and annealing time. The optimal synthetic condition
for LNMO will be used to prepare other Li-rich metal oxide cathodes.
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Figure 1I-283. (a) X-ray diffraction patterns of of Li1.2Mno.eNio.202 samples prepared by a solid-state method. Samples are
denoted by milling energy followed by milling time_annealing time. (b) The first cycle voltage profiles of Li1.2Mno.sNio.202
samples prepared by a solid-state method. Cells were cycled between 4.8 and 2 V at a current of 25 mA/g.

In the second quarter, different transition metals (TM = Mn, Ru, Sn, Mo, Nb, Ti, V) with a general formula of
Liox-yNixTMyO2 (0 < X, y <1) were synthesized via a solid-state reaction using the optimal synthetic condition
identified above for LNMO. Selection of the second TM was mainly based on the theoretical capacity. The
XRD patterns of the as-produced samples are presented in Figure 11-284. Samples that incorporate Ru, and Sn
showed very similar XRD patterns to that of LNMO. A shift in XRD peaks was observed due to the difference
in ionic radius of these three TM cations. For TM = Mo, more X-ray diffraction peaks were observed,
however, it can be seen that the major characteristic peaks of LNMO were reserved along with more diffraction
peaks in the two-theta region of 20 - 35°. The crystal structure seemed consistent with those of the samples
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with TM = Mn, Ru, Sn. Careful search and match of TM = Mo pattern in the ICDD database showed a
consistency with LisaMgWQOs, which belongs to the monoclinic crystal system. For the other TMs we tested,
the crystal structure of the final products was very different, as shown in Figure 11-284b. For both Ti and Nb,
the XRD patterns can be easily assigned to the disordered rock salt phase. Although NiO possesses a rock salt
structure, the complete absence of any XRD peak that is related to lithium and another TM precursors or
byproducts suggests incorporating Ti and Nb very likely led to the formation of a disordered rock salt phase in
the final products. As for TM =V, LisVOaswas a thermodynamically favorable phase in our synthesis and
observed as the major phase along with NiO. The electrochemical properties of the as-produced samples were
tested, the Ru compound, which showed good electrochemical performance, was used for detailed
characterization.
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Figure 1I-284. (a) XRD patterns of Li2xyNixTMyO2 (TM = Mn, Sn, Ru, Mo), exhibiting layered structure. (b) XRD patterns of Liz>x-
yNixTMyO2 (TM = Nb, Ti, V), exhibiting non-layered structure.

The first cycle voltage profiles and differential capacity (dQ/dV) plots of Liz2Nio2Ruo.6O2 and
Li1.2Nio.2Mng 602, denoted as LNRO and LNMO, are shown in Figure 11-285. The LNRO sample demonstrated
a charge capacity of 239 mAh/g and a discharge capacity of 213 mAh/g, leading to a coulombic efficiency of
88.9%. In comparison, LNMO sample exhibited a coulombic efficiency of 75.0%. Both samples revealed a
common feature of about 1 Li* removal during the charge process, but noticeably different charge profiles.
Instead of exhibiting a long plateau at 4.55 V in LNMO, a sloping curve with most of the capacity extracted
below 4.5 V was observed for LNRO. This difference was also pronounced in the dQ/dV curves (Figure 11-285
¢, d). The charge profile of LNMO was characterized by a strong anodic peak at 4.55 V, corresponding to the
extended voltage plateau, as well as two weak anodic peaks around 3.8 and 4.1 V associated with Ni?*/Ni**
oxidation. This strong anodic peak in the high voltage region was absent during the charge of LNRO, instead,
a relatively strong peak at 3.65 V was observed to superimpose with some minor peaks at 3.75 and 4.1 V. The
corresponding cathodic peaks, which were clearly visible in the LNRO, unlike the LNMO, were located
around 3.7 and 3.4 V.
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Figure 11-285. The first cycle voltage profile of (a) LNMO and (b) LNRO; Differential capacity (dQ/dV) plot of (¢) LNMO and
(d) LNRO. Cells were cycled between 4.8 and 2.0 V at a current density of 5 mA/g at room temperature.

LNMO and LNRO showed a similar crystal structure, which was confirmed by Rietveld refinement and
HRTEM analysis (Figure 11-286). Both LNMO and LNRO samples fit the structural model of monoclinic solid
solution, and electron diffraction (ED) patterns and fast Fourier transformation (FFT) results along the [001]

and [301] zone axis of C2/m and C2/c from LNMO and LNRO particle showed high structural consistency.
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Figure 1-286. XRD Rietveld refinement of (a) LNMO, monoclinic C2/m, and (b) LNRO, monoclinic C2/c; HRTEM image of
(c) LNMO, (e) LNRO with FTT of the selected area; ED pattern of (d) LNMO, (f) LNRO.

To understand the different electrochemical behaviors in LMNO and LNRO of similar structure, the cationic
redox of Ni and Ru were examined by X-ray absorption spectroscopy (XAS). The Soft XAS Ni Li-edge
spectra of LNRO and LNMO is shown in Figure 11-287. Ni L3-edge exhibits splitting features at high and low
energy, the ratio between which is in accordance with Ni valence state. In comparison with reference
compounds, Ni was determined to be 2+ in both pristine LNMO and LNRO. Upon charging, an increase in Ni
L3-edge peak at the high energy suggests the oxidation of Ni. Further increasing charge voltage to 4.8 V did
not lead to an obvious change in Ni oxidation state, suggesting the completion of Ni redox by 4.5V and 4.3 V
for LNMO and LNRO, respectively. The Ni valence state reverts back to its divalent state after the first
discharge, as the discharged material spectra are similar to those of the pristine material. Comparison between
FY and TEY mode for both compounds revealed a slight Ni reduction at the surface of the charged electrodes,
as evidenced by a slight decrease in the relative intensity of the TEY Ni L3-edge feature compared to the
analogous FY spectra at high energy. Meanwhile, the Ni oxidation state during charging process was lower in
LNRO compared to that in LNMO.
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Figure 1I-287. sXAS Ni L-edge spectra of (a) LNMO, (b) LNRO electrodes at different states of charge. Solid and dash line
indicate FY (~ 50 nm depth) and TEY (2 - 5 nm depth) mode, respectively.
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We further investigated the anionic oxygen redox in both compounds by resonant inelastic X-ray scattering
(RIXS). In O K-edge RIXS maps (Figure 11-288), the RIXS intensity was plotted against the excitation energy
(y axis) and emission energy (x axis). For LNMO electrodes (Figure 11-288a), one relatively large fluorescence
feature was observed at an excitation of ~ 529.2 eV (t4 orbitals) along with a relatively small feature at ~
531.5 eV (eqorbitals) in the pristine state. Upon charging, the 529.2 eV feature tended to grow due to its more
covalent nature (corresponding to Ni oxidation). The most striking phenomenon was the appearance of an
additional feature (marked by arrow) at an excitation energy, 530.9 eV, between the pre-edge peaks, but at a
slightly lower emission energy (~ 1 eV) in LNMO at 4.8 V charge. More importantly, this additional feature
disappeared and the other two pre-edge features reverted to their original states at 2 V discharge. In contrast,
the main features of the LNRO spectra (Figure 11-288b) were similar to those of LNMO, except at slightly
different excitation energies, 528.5 and 531.1 eV. However, at 4.8 V charge, the new feature at 530.9 eV
excitation observed in LNMO was absent in LNRO. We hypothesize this additional feature that appears at
530.9 eV excitation and 523.2 eV emission energy is a direct evidence of the participation of electrons from
anionic oxygen in the electrochemistry of LNMO. Therefore, we infer minimal electrons from anionic oxygen
participate in the electrochemistry of LNRO, instead, Ni and Ru are electrochemically active.
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Figure 11-288. O K-edge RIXS maps of (a) LNMO and (b) LNRO electrodes at various states of charge. The while arrow
indicates the specific oxygen redox state that is absent in LNRO.

As discussed above, Ni is electrochemically active in both LNMO and LNRO, the additional capacity was
contributed by the participation of electrons from O in LNMO. For LNRO, the reversible Ru redox is
anticipated because the RIXS maps of O K-edge imply that lattice oxygen is not contributing to charge
compensation. To verify our hypothesis, in-situ hard XAS (Figure 11-289) were collected on Ru K-edge during
the first cycle of LNRO. Compared to the X-ray absorption near edge spectra (XANES) of the reference
compounds the oxidation state of Ru was determined to be 4+ in pristine LNRO (Figure 11-289a). Upon
charging, the Ru edge gradually shifted from its pristine state to higher energies, indicating Ru was oxidized.
Meanwhile, the Ru edge moved back to the lower energy and almost to its original valence state upon
discharge. On the other hand, extended X-ray absorption fine structure (EXAFS) shown in Figure 11-289b
exhibits two distinct shells around 1.4 and 2.3 A, corresponding to Ru-O and Ru-TM interactions, respectively.
The two shells shifted slightly to smaller distances as a result of Ru oxidation during the charge process, then
reverted back to their pristine distances after discharge, indicating the reversible nature of the Ru redox process
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during LNRO cycling. In further support of the Ru redox reversibility, no obvious change in amplitude of the
Ru-O and Ru-TM shells was observed, revealing no change in Ru coordination during the electrochemical
process. In-situ XAS results clearly demonstrated the electrochemical activity of Ru and its good reversibility
during electrochemical cycling, lending support to our earlier hypothesis that lattice oxygen redox did not
participate in charge compensation during Li insertion/extraction.

12

a 1.2 m—— 7 b — - C
—_ chargedischarge —— charge discharge
% 1.04 RuO, -8 | 9. RuU-O 113
il RN ~ .
3 oo < g
= Rucl, - charge = 17 2
© 061 X disch w
£ Ru foil \ 1seharge = E
o 044 ™.~ 5
= e T
0-2_' "’_r’ P
0.0 ' T . it 0
22120 22130 22140 2 3 45
Energy (eV) Radial Distance (A) Voltage (V)

Figure 11-289. In-situ (a) XANES and (b) EXAFS of Ru L-edge; (c) in-situ voltage profiles of LNRO during the first cycle. The in-
situ cell was charged at C/10 and discharged at C/7.

Conclusions

In conclusion, optimal solid-state synthesis of Li-, Mn-rich layered oxides was identified and employed to
synthesize a series of Li-rich metal oxides through the combination of Ni and a second TM beyond Mn (i.e.,
Ru, Sn, Mo, Nb, Ti, V). The initial synthetic efforts led to the formation of two types of phases, layered oxides
and disordered rock salts. In FY 17, we focused on Li1.2Nig2TMo 02 (TM = Mn, Ru) and performed detailed
characterization on crystal structure and charge compensation mechanism in both compounds. We observed
three interesting phenomena from these two compounds: (1) they exhibited a similar crystal structure, (2) they
enabled a similar amount of Li*/e (de)insertion during the charge-discharge process, but (3) they demonstrated
distinctly different charge voltage profiles, as evidenced by 4.55 V plateau in LNMO vs. none in LNRO. Using
combined X-ray spectroscopy techniques, we illustrated the charge compensation mechanism and verified the
electrochemical activity of Ni and O in LNMO and Ni and Ru in LNRO. In particular, a signature of anionic
oxygen redox was directly observed using RIXS to map the O K-edge in cycled LNMO, whereas the absence
of this signature in charged LNRO indicated no such oxygen redox in LNRO. The sharp contrast between
LNMO and LNRO clearly demonstrates the critical role that TM plays in the anionic oxygen activity in Li-rich
metal oxides. Moreover, these two compounds of similar crystal structure, but distinct contrast in oxygen
activity, offer us a platform to elucidate the correlations between structural evolution and oxygen redox. We
will study the structural evolution of these two compounds upon cycling to understand its impacts on
subsequent electrochemical behaviors for Li-rich metal oxides. Meanwhile, the structural and electrochemical
properties of the as-produced Li-rich metals oxides by incorporating other TMs will be evaluated as well.
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Project Introduction

To meet DOE targets for Li-ion batteries intended for vehicular applications, electrode materials with high-
energy density and high stability are needed. Critical performance issues associated with electrode structural
and morphological instabilities, side reactions with the electrolyte, and transport limitations are sensitive to
material’s properties such as chemical compositions, crystal structures, surface facets, and particle sizes.
Advances in materials development, therefore, require a better understanding of these relationships between
properties and functions, yet this has been difficult to achieve on conventional aggregated secondary particles.
This project addresses these challenges in a systematic way, by synthesizing single-crystal version of the
commercially promising yet complex electrode materials, obtaining new insights into the materials utilizing
state-of-the-art analytical techniques that are mostly inapplicable or ineffective on conventional secondary
particles, and subsequently establishing the relationships between structure and function. The goal is to use
these findings to rationally design and synthesize advanced electrode materials with improved performance.

Objectives

This project will use a rational, non-empirical approach to design and synthesize next-generation high-energy,
high-voltage cathode materials. Combining a suite of advanced diagnostic techniques with model cathode
materials and model electrode/electrolyte interfaces, the project will perform systematic studies to achieve the
following goals: 1) obtain new insights into solid-state chemistry, particularly cationic and/or anionic redox
activities during charge and discharge of lithium transition-metal oxides, 2) gain fundamental understanding on
cathode/electrolyte interfacial chemistry and charge transfer process as well as the impact of operating voltage
window, 3) reveal performance- and stability-limiting properties and processes in high-energy, high-voltage
cathodes, and 4) develop strategies to mitigate the structural and interfacial instabilities.

Approach

Prepare single crystals of Li-rich transition-metal oxides with well-defined physical attributes. Perform
advanced diagnostic and mechanistic studies at both bulk and single-crystal levels. Global properties and
performance of the samples will be established from the bulk analyses, while the single-crystal-based studies
will utilize time- and spatial-resolved analytical techniques to probe material’s redox transformation and
failure mechanisms.

Results
Recently, it has been shown that some Li-excess transition-metal (TM) oxides are capable of delivering very

large capacities by utilizing both TM and oxygen redox centers. One such example is Lii.3sNbo 3Mng 402
(Li1.3NMO) reported by Yabuuchi et al., which can deliver a specific energy up to 950 Wh/kg at 60 °C. As Mn is
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the only redox active TM that capable of producing ~120 mAh/g with the Mn3*/Mn** reaction, the mechanism
for the extra capacity, the possible involvement of bulk oxygen redox and its reversibility in long-term cycling,
are not understood. To this end, a series of uniform micron-sized crystals of Li-rich niobium/tantalum
manganese oxides with a formula of Li1.4xNbo.4xMno2+:2:02 (x =0, 0.1, 0.2, M = Nb, NbosTaos and Ta) were
synthesized by a molten salt method. In a typical synthesis procedure, stoichiometric amounts of Li,COs,
Nb2Os/Ta,0s and Mn,O3 were used as precursors. To compensate the loss of lithium at elevated temperature,
10% excess of LioCO3 was used. The precursors were mixed in a small amount of ethanol/acetone and ball-
milled in a zirconia jar for 12 h. The resulting powder was then mixed with the KCI flux (m.p. = 771°C) in an
R value of 2.5 or 5 (R is defined as the molar ratio between the flux and the total transition metals) and further
grinded for 15 mins. The mixture was transferred into an alumina crucible covered with a lid, heated in a tube
furnace at 950°C under Argon atmosphere for 12 h, and then cooled to the room temperature.

Figure 11-290 shows the morphology of the synthesized Li;sNMO sample as well as the structural refinement
results. The particles are uniform large spheres with an average size of 5 um (Figure 11-290a). Joint
synchrotron X-ray and neutron Rietveld refinements (Figure 11-290b and Figure 11-290c) confirmed the cation-
disordered rock-salt structure with a space group of Fm3m and a lattice parameter of 4.1954(1) A. No oxygen
vacancy was found in the pristine sample.
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Figure 11-290. a) SEM image, b) and c) Rietveld refinements of synchrotron XRD and neutron patterns of Li1.aNMO sample.

The electrochemical performance of Li; sNMO crystals was evaluated at room temperature in a half-cell
configuration. Due to high resistance and poor utilization of large particles, only limited capacities were
obtained on composite electrodes made with the as-synthesized micron-sized crystals. In a modified procedure,
the crystal size was reduced and electronic conductivity improved by ball-milling the oxide crystals together
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with a carbon black additive in a Li.sNMO: carbon weight ratio of 80:20. The mixture was then added into the
standard carbon and polyvinylidene fluoride (PVdF) slurry in an N-methyl-2-pyrrolidone (NMP) solvent and
cast onto the Al current collector. The final weight ratio of active material: carbon additive: PVdF binder in thus
prepared electrodes was 56:34:10. The electrodes were assembled into half-cell coin cells with a 1M LiPFs in
1:1 (v/v) ethylene carbonate (EC): diethylene carbonate (DEC) electrolyte and cycled at room temperature at a
constant current of 10 mA/g between 1.5 and 4.8 V. Figure 11-291a shows the voltage profiles of the first 4
cycles. In the sloping region, the voltage increased steadily from the open circuit voltage (OCV) of 3.0 V to 4.3
V which delivered a specific capacity of ~115 mAh/g. Whereas in the plateau region, the voltage only increased
slightly from 4.3 V to 4.5 V before it rapidly increased to the cut off voltage of 4.8 V. A specific capacity of
~215 mAh/g was obtained above 4.3 V on the first cycle, leading to a total charge capacity of 330 mAh/g. An
overall sloping discharge profile was observed which delivered a total discharge capacity of ~290 mAh/g at the
cutoff voltage of 1.5 V. Two guidelines, one showing the theoretical capacity originated from the Mn®*/Mn**
redox couple (118 mAh/g) and the other showing the theoretical capacity based on Li content (383 mAh/g), are
also shown in Figure 11-291a. It is clear that both charge and discharge capacities are significantly larger than the
theoretical capacity of the Mn®*/Mn** redox. The charge capacity obtained in the sloping region is consistent
with the capacity from the Mn3*/Mn** redox couple, suggesting that Mn**/Mn** may be the sole redox process
occurring in this region below 4.3 V. In the 2" cycle, there is an overall decrease in the charging voltage of the
sloping region which led to an increased capacity of ~180 mAh/g upon reaching 4.3 V. This signals a reduction
in polarization in the electrode. The plateau region became somewhat sloping but voltage increase remained
slow. With cycling, the degree of sloping gradually increased and the capacity obtained from this “plateau
region” continued to decrease. The same trend was also observed on the discharge capacity. These results
obtained from room-temperature cycling are comparable to what was obtained at 60°C by Yabuuchi et al.,
suggesting that the crystal samples may have a kinetic advantage compared to the polycrystalline samples
synthesized using the solid-state method.
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Figure 1-291. a) Voltage profiles of Li1.sNMO half-cell cycling and b) DEMS measurement: (top) Voltage profile and
(bottom) O2 and CO2 gas evolution.

Operando differential electrochemical mass spectroscopy (DEMS) was used to further examine the oxidation
process of oxygen anions. Figure 11-291b shows the results obtained during the first two cycles at a constant
current density of 25 mA/g. During the 1% cycle, both CO, and O, evolution were detected. CO- evolution
began around 3.8 V during the charge (the 1%t blue guideline in the figure) and completed around the mid-
discharge cycle (the 2" blue guideline). There was an increase in intensity around the mid-plateau after the
onset of O evolution and the peak CO, evolution was reached at the end of charge at 4.8 VV. Oxygen gas was
not detected until the mid-plateau region at about 4.5 V (the 1% red guideline), which also peaked at the upper
cut-off voltage of 4.8 V. Oxygen evolution completes at the beginning of 1%t discharge after the resting step
(the 2" red guideline). The cumulative CO, and O evolved from the first cycle were 1.53 umol and 0.11
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umol, respectively, from a cathode that contained 2.66 mg of active materials. In the 2" cycle, the amount of
CO; was reduced from 1.53 pumol to 0.46 pmol while negligible O; evolution was detected. Combined with the
cyclic voltammetry (CV) studies, the results reveal that capacity contribution from O extraction from the oxide
lattice occurs above ~4.5 V. While both O, gas evolution and lattice oxygen oxidation occur in the first charge,
the following cycles only involves the redox of O% to O™ (0 < n < 2) species, signaled by the single oxidation
peak at 4.5 V on the CV. The continuous decrease in peak intensity along with scanning indicates that the
lattice anion redox process is highly irreversible.

In order to gain further insights on structural and chemical changes during the first charge, chemical oxidation
was used to extract various amounts of Li from Li;.sNMO crystals. Delithiated LixNbo.3Mng 402 (LixNMO)
samples were prepared by chemical reaction in a NO2BF4 solution in acetonitrile, with the lithium content (x)
controlled by the mole ratio between the oxide and the oxidizing agent. Figure 11-292 shows the synchrotron
XRD and neutron patterns of the series with various lithium content of 0< x <1.3, collected at 11-BM at the
Advanced Photon Source (APS) and BT1 at National Institute of Standards and Technology (NIST),
respectively. With decreasing x, the cell dimension reduces while the rock-salt crystal structure maintains. Two
separate regions, a single phase region with 0.9< x <1.3 and a two phase region with 0< x <0.9, were found,
suggesting the involvement of distinctively different redox activities.
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Figure 11-292. a) Synchrotron XRD and b) neutron patterns of chemically delithiated LixNbo.3Mno.402 (O< x <1.3) crystal
samples.
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The unit cell volume and phase fraction as a function of Li content were constructed from the refinement and
shown in Figure 11-293a and Figure 11-293b, respectively. The Vegard’s law is only followed in region | where
the total volume change is ca. 0.2%. This is consistent with the participation of simple cation redox from Mn3*
to Mn“* along with the extraction of 0.4 Li* from Li; sSNMO. Complex mixed oxygen activities are likely
involved in region 11, where Phase 2 and Phase 3 with the same rock-salt crystal structure but different lattice
dimension evolves along with the extraction of Li. Smaller sized Phase 3 reaches the maximum fraction when
X is ~0.5 whereas Phase 2 becomes the main phase with further Li removal. Combining with the results from
the electrochemical studies, we propose that lattice O% oxidation to O™ (0 < n < 2) mainly occurs in Phase 3
whereas loss of O from the lattice mainly occurs in Phase 2. This was further supported by results from the
joint X-ray and neutron refinements which revealed that ~2 mol.% and 7.8 mol.% of oxygen ion vacancies
exist in the delithiated LixNbo.3sMng.4O2-5 with x=0.2 and 0, respectively. The kinetic properties of delithiation is
evaluated by the relationship between the molar ratio of oxidant/oxide used and the residual Li content in the
sample (Figure 11-293c), as determined by ICP. While a linear relationship is apparent in region |, significant
deviation is seen in region I, further confirming the complex nature of mixed anion activities at lower Li
contents.
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Figure 11-293. a) and b) Cell volume and phase fraction as a function of x in delithiated LixNMO samples, and c) The
relationship between the molar ratio of oxidant/oxide and residue Li content in chemically delithiated LixNMO samples.

Figure 11-294. SEM images of chemically delithiated LixNMO crystal samples: a) x=1.3, b) x=1.1, ¢) x=0.76, and d) x=0.13.

Figure 11-294 shows the changes in particle morphology along with the decrease of x in LixXNMO crystals. The
particles with a lithium content above 0.9 remain intact but significant cracking was observed when the lithium
content is less than 0.9, likely a combined effect of cell volume change (7.3% total) and oxygen evolution
during the process.

Figure 11-295a-Figure 11-295c¢ show the Mn K-edge hard X-ray absorption spectra (hXAS) collected on pristine
and chemically delithiated LixNMO crystal samples. In the Mn pre-edge region (Figure 11-295b), there is a
clear division in peak intensity below and above Li0.9, suggesting a change in Mn local environment.

Figure 11-295c shows the expanded view of the X-ray absorption near-edge structure (XANES) region. Above
Li0.9, Mn K-edge energy continuously shifts to a higher value in a near linear fashion which then becomes
constant below 0.9. This trend is further revealed in Figure 11-295d where the relationship between Li content
and Mn XANES edge position, defined by the interception of the spectrum at 1/2 of the normalized intensity,
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is shown. Combined hXAS, XRD and neutron results confirm that cation redox involving Mn3*/Mn** only
occurs in the single phase region above Li0.9. Below Li0.9, Li extraction occurs with the complex oxygen

redox activities that involve two rock-salt phases.
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Evaluation on oxygen activities during 1% delithiation was then carried out by soft XAS measurements at the
Stanford Synchrotron Radiation Lightsource (SSRL). Depth profiling from surface to bulk was achieved by
using two different detectors in total electron yield (TEY) and fluorescence yield (FY) modes that have a
typical probing depth of 5 and 50 nm, respectively. Figure 11-296a and Figure 11-296b show the evolution of
TEY and FY O K-edge XAS spectra as a function of Li content in LixNMO. In both cases, the spectra can be
separated into the pre-edge region and post-edge region at the black dashed line (533 eV). Features in the post-
edge region are often attributed to O1s — O2p-TM4s4p hybridization while those in the pre-edge region are
attributed to O1s — O2p-TM3d hybridization. The pre-edge region is therefore of most interest and may be
used as a qualitative measure for holes generated from electron extraction either from oxygen or TM at the
02p-TM3d energy level. As expected, both TEY and FY spectra exhibit significant increase in the pre-edge
peak intensity with Li extraction from Li;.sNMO which is demonstrated by the continuous increase in the ratio
between the pre-edge peaks and post-edge absorption peaks (Figure 11-296¢). A new low-energy shoulder peak
at 529 eV also appeared and gradually grew along with delithiation, suggesting the involvement of additional
O-TM hybridization (referred to as p-band) during the process. Due to the similarity between the p band and
the pre-edge absorption peak observed in peroxide and super-peroxide species, we speculate this new
hybridization arises from the interaction between oxygen anions as a result of oxygen redox activities. Further
quantification shows that the initial p-band intensity in the pristine Li; sNMO is extremely low which remains
nearly constant below Li content of ~0.9 (Figure 11-296d), suggesting negligible interactions between oxygen
anions or oxygen redox activities. As x decreases to below 0.9, there is a rapid increase in the p-band intensity
and it continues to rise until full delithiation (x = 0). The results indicate an increase in oxygen valence states
in this region and the participation of oxygen redox for charge compensation. Note that the p-band intensity in
the x < 0.9 region is generally higher in the FY mode than that in the TEY, consistent with a difference in
oxygen activities mostly involving O% anion oxidation to O™ (0 < n < 2) species in the bulk and lattice O loss
on the surface.

Conclusions

In conclusion, we demonstrated the effective use of model-system-based diagnostic studies by synthesizing
one of the high-capacity Li-rich oxide cathode materials, Li1.3Nbo.3Mno.4O2, in micron-sized single crystals and
using it as a platform to understand the charge compensation mechanism during Li extraction and insertion.
We explicitly demonstrate that the oxidation of O% to O™ (0 < n < 2) and O; loss from the lattice dominates at
4.5 and 4.7 V, respectively. While both processes occur in the first cycle, only the redox of O*/O™ participates
in the following cycles. The lattice anion redox process triggers irreversible changes in Mn redox, which likely
causes the voltage and capacity fade observed on this oxide. While a single-phase behavior involving only
Mn3+4* redox was observed in 0.9 < x < 1.3, a two-phase behavior involving O%/O™ (0 < n < 2) reactions was
seen in 0 < x < 0.9. Approximately 7.8 mol.% of oxide-ion vacancies were found in the fully delithiated
LioNbo.3sMng.402-5. Morphological damage with particle cracking and fracturing was broadly observed when O
redox is active, revealing additional challenges in utilizing O redox for the development of high-energy
cathodes. Efforts on material modification to influence the extent of oxidation of 0% to O™ (0 < n < 2) and O,
loss from the lattice as well as strategies to improve oxide performance are underway.
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Project Introduction

Li-ion batteries are inherently complex and dynamic systems. Although often viewed as simple devices, their
successful operation relies heavily on a series of complex mechanisms, involving thermodynamic instability in
many parts of the charge/discharge cycle and the formation of metastable phases. This paradigm of Li-ion
system operation usually drives the battery toward irreversible physical and chemical conditions that lead to
battery degradation and failure.

The requirements for long term stability of Li-ion batteries are extremely stringent and necessitate control of
the chemistry at a wide variety of temporal and structural length scales. Progress towards identifying the most
efficient mechanisms for electrical energy storage and the ideal material depends on a fundamental
understanding of how battery materials function and what structural/electronic properties limit their
performance. This in turn necessitates the development and use of new characterization tools to monitor these
processes.

The design of the next generation of Li-ion batteries requires a fundamental understanding of the physical and
chemical processes that govern these complex systems. Although some significant advances have been made
to prepare and utilize new materials efforts towards the understanding of their operation mechanisms and
degradation modes have been insufficient and/or unsuccessful.

This project provides better understanding of the underlying principles that govern the function and operation
of battery materials, interfaces and interphases, which is inextricably linked with successful implementation of
high energy density materials such as Li[NixMnyCo.]O, compounds (NMCs) in Li-ion cells for PHEVs and
EVs. A systematic evaluation of the NMC material composition, and cell history on the surface reconstruction,
transition metal dissolution, oxygen loss phenomenon is proposed for this work, using in situ surface-sensitive
optical spectroscopy and microscopy. These results will supplement other characterization efforts within this
Task and ultimately will be used to design and synthesize robust NMC materials that can cycle stably to high
potentials and deliver >200 mAh/g at coulombic efficiency close to 100%. A better understanding of the
underlying principles that govern these phenomena is inextricably linked with successful implementation of
high energy density materials such as Si and high voltage cathodes in Li-ion cells for PHEVs and EVs.
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Objectives

This collaborative project involves the development and application of advanced experimental methodologies
to study and understand the mechanism of operation and degradation of high capacity NMC materials for Li-
ion cells for PHEV and EV applications. The main objectives of this task are:

¢ Provide critical understanding of basic principles that govern the function and operation of active
materials, composite electrodes and Li-ion battery cells that is necessary for successful implementation
of high energy density materials in Li-ion cells for PHEVs and EVs.

o0 Establish direct correlations between electrochemical performance, interfacial phenomena, surface
chemistry, morphology, topology and degradation mechanisms of ABMR baseline materials,
electrodes and cells.

e Propose and evaluate remedies to interfacial and materials instability e.g., artificial surface coatings (e.g.,
ALD) and/or structures, novel electrode architectures, electrolyte additives etc.

¢ Develop, adapt and employ new advanced experimental techniques and methodologies to guide
development of novel EES materials, electrodes and battery systems.

0 Obtain detailed insight into the dynamic behavior of molecules, atoms, and electrons at
electrode/electrolyte interfaces at resolution that is adequate to the size and function of basic
chemical or structural building blocks

Approach

Apply in situ and ex situ far- and near-field optical multifunctional probes to obtain detailed insight into the
active material structure and the pysico-chemical phenomena at electrode/electrolyte interfaces of
stoichiometric NMCs with high Ni contents such as 622 and 523 compositions materials at a spatial resolution
that corresponds to the size of basic chemical or structural building blocks. The primary goal of these studies is
to unveil the structure and reactivity at hidden or buried interfaces and interphases that determine material,
composite electrode and full cell electrochemical performance and failure modes. The proposed work
constitutes an integral part of the concerted effort within the BMR Program and it supports development of
new cathode materials for high-energy Li-ion cells. The specific research tasks include:

1. Study interfacial reactions between organic electrolytes and Ni-rich NMC.

2. Investigate the impact of surface reconstruction layer(s) on the electrochemical behavior of the NMC
cathode.

3. Obtain detailed insights into the mechanism and interdependence of interfacial phenomena at Ni-rich NMC
cathodes.

This project focuses on high Ni content NMC compositions such as 523 and 622, which are expected to
achieve high discharge capacities even within conservative electrode potential limits. The in situ/ex situ
investigations of the surface reconstruction into rock salt on NMC samples of different morphology and
composition were carried out in sync with with similar studies by X-ray techniques (M. Doeff, LBNL) and
directly linked with investigations interfacial reactivity toward organic electrolytes.

In close collaboration with the BMR Cathode Group, NSOM, FTIR-ATR and environmental XPS were used to
monitor surface reactions and identify their intermediates and end-products on binder and carbon-free model
NMC samples to investigate the spatial-chemical composition of surface layers. This is a collaborative effort
with the LBNL ALS IR beam line 5.4.1 scientists to adopt and employ a synchrotron-based tunable IR source
to overcome spectral range limitation of the tunable lasers and/or inadequate intensity of the glow bar IR
source. This new and unique experimental setup constitutes a major breakthrough in the diagnostics of
electrochemical interfaces, and Li-ion systems in particular.
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Results

We analyzed the relationship between the reconstruction layer on the surface of nickel-rich NMC
(Ni:Mn:Co=5:3:2) particles and its electrochemical properties. For this purpose, an artificial reconstructed
surface layer was produced by storing the NMC powder for 10 days in 1M LiPFg in EC/DEC 1:2 electrolyte at
60 °C. The NMC powder was then washed and sonicated in DEC, and dried in vacuum. The resultant surface
rock-salt layer is expected to have a similar thickness as the one that evolves from electrochemical charging
and discharging as reported in the literature. The pristine (NMC) powder and the powder with a surface
reconstruction layer (NMC/R) were then used to prepare composite electrodes for electrochemical tests in a
standard coin cell configuration.

After 200 charge-discharge cycles at 0.5 C between 2.0-4.7 V, both the NMC and NMC/R cells show similar
capacity retention ca. 61% of the original discharge capacity (Figure 11-297a). Interestingly, NMC/R electrode
showed consistently lower polarization than pristine NMC Figure 11-297(b)-(d)). The polarization difference
between NMC and NMC/R is about 0.2 V for discharging and 0.1 V for charging at 50 % state of charge for
200t cycle. This demonstrates that in fact, the existence of the reconstruction layer improves the cell
performance by inhibiting the impedance growth during cycling.
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Figure 11-297: (a) NMC and NMC/R electrodes capacity retention, and (b-d) charge discharge voltage profiles.
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To clearly identify possible origins of the impedance growth, the electrochemical impedance spectroscopy was
employed at selected cycles (Figure 11-298 a,b). The high frequency semi-circle can be assigned to the contact
resistance (Rs) i.e., electronic resistance between the current collector, conductive additive and the active
material. Rs is highly related to the electron percolation in the composite electrode. The mid-frequency semi-
circle can be assigned to the charge transfer resistance (Rc) at the interface between the active material and the
electrolyte. Those resistances can be obtained by fitting the spectra using an adequate equivalent circuit model
(Figure 11-298 c,d). Both electrode materials show similar trends with R variations that continuously increases
over 90 cycles. However, R; for the pristine NMC electrode is not only higher but it grows substantially during
cycling whereas Rs for the NMC/R electrode is relatively low and it remains constant during cycling.

Lin et al. [1] demonstrated that reconstruction layer at NMC surface has lower valence state of the transition
metal than in the bulk. Our earlier work [2] inferred the electrolyte decomposition mechanism that relates to
the catalysis effect at high-charge-state transition metal surface. Thus, lower interfacial activity toward the
electrolyte of MeO-rich surfaces may inhibit electrolyte decomposition and slow down accumulation of the
reaction products, which are mainly responsible for creating ionic and electronic barriers in the composite
electrode.
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Figure 11-298: Nyquist plots of coin cells with NMC (a) and NMC/R (b) cathodes. Rs and Rct extracted from the impedance
data for NMC (c) and NMC/R (d) electrodes.
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Then we evaluated the effect of an artificial surface reconstruction layer on the electrochemical performance of
the nickel-rich NMC (Ni:Mn:Co0=5:3:2) cathode and its effect on the degradation mechnism of the NMC
electrode. We used X-ray absorption spectroscopy in total electron yield mode (XAS-TEY) to probe the
valence state of transition metal ions in NMC at shallow depths (2-5 nm) from the particle surface.

Figure 11-299 shows XAS-TEY spectra of the pristine nickel-rich NMC powder and NMC/R powder samples
after surface modification process at Ni, Co and Mn L-edge. The absorption peaks at 852.5 eV and 854 eV
correspond to Ni?* and Ni®*, respectively. NMC/R exhibits lower Ni®*Ni?* peak ratio than pristine NMC,
which indicates that NMC/R material has higher concentration of Ni?* at the surface. Co and Mn L-edge
spectra display Co?* and Mn?* shoulders at 778 eV and 639 eV next to the main Co3* and Mn** peaks at 780.5
eV and 642.5 eV, respectively. Higher intensities of Co?* and Mn?* peaks in NMC/R spectra also points
toward surface enrichment with Co?* and Mn?*. In other words, XAS-TEY spectra provide a direct evidence of
a surface reconstruction layer, which was artificialy created in NMC/R particles upon a long-term exposure to
the electrolyte at elevated temperatures. The (I1) valance state of Ni, Co and Mn at the surface is consistent
with the presence of a rock salt structure thin-film, which has been reported elsewhere by different groups.
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Figure 11-299: XAS-TEY of NMC and NMC/R powders on the range L-edge of (a) Ni, (b) Co and (c) Mn.

Composite cathodes were fabricated with pristine NMC and NMC/R powders and then cycled at 0.5 C
between 2-4.7 V in coin cells equiped with Li anode and 1M LiPFs EC/DEC (1:2 wt%) electrolyte. The cycled
cathodes were washed in DEC and dried in vacuum. Figure 11-300 shows XAS spectra of the cycled electrodes
at Ni, Co and Mn L-edge. The Ni L-edge spectrum of the NMC electrode shows a notable decrease of the Ni®*
peak at 854 eV after cycling whereas the cycled NMC/R electrode shows no such a change. Interestingly, the
surface composition of the NMC and NMC/R electrodes after cycling becomes almost the same. Co and Mn L-
edge spectra show increased peak intensities at 778 eV, 639 eV and 641eV, which is associated with higher
surface concentrations of Co?*, Mn?*and Mn3*, respectively. However, the extent of surface reduction in
NMC/R is much smaller than in NMC after cycling. It appears that the rate of formation of the reconstruction
layer and associted proceses (e.g., Me dissolution, surface film formation) during cycling is strongly dependent
on the initial state of the surface.
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Figure 11-300: (a) XAS-TEY of cycled NMC and NMC/R electrodes on the range L-edge of (a) Ni, (b) Co and (c) Mn.

572 11.D.1 Interfacial Processes (LBNL)



FY 2017 Annual Progress Report

W also studied changes in the surface morphology of model NMC cathodes during operation at potentials
above 4 V in 1M LiPFg in EC/DEC (1:2 vol.). To enable a high-resolution surface analysis by in situ AFM, a
nominally flat, binder-free and conductive-additive-free NMC thin-film electrode was produced by pulsed
laser deposition (PLD) directly on an aluminum substrate, using NMC (Ni:Co:Mn = 5:3:2) target. A Raman
spectrum (Figure 11-301a) of the model NMC/AI electrode shows vibrational modes typicall for layered
hexagonal structure (R3m) [3] which are consistent with the spectrum of standard NMC 532 powder. The
electrochemical performance of the thin-film NMC/AI electrode was evaluated in a coin cell against with Li-
foil counter electrode in 1M LiPFs in EC/DEC (1:2 vol.). The cyclic voltammetry curve (Figure 11-301b) of the
model electrode displays similar redox features as a typical NMC composite electrode. The in situ three-
electrode AFM cell with the NMC/AI working, Li-foil counter and reference electrodes is shown in

Figure 11-297c. The cell was operated in He-filled environmental chamber under saturated DEC partial vapor
pressure to prevent drying of the electrolyte during the experiment. NMC electrode was charged at constant
potential steps from OCV (~3.4 V) to 4.7 V (Figure 11-301c) for 30 min at each step before AFM imaging.
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Figure 11-301: (a) Raman spectra of NMC powder (blue), PLD-NMC/AI electrode (black) and PLD-NMC/AI electrode after
4.7 V charged (red). (b) Cyclic voltammogram of PLD-NMC/AI electrode at the 3rd cycle. (c) The voltage-time profile of
electrode during in situ AFM experiment. The arrows point at the time when AFM images were acquired. (Insert: in situ
AFM cell.)
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Figure 1I-302: 1 x 1 um AFM images of PLD-NMC/AI electrode after 30 min. polarization at each potential

The AFM images of the NMC surface at OCV (~3.4 V), 4.0, 4.3, 4.5, 4.7 V are shown in Figure 11-302. The
pristine electrode is composed of tightly packed 100-150 nm NMC grains. After charging to 4.0 and 4.3 V the
NMC particles tend to agglomerate and form ~300 nm clusters, and larger 500 nm aggregates at 4.5 V and

4.7 V. At potentials <4.3 V, the cluster surface morphology still shows individual 100 nm grains of NMC.
However, at higher potentials (>4.5 V), the observed changes in surface morphology can be also assigned to a
surface film formation. The NMC/AI electrode was removed from the AFM cell after polarization at 4.7 V,
washed in DEC and probed by ex situ Raman spectroscopy (Figure 11-301a). The spectrum shows a strong
fluorescence background and weak features in 800-1600 cm range, which indicate possible formation of
B-ketone coordination complexes similarly to LMNO [2]. These results provide a direct insight into the surface
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film formation process, which otherwise is difficult to observe by other diagnostic methods especially in NMC
composite cathodes. At the end of anodic polarization the film is ca. 10 nm thick and it may give rise to
formation of electronic and ionic barriers, which can contribute to the commonly observed degradation modes
of NMC cathodes in Li-ion batteries.

Conclusions

o Surface reconstruction layer is NOT the root cause of impedance rise and capacity fade fading of the Ni-
rich NMC electrode.

0 “Pristine” NMC material and NMC with the artificially induced surface reconstruction layer
exhibit similar initial electrochemical behavior.

o NMC material with the artificially induced surface reconstrType equation here.uction layer shows
better long-term cycle performance than “pristine” NMC”.

0 Surface reconstruction layer on NMC surface suppresses oxidation of EC/DEC, inhibits electrolyte
oxidation, surface film formation and Me dissolution during cycling

o Artificially induced surface structure reconstruction can be an effective strategy of reducing NMC
surface reactivity

This study not only determines the mechanism of surface reduced layer formation but also offers unique
insight into its direct and indirect impact on the electrochemical performance and interrelated mechanism of
interfacial phenomena at high-voltage cathodes.

Key Publications

1. Lei Cheng, Huaming Hou, Simon Lux, Robert Kostecki, Ryan Davis, Vassilia Zorba, Apurva Mehta,
and Marca Doeff, “Enhanced Lithium lon Transport in Garnet-type Solid State Electrolytes”, Journal of
Electroceramics, accepted

2. Robert Kostecki, Angelique Jarry, Maurice Ayache, Hans A. Bechtel, Michael C. Martin, 253" ACS
National Meeting & Exposition: Advanced Materials, Technologies, Systems and Processes, April 2-6,
2017, San Francisco, USA (invited lecture)

3. Robert Kostecki, Maurice Ayache, Hans A. Bechtel, Angelique Jarry, Michael C. Martin, “IR
spectroscopy and Imaging Interfaces in Silicon Anode”, 20" Topical Meeting of the International
Society of Electrochemistry, 19-22 March 2017, Buenos Aires, Argentina

4. Robert Kostecki, "Probing charge and mass transport phenomena across interfaces and interphases in
Li-ion batteries”, Nanomaterials for Applications in Energy Technology Gordon Research Conference
February 26-March 3, 2017, Ventura, CA, USA (invited lecture)

5. Robert Kostecki, “The Mechanism of NMC Cathodes Dissolution in Organic Carbonate Electrolytes”,
57 Battery Symposium, November 29, 2016, Chiba-City, Japan (invited lecture)

6. Robert Kostecki, Maurice Ayache, Simon Lux, “Near-Field IR Imaging and Spectroscopy of Interfaces
and Interphases in Li-ion Electrodes”, 230" Meeting of The Electrochemical Society, Honolulu, Hawaii,
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7. Robert Kostecki, "Probing charge and mass transport phenomena across interfaces and interphases in
Li-ion batteries” Telluride Science Research Center Workshop: Interfacial Chemistry and Charge
Transfer for Energy Conversion and Storage, July 25-29, 2016, Telluride, CO (invited lecture)
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8. Angelique Jarry, Paul Pearce, Bryan Eichhorn, and Robert Kostecki, “Role of the transition metal
dissolution species formed at Li-ion positive electrode materials on the battery performance and failure
modes”, 18th International Meeting on Lithium Batteries, June 19-24, 2016, Chicago, Illinois, USA

9. Robert Kostecki “Understanding Charge and Mass Transport Across Interfaces and Interphases in
Batteries” SIRBATT Workshop “Controlling Lithium Battery Interfaces™, Orlando, USA Friday 27th
May 2016. (keynote lecture)
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Project Introduction

This proposed project was focused on developing advanced diagnostic characterization techniques to
investigate these issues, obtaining in-depth fundamental understanding of the mechanisms governing the
relationship between the structure and the performance, and providing guidance and approaches to solve these
problems. The unique approach of this proposed project is the development and application of combined
synchrotron-based in situ X-ray techniques such as x-ray diffraction (SXRD), pair distribution function (PDF),
hard and soft x-ray absorption (XAS and SXAS), together with other imaging and spectroscopic tools such as
high resolution transmission electron microscopy (HRTEM), scanning transmission electron microscopy
(STEM), mass spectroscopy (MS), X-Ray fluorescence microscopy (XRF) and transmission x-ray microscopy
(TXM). For advanced Li-ion battery technologies, the revolutionary approaches using new generation of
materials for cathode, anode, electrolyte, and separator are in the horizon. The new generation of cathode
materials such as high voltage spinels (LiMn2xNixO4) and/or Li-rich high energy density Lii+x(NiMnCo)O>
composite materials together with high energy density Si-based anode materials will significantly increase the
energy density of the LIB cells. However, many technical barriers must be overcome before the large scale
commercialization of these new materials can be realized. This proposed project will use the time-resolved
x-ray diffraction TR-XRD and absorption (TR-XAS) developed at BNL to study the kinetic properties of these
materials with structural sensitivity (TR-XRD) and elemental selectivity (TR-XAS). This project will develop
and apply the HRTEM, TXM and PDF techniques to study the mechanism of capacity and performance fading
of cathode and anode materials. Another important issue is the thermal stability of new cathode materials
which is closely related to the safety of the batteries. This problem will be studied using the combined
TR-XRD, TR-XAS with mass spectroscopy (MS). This project also proposes to develop a novel in situ X-ray
fluorescence (XRF) microscopy combined with X-ray absorption spectroscopy (XAS) technique, which will
enable us to track the morphology and chemical state changes of the electrode materials during cycling. We
will further develop this novel technique utilizing the new unique capability of TES beamline at NSLS I, with
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better signal/noise ratio and spatial resolution to do diagnostic studies of the cathode and anode materials of
advanced Li-ion batteries. In summary, this proposed project supports the goals of VTO, the Battery and
Electric Drive Technologies, and BMR program by developing new diagnostic technologies and applying them
to the advanced Li-ion battery systems to provide guidance for new material development.

Objectives

The primary objective of this project is to develop new advanced in situ material characterization techniques
and to apply these techniques to support the development of new cathode and anode materials with high energy
and power density, low cost, good abuse tolerance, and long calendar and cycle life for the next generation of
lithium-ion batteries (LIBs) to power plug-in hybrid electric vehicles (PHEV). The diagnostic studies will be
focused on issues relating to capacity retention, thermal stability; cycle life and rate capability of advanced Li-
ion batteries.

Approach

e Using nano-probe beamline at NSLSII to study the elemental distribution of new solid electrolyte
materials for Li-ion and Na-ion batteries

e Using pair distribution function (PDF) techniques to study the effects of multiple cycling for
LizRuo.sMno 503 cathode material with and without pre-lithiation (Micro structural defects were
intentionally generated) to improve the performance of high energy density materials.

e Using high resolution transmission electron microscopy (TEM) to obtain multiple dimensional (3D +
elemental, valence state, and time) mapping of new cathode materials for advanced Li-ion batteries.

e Using transmission x-ray microscopy (TXM) to do multi-dimensional mapping of cathode materials

e Using A combination of time resolved X-ray diffraction (TR-XRD) and mass spectroscopy (MS),
together with in situ soft and hard X-ray absorption (XAS) during heating to study the thermal stability
of the electrode materials

e Using in situ XRD and XAS, to study the new concentration gradient cathode materials to improve the
cycle life of Li-ion batteries

e Using quick x-ray absorption spectroscopy and time resolved x-ray diffraction techniques to study the
kinetic properties and the structural changes of Lii-xNi13Co13Mn130; cathode material during high rate
charge process to improve high rate capability of Li-ion batteries.

Results

1. Using pair distribution function (PDF) to correlate the voltage and capacity fading with micro-structural
defects of Li2Ruo.sMno.s03 as a model compound for (LMR) high energy density cathode materials.

In FY 2017, this project carried out the studies on the structure of Li;RuosMnos03, as a model compound for
Li and Mn rich (LMR) high energy density cathode materials using pair distribution function (PDF) to
correlate the voltage and capacity fading with micro-structural defects. Figure 11-303a shows that PDF peaks
correspond to characteristic bond distances while the amplitude of the peak is relating to the coordination
number. Take LiNiO> as an example, the first peak (in red) is mainly from transition metal—oxygen bond and
the peak position correspond to the transition metal—oxygen bond length. The second peak (in blue) is mainly
from transition metal—transition metal bond. The PDF data for pristine state and “OCV-1V-3V” state are
shown in Figure 11-303b, providing structural information in the scale of around 50 A. It can be seen that in the
short-range region (Figure 11-303c) which covers from 1.6 A to around 20 A, the two data sets are almost
identical. This indicates that at the scale of a unit cell dimension, the pristine state and “OCV-1V-3V” state
have very similar atomic arrangements, suggesting their crystal structure are basically the same. However,
when it comes to long range data sets as shown in Figure 11-303d, there is obvious difference between these
two states. For the pristine state, there are still well-defined structural features at R value as high as 50 A.
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However, for “OCV-1V-3V” state, these structural features are gradually lost when R is greater than 35 A,
indicating that the coherently scattering domain is on the scale of several nanometers
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Figure 11-303. (a) lllustration of PDF showing that peaks correspond to characteristic bond lengths. (b) Ex situ PDF data of

pristine sample and “OCV—1V—3V” sample (c) zoomed in data on the short range region of ex situ PDF data and
(d) zoomed in data on the long range region of ex situ PDF data.

2. Using scanning transmission electron microscopic (STEM) to correlate the voltage and capacity fading
with micro-structural defects of LizRuo.sMno.503

In FY 2017 this project also carried out the structure studies of LizRugsMnosOs, as a model compound for Li
and Mn rich (LMR) high energy density cathode materials using scanning transmission electron microscopic
(STEM) to correlate the voltage and capacity fading with micro-structural defects in this type of materials.
Microstructure changes and nano-sized microstructural defects created by prelithiation process can be directly
observed by comparing the Z-contrast annular dark-field scanning transmission electron microscopic (ADF-
STEM) images taken on pristine and prelithiated samples. Figure 11-304a (left panel) shows the atomic-
resolution ADF-STEM image of the pristine material, indicating good crystallinity with typical features of the
layered structure. After prelithiation, the material (right panel, Figure 11-304a) shows great loss of the
crystallinity, forming domains that orient differently from each other with large amount of additional grain
boundaries created. It can be seen that these domains are at the scale of several nanometers, confirming
previous analysis of XRD and PDF results. The process is illustrated in Figure 11-304b.
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Figure 1I-304. (a) lllustration of PDF showing that peaks correspond to characteristic bond lengths. (b) Ex situ PDF data of
pristine sample and “OCV—1V—3V” sample (c) zoomed in data on the short range region of ex situ PDF data and
(d) zoomed in data on the long range region of ex situ PDF data

3. Using synchrotron-based x-ray diffraction (XRD) and absorption (XAS) to correlate the voltage and
capacity fading with micro-structural defects of LioRuo.5sMno.503

In FY 2017, this project also completed the structure studies of Li2Ru0.5Mn0.503, as a model compound for
Li and Mn rich (LMR) high energy density cathode materials using synchrotron-based x-ray diffraction (XRD)
and absorption (XAS) to correlate the voltage and capacity fading with micro-structural defects in this type of
materials. The prelithiated sample experiences more reduction. As shown in Figure 11-305a. Figure 11-305a
indicates that transition metal cations in both “OCV-1V-(4.6V-2V)20Cy” sample and “OCV-(4.6V-2V)20Cy”
sample experience reduction during cycling. This is true both for Mn and Ru as seen from the edges shifting to
the lower energy in both Mn K-edge and Ru K-edge spectra. Oxygen release is not only exacerbated by the
micro structural defects, but also promotes the formation of defects. Evidence comes from ex situ XRD studies
shown in Figure 11-305h. The figure is separated by a dash line in the middle. The upper part corresponds to
the prelithiated case and the lower one to the normally cycled case. Compared with the normally cycled case,
samples in the prelithiated case show much greater peak broadening and this broadening effect increases as the
cycle number increases. Oxygen release and microstructural defects also accelerates spinel formation. This can
be seen from Figure 11-305¢ which gives the evolution of lattice parameter c to lattice parameter a ratio during
cycling.

II.D.2 Advanced in situ Diagnostic Techniques for Battery Materials (BNL) 579



Batteries

(a)
;—“ —Pristine
o | ——0cv-4.6v-2v)20cy —— Pristine
— | ——OCV-1V-(4.6V-2V)20Cy T, —— OCV-{4.6V-2V)20Cy
= J,,M = —— OCV-1V-{4.6V-2V)20Cy
> ST
@
N
W
£
o Mn K-edge
e
540 550 A5G0 570 22100 22120 22140
Energy (eV) Energy (eV)
1 1 " _,r .JJ 1 1 1 " 1 502 " " !
(b) O CV-1V-[4 BV-2V)20Cy (c)
e e,
5.001 pristine R
OCV-1V-(4.6V-2V)8Cy SN BRESy
e g 5 4.93 \
=N = i = = DTV 4.8V-2V)20Cy|
o PFISTIHEJ A -E s oe) ] -
_a-, L L L L _ E OCWV-{48V-2VBCy
@ p
G 404
2 OCV-{4.6V-2V)20Cy A
- s, - e COV-1V-[4.8V-2V]20Cy
492
OCV-{4. 6V-2V)8Cy
= c/a raito in perfect spinel
& 4004 - = 0 S perect spinel _ _
=
A= Pristine
T T T T 'r.ﬂ T T T T T T T 488 T T T T T T
18 21 40 50 50 70 0 4 B 12 16 20
20 (Cu ko) Cycle Number

Figure 1-305. (a) ex situ Mn K-edge and Ru K-edge XAS data of pristine Li2Ruo.sMno.s03 sample, sample normally cycled
20 times and sample cycled 20 times but first prelithiated, with references of Mn203 and MnO2 shown. (b) Ex situ XRD
patterns of two cases (with (003), (108) and (110) peaks indexed according to the space group #377): pristine sample,
cycled 8 times and cycled 20 times for the normally cycled case (the part below the dash line); pristine sample, cycled
8 times and cycled 20 times for the prelithiated case (the part above the dash line). (c) The ratio between lattice
parameter ¢ and lattice parameter a as a function of cycle numbers. The dash line shows the c/a ratio in perfect spinel.

4. Using scanning transmission electron microscopic (STEM) to correlate the voltage and capacity fading
with micro-structural defects of Liz.2Nio.15C00.1Mno.5502

In FY 2017, this project focused on the structure studies of Li12Nio.15C00.1Mno 502 for Li and Mn rich (LMR)
high energy density cathode materials using scanning transmission electron microscopic (STEM) to correlate
the voltage and capacity fading with micro-structural defects in this type of materials. To pinpoint the structure
nucleation and evolution, we performed atomic-resolution annular dark-field scanning transmission electron
microscopic (ADF-STEM) imaging, spatially resolved electron energy loss spectroscopy (EELS), and ADF-
STEM tomography. Using ADF-STEM tomography, the 3D internal structures of the cathode material before
and after 15 charge-discharge cycles were reconstructed. The 3D rendered reconstructions in Figure 11-306
qualitatively shows that a new population of large pores had formed in the interior of the cycled particle after
15 cycles. By analyzing the pore size distributions (Figure 11-306¢ and Figure 11-306d), it can be quantitatively
concluded that the large pores observed in Figure 11-306b belongs to a new modal that did not appear in the
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pristine samples. The volume weighted distribution shows that the large-pore modal contributes to the majority
of porosity in the material. As the formation of the large pores are correlated with charge cycles, they are very
likely formed by nucleating vacancies that had been left behind by oxygen loss, agreeing well with the "lattice

densification™ model.
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Figure 1-306. Three-dimensional electron tomography reconstructions of (a) pristine, (b) after 15 charge-discharge cycles of
Li1.2Nio.15C00.1Mno.5502 material. The internal pore size distribution weighted by occurrence (upper) and by volume (lower)
of (c) the pristine materials and (d) the sample after 15 cycles.

Conclusions

The effects of micro structural defects on the voltage fade studied in this project can provide valuable guidance
in finding the paths to suppress voltage fade in LMR materials. For some Li-ion battery cathode materials,
small particle size is favored because the reduced lithium ion transport length can enhance the electrochemical
reaction and high rate capability. A classic example is LiFePO4, which has dramatic improvement in
electrochemical performance when the crystallite size is small enough. Recent studies on Li(Nig5Mno.3C00.2)O2
indicate that small particle size may also be beneficial for conventional layered materials. However, for LMR
materials with the problem of oxygen loss at high voltage, the situation is quite different. In this project, using
XRD, PDF, and TEM, the effects of accelerating oxygen loss by micro structural defects including grain
boundaries are clearly demonstrated. Such effects are very likely to be caused by the increased surface area of
materials with smaller particle size as well. Therefore, in order to suppress the voltage fade in LMR materials,
it is necessary to (1) minimize the level of microstructural defects; (2) modify the surface of LMR materials
with protection layer. There are recent examples of improving electrochemical performance, especially
suppressing voltage fade, by applying surface modification using Al.O3, AlF; and even lithium-conducting
materials like LiPON and LiFePOa,. The results of structural studies reported in this project provide important
scientific base for using surface protection approaches such as coating to suppress the voltage fade in LMR
materials.
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Project Introduction

The ability to cycle a battery for the multiple cycles requires that a stable solid electrolyte interphase (SEI) is
formed on the electrodes of a Li-ion battery. Without such a stable SEI, breakdown of the electrolyte continues
unhindered because a battery operates outside the stability of the electrolyte (below approx. 1.3 - 0.8 V vs. Li),
leading to loss of electrolyte (and Li) from the cell, and thus, an increase in resistance of the cell. Although
electrolytes have been optimized to form a stable SEI on graphite, the commercial anode material, the push to
utilize very high energy density anodes such as Si, Sn and Li metal presents new challenges. For example,
lithiation of Sn and Si involves significant volume expansion (e.g., 300% for Si), due to the large volume
occupied by the lithium in the LixSi and LixSn alloys. During prolonged cycling, cracks develop, exposing
fresh surface for continuous SEI growth. Practically, this means that the composite phase that makes up the
SEI must be flexible and able to accommodate these expansions and contractions. Risk reduction strategies
exploited to develop commercial Si/Sn-based anodes generally involve mixing graphitic carbon with Si/Sn, to
make use of reversible capacity from both graphite and Si/Sn. In practice, this actually accentuates the SEI
problem because the electrode must be cycled to low potentials so as to access the full graphite capacity. This
results in even more severe SEI formation, either due to the formation of more heavily reduced LixM species
(e.g., Li1s+xSis) or due to more severe volume expansion, which may result in the exposure of fresh surface.
Strategies for SEI stabilization have been proposed but without a detailed understanding of SEI structure and
composition a rational path forward is not obvious.

In principle, Li metal is a promising anode material due to its exceptionally high energy density, with a
specific capacity > 3800 mAh g*. Much effort has been made to use metallic Li anodes in rechargeable Li-ion
batteries and its use is fundamental to the high energy densities quoted for Li-air and Li-sulfur battery
technologies. However, the practical application of Li metal to rechargeable batteries has been prevented due
to serious drawbacks associated with morphological changes of the Li metal following continuous stripping
and plating. In particular, dendrite growth causes severe safety concerns and eventual cell failure. Continual
SEI formation on the Li microstructures consumes Li*. Furthermore, the nature and thickness of the SEI
appears to affect the mechanism of microstructure formation on the Li metal anode. Thus, it is important to
understand the nature of the SEI that forms on Li and to determine how this affects dendrite formation.

In addition, Na-ion batteries are an attractive option for low-cost and environmentally benign energy-storage
technologies. While a number of Na cathode materials have now been identified [1-2], hard carbons represent
the best materials identified to date as anode materials [3-4] since graphite shows almost no ability to store Na
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electrochemically. Extremely high capacity is also observed for Sn-based materials, but they suffer from
capacity fade, in part due to uncontrolled SEI formation. Furthermore, the composition of the SEI that forms
on these anodes is poorly understood. Na-ion batteries are a more sustainable alternative to the existing Li-ion
technology and could alleviate some of the stress on the global Li market as a result of the growing electric car
and portable electronics industries. Overall, fundamental research focused on understanding the structural and
electronic processes occurring on electrochemical cycling is key to devising rechargeable batteries with
improved performance. The major technique used in this work is NMR and our surface (SEI) studies are
complemented by studies that focus on elucidating the short range structural changes that occur within the
electrodes themselves.

Objectives

Here, we will use spectroscopic tools, such as multinuclear nuclear magnetic resonance (NMR) to provide
molecular-level insight into the SEI that forms on Si, where thick SEls typically grow and where SEI stability
is one key aspect hindering the commercialization of this technology. The focus during this grant period will
be to determine how additives (e.g., fluoroethylene carbonate (FEC)) and charging parameters (e.g., voltage)
influence the composition and stability of the SEI. Fundamental studies of SEI structure in operando will be
complemented by a synthetic program aimed at preparing new Si coatings based on phosphazene (P-N)
elastomeric polymers to increase Coulombic efficiency. Further, the nature of the SEI is one factor that appears
to control the type of Li/Na microstructures that form on the metal electrodes during cycling. To test this
hypothesis, we will use magnetic resonance imaging (MRI) to investigate Li dendrite vs. moss formation in
different electrolytes as a function of salt concentration and with different additives. Finally, we will compare
Li and Na metal anode chemistries to determine the composition, morphology, and stability of local structures
that form on sodiating anodes such as Sn and hard carbons.

Approach

Perform multinuclear NMR, IR and X-ray photoelectron spectroscopy (XPS) of SEI composition. NMR and
MRI studies of dendrite formation. 2Na in- and ex-situ NMR studies of Na battery materials.

Results

Substitution in layered Na cathode materials

We have investigated a series of different layered Na cathode materials to understand how cation substitution
of nominally inert ions such as Mg and Li affect the structural transformations that occur at high voltages
(when most Na ions are removed), and how Na mobility is altered in these phases. An in-depth investigation of
the effect of Mg doping on the electrochemical performance and structural stability of NazsMnO- with a P2
layer stacking was performed by comparing three compositions: NazsMn1.,MgyO> where y = 0.0, 0.05, 0.1.
Mg substitution leads to smoother electrochemistry, with fewer distinct electrochemical processes, improved
rate performance and better capacity retention (Figure 11-307). The improved electrochemistry upon Mg
substitution was attributed to more gradual structural changes upon charge and discharge, as observed with
synchrotron, powder X-ray, and neutron diffraction. Mg doping reduces the number of Mn3* Jahn-Teller
centers and delays the high voltage phase transition that occurs in P2-NazsMnO,. The 2>Na ssNMR data
provides direct evidence for fewer oxygen layer shearing events, leading to a stabilized P2 phase, and an
enhanced Na* ion mobility up to 3.8 V vs. Na*/Na upon Mg doping. By comparing the 22Na NMR spectra of
the x =0, 0.05 and 0.1 phases (Figure 11-308), less spectral complexity was noted, with fewer resonances
observed on Mg substitution. For example, the y = 0.10 sample, contains only a single 2>Na resonance for Na
contents of between 0.67 and 0.4, consistent with rapid Na* mobility in between the layers. A weak signal
centered at around 1100 ppm forms due to the OP4 phase, which contains alternating octahedral and prismatic
environments for Na in the Na metal layers. The relative concentration of this phase (which is formed by layer
shearing) decreases with increasing Mg content. The y = 0.05 Mg-doped phase exhibits one of the best rate
performances reported to date for Na-ion cathodes with a P2 structure, with a reversible capacity of 106 mAh
g* at the very high discharge rate of 5000 mA g*. In addition, its structure is highly reversible and stable
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cycling is obtained between 1.5 and 4.0 V vs. Na*/Na, with a capacity of approximately 140 mAh g retained
after 50 cycles at a rate of 1000 mA g
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Figure 11-307. Differential capacity vs. voltage plots of the Na2/sMn1yMgy02 (y = 0.0, 0.05, 0.1) compositions.
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Figure 1-308. Ex-situ 22Na MAS ssNMR spectra collected on cells stopped at different points along the first electrochemical
charge/discharge cycle of Na2;sMn1yMg,02, where y = 0.0, 0.05, 0.1 for (a), (b), and (c), respectively. Spectra are scaled
according to the number of scans collected during the experiment, the amount of sample in the rotor, and the NMR signal
decay obtained from T2 relaxation time measurements. Hashes indicate samples for which a lack of experimental data
prevent proper scaling of the spectrum. Asterisks indicate spinning sidebands.

This study has been complemented by 2Na NMR investigations of local structure and electrochemistry of P2-
Nax[LiyNi-Mn1.y-;]O2 (x,y,z < 1); direct evidence for rapid Na* mobility in these phases was obtained.

Na dendrite growth

In situ 22Na NMR studies have been performed on the Na dendrites that form on Na metal anodes to
complement previous work on Li microstructural growth in the group [5-7]. Quantification of the 2Na NMR
signal during electrochemical cycling indicates that Na metal deposits with a morphology associated with an
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extremely high surface area (Figure 11-309a), and that the deposits continuously accumulate, even in the case
of galvanostatic cycling at low currents (e.g., 0.5 mA cm?, Figure 11-309¢ orange).

Two distinct regimes for the electrochemical cycling of Na metal are observed that have implications for the
application of Na anodes. At low currents (0.5 mA c¢cm~2), the Na deposits are partially removed upon reversing
the current (Figure 11-309b, ¢, orange), while at higher currents (1 and 2 mA cm~2) there is essentially no removal
of the deposits in the initial stages (Figure 11-309b, c, blue and black, respectively). At longer times, high currents
show a significantly greater accumulation of deposits during cycling, again indicating a much lower efficiency
of removal of these structures when the current is reversed. Analysis of the current-time transients performed in
a separate experiment were interpreted in terms of a change in the mechanism of nucleation from a progressive
(time dependent) nucleation mechanism at the overpotentials observed for the lower current density of 0.5 mA
cm to instantaneous at higher currents. For instance, the fraction of high surface area Na metal deposits
measured with NMR compared to the accumulated mass calculated from Faraday’s law revealed that at low
currents, smooth deposition and stripping occurs, while at high currents, rough deposition and less efficient
removal is present (Figure 11-309d). We proposed that the different and fewer microstructures that are formed at
lower currents are more readily removed on cycling.
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Figure 11-309. (a) 22Na NMR spectra as a function of time during galvanostatic cycling at 2 mA cm-2, showing high surface
area Na metal deposits growing in. (b,c) Integral of the normalized 23Na metal resonance for (b) continuous galvantostatic
deposition and (c) galvanostatic cycling at three different current densitites. (d) Fraction of high surface area (Fusa) Na
during galvanostatic cycling at various current densities. A ratio of 1 indicates completely rough deposition
and 0 indicates smooth deposition.
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Unfortunately, despite differences in the nucleation and growth processes, both mechanisms yield
microstructures that continue to grow as cycling progresses. Overall, dendrite formation appears to be more
severe for Na metal anodes in comparison to Li metal anodes, with significant dendrite/microstructure
formation occurring at low current densities, as probed by in situ 2Na NMR experiments. However, the
microstructures that form at low currents can be partially removed on reversing the current, which is not the
case for the dendrites formed at higher currents. Differences in the mechanisms of nucleation of dendrites may
account for some of these differences. Further investigation into the role of SEI in both Na and Li dendrite
formation will be key to elucidating the physical origin underpinning the differences observed between these
two systems.

Sn anodes for Na-ion batteries

The goal of this study was to understand the phases formed during Na insertion in high capacity Sn anodes for
Na-ion batteries. Ab initio random structure searching (AIRSS) and high-throughput screening using a species-
swap method allowed us to explore the phase chemistry of the Na-Sn system and predict new structures. These
structures were linked to experiments using operando pair distribution function (PDF) analysis, X-ray
diffraction (XRD), #Na solid-state nuclear magnetic resonance (sSNMR), and ex situ 1°Sn ssNMR. Here, we
identified: (i) the number and nature of the crystalline phase(s) formed during the first electrochemical process;
(i) the structural features of the amorphous phase formed during the second electrochemical process; and

(iii) the phase formed during the third process.

Figure 11-310a shows electrochemical data for a Na-Sn cell compared to theoretical predictions. From
operando PDF and ssNMR (Figure 11-310b-d), XRD measurements and theoretical calculations, we proposed
the following discharge mechanism for the Na-Sn system:

Process 1: Sn — NaSn3

Process 1': Sn, NaSnz — NaSn;

Process 2: NaSn, — a-Nai 2Sn

Process 2': a-Nai 2Sn + NaSn, — a-Nai.2Sn + expanded Nai+xSn; (solid solution)
Process 3: a-Nai »Sn + expanded Nai+xSnz — Nas.4Sn;

Process 3": Nas.aSn, — Naa.75Sn; (solid solution)

Process 4: Nas.755n2 — NaisSha

Process 4': NajsSna — Nais+xSha
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Figure 1-310. (a) Experimental (black) electrochemistry of a Na-Sn cell cycled at C/20 between 2 and 0.001 V compared to
theoretical (red/blue) predictions. (b) Operando PDFs and (c) 23Na NMR spectra for Na-Sn cells aligned with the
corresponding electrochemistry (d).
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The first electrochemical process of Na insertion into Sn results in the conversion of crystalline Sn into a
layered structure consisting of mixed Na/Sn occupancy sites intercalated between planar hexagonal layers of
Sn atoms (NaSns, Figure 11-311, left panel). Following this, NaSn,, which is predicted to be
thermodynamically stable, forms. NaSn, contains hexagonal layers closely related to NaSns, but has no Sn
atoms between the layers. In Process 2, NaSn; is broken down into an amorphous phase of approximate
composition Naz 2Sn, which is predicted to exhibit Sn chains. Operando ssNMR and PDF refinements show
evidence that further reaction with Na results in the formation of structures containing Sn-Sn dumbbells, which
interconvert through a solid-solution mechanism in Process 3°. These structures are based upon Nas—Sn,, with
increasing occupancy of one of its Na sites commensurate with the amount of Na added Figure 11-311b, right
panel). Finally, ssNMR results indicate that the final product, NaisSna, can store additional Na atoms as an off-
stoichiometry compound, Nais+xSns, analogous to previous observations in the Li-Si system. Taken together,
this work provides the first evidence for significant solid solution behavior and resulting metastability in the
Na-Sn system. These findings have further implications beyond the Na-Sn system, highlighting the fact that
even a system under apparent thermodynamic control, the nature of electrochemical alloying means that
kinetic considerations remain of primary importance.
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Figure 1-311. Left panel: (a) Structure of NaSns-Pmmm with Na in yellow and Sn in purple (b) operando XRD patterns
(c) ex situ 23Na and (d) 119Sn 60 kHz MAS NMR at the end of process 1 and 1. Right panel: (a) Structure of NasxSn2
(b) occupancy vs Na site 3 vs time spent on process 3’ (c) fit of the PDF corresponding to the first frame in process 3'.

SEl on Si anodes for Li-ion batteries

The primary aim of this study was to understand how the electrolyte additive fluoroethylene carbonate (FEC)
enhances the stability of the SEI formed on Si anodes. The organic species formed on Si nanowires (SINWS) in
both the standard carbonate-only electrolyte (LP30) as well as LP30 with 10% FEC were characterized with
solution and solid-state NMR techniques, including dynamic nuclear polarization (DNP). SiNWs were used
here as model systems, since they can be prepared as binder-free anodes that cycle for multiple cycles without
losing electrical contact.

After long-term cycling, *H solution NMR shows that LP30 decomposes and forms a variety of soluble
oligomers in addition to the transient formation of lithium ethylene decarbonate (LEDC, yellow shading,
Figure 11-312a). Addition of 10 vol% FEC into the electrolyte suppresses the decomposition of EC/DMC
(Figure 11-312b,c), that is correlated with an increased Coulombic efficiency in the electrochemical cycling
data after the first few cycles. To facilitate a more in-depth characterization of the electrolyte products in the
presence of FEC via 1D and 2D NMR (e.g., *C-13C COSY, *H-*C HMBC, *H-C HSQC to assign red
shaded peaks x, y, and z), 1¥C-enriched FEC was synthesized, which ultimately allowed a detailed structural
assignment of the organic SEI. The H and *C NMR spectra provide compelling evidence for the
defluorination of FEC to form soluble vinoxyl species (HCOCH,OR) and VC. The formation of VC, rather
than LVDC, was unambiguously determined, the assignment being based on the J-coupling pattern that arises
from the uniform 3C labelling of FEC and the subsequent breakdown products (Figure 11-313).
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Figure 1-312. 1H solution NMR of (a) LP30, (b) LP30 + FEC, and (c) LP30 + 10 vol% 13Cs-FEC before cycling (pristine), and
after the 1st and 30t cycles. 13C satellites are marked with an asterisk.
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Figure 11-313. Multiplet pattern of LP30 + 13C3-FEC in region y of an earlier Figure, (a) experimental pattern; (b) simulated
pattern of a four-spin system AA’XX’ (cis-H-CR=CR-H).

Oligomers with characteristic peaks due to protonated carbons bonded to two adjacent oxygen groups from
cross-linking units were also identified. These oligomeric precursors presumably react further to form
insoluble polymeric species in the SEI, with similar cross-linking groups (Figure 11-314b, peak at 103 ppm).
Neither these cross-linking units nor the vinoxyl species are observed in the absence of the FEC additive
(Figure 11-314a). The vinoxyl species are signatures for the formation of the vinoxyl radicals that are believed
to initiate the polymerization that eventually results in a highly cross-linked network. We hypothesize that
highly cross-linked polymeric networks are key to the increased stability of SEI formed on Si that is observed
the presence of FEC, motivating studies with additives that may promote cross-linking. Further insight into the
molecular nature of the SEI and the parameters that impart stability offer the opportunity to tailor the SEI
chemistry to maximize performance in LIBs.
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Figure 11-314. 1H-13C cross-polarization (CP) NMR spectra of SiNWs after 30 cycles in (a) LP30 + 25 vol% 13Cs-EC and
(b) LP30 + 10 vol% 13Cs-FEC electrolytes. The room temperature (RT) spectra were measured by conventional ssNMR,
whereas the 100 K spectra were measured with DNP NMR. The DCB was used as the radical solvent for DNP.

Conclusions

In the first project, we determined how cation substitution of nominally inert ions such as Mg and Li affect the
structural transformations and ion mobility in a series of layered Na cathode materials (P2-

NazzsMni-yMg,O> (y = 0.0, 0.05, 0.1) at high voltages. We show that Mg substitution leads to smoother
electrochemistry, with fewer distinct electrochemical processes, improved rate performance and better capacity
retention. These observations are attributed to the more gradual structural changes upon charge and discharge,
as observed with synchrotron, powder X-ray, neutron diffraction, and 2>Na ssNMR. Mg doping reduces the
number of Mn3* Jahn-Teller centers and delays the high voltage phase transition occurring in P2-Naz;sMnOx.
This study has been complemented by 2*Na NMR investigations of local structure and electrochemistry of P2-
Nax[LiyNi-Mn..y-,]O2 (x,y,z < 1), in which direct evidence for rapid Na* mobility was observed. The
electrochemical performance of the P2-NayzMn;-yMg,0 (y = 0.05) cathode is exceptional, with the material
exhibiting very stable electrochemistry upon extended cycling and one of the highest rate performance
observed to date for this class of materials.

In a separate project, we performed in situ 2Na NMR experiments to quantify the high surface area Na metal
deposits that form in Na-Na symmetrical cells for comparison to Li dendrite growth. We found that the Na
deposits continuously accumulate, even in the case of galvanostatic cycling at low currents (e.g., 0.5 mA cm).
Two regimes for the electrochemical cycling of Na metal are apparent that have implications for the use of Na
anodes: at low currents, the Na deposits are partially removed on reversing the current, while at high currents,
there is essentially no removal of the deposits in the initial stages. At longer times, high currents show a
significantly greater accumulation of deposits during cycling, again indicating a much lower efficiency of
removal of these structures when the current is reversed. In general, dendrite formation appears to be more
severe for Na metal anodes in comparison to Li metal anodes. We anticipate that differences in the nature of
the SEI formed on Na and Li surfaces will be key to elucidating the physical origin of dendrite growth in these
systems.
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Sn represents a possible anode material in a sodium ion battery with a noticeably higher capacity than a hard
carbon. A combination of ab initio calculations, operando PDF analysis, XRD, %*Na solid-state nuclear
magnetic resonance (ssNMR), and ex situ 12°Sn ssNMR was used to identify: (i) the number and nature of the
crystalline phase(s) formed during the first electrochemical process; (ii) the structural features of the
amorphous phase formed during the second electrochemical process; and (iii) the phase formed during the
third process. The first electrochemical process of Na insertion into Sn results in the conversion of crystalline
tin into a layered structure consisting of mixed Na/Sn occupancy sites intercalated between planar hexagonal
layers of Sn atoms (approximate stoichiometry NaSns). Following this, NaSn,, which is predicted to be
thermodynamically stable by AIRSS, forms; this contains hexagonal layers closely related to NaSns, but has
no tin atoms between the layers. NaSn; is broken down into an amorphous phase of approximate composition
Na1.2Sn. Reverse Monte Carlo refinements of an ab initio molecular dynamics model of this phase show that
the predominant tin connectivity is chains. Further reaction with sodium results in the formation of structures
containing Sn—Sn dumbbells, which interconvert through a solid-solution mechanism. These structures are
based upon Nas_«Sny, with increasing occupancy of one of its sodium sites commensurate with the amount of
sodium added. ssNMR results indicate that the final product, NaisSnha, can store additional sodium atoms as an
off-stoichiometry compound (Nazs+xSna) in a manner similar to LiisSis. The first evidence for significant solid
solution behavior and resulting metastability in the sodium—tin system is presented. Overall, this study
demonstrates the importance of a complementary suite of characterization techniques to probe both short- and
long-range structures, along with a detailed theoretical underpinning of model structures, to comprehensively
understand the mechanism of sodium insertion. In addition, our results imply that even in systems under
apparent thermodynamic control, the nature of electrochemical alloying means that kinetic considerations are
vital.

Finally, to understand how additives influence SEI composition and stability on Si anodes in Li-ion batteries,
we performed a detailed electrochemical and multinuclear NMR study. We find that the soluble poly(ethylene
oxide)-like linear oligomeric electrolyte breakdown products that are observed after cycling in the standard
ethylene carbonate-based electrolyte are suppressed in the presence of 10 vol% FEC additive. FEC is first
defluorinated to form soluble vinylene carbonate and vinoxyl species, which react to form both soluble and
insoluble branched ethylene-oxide-based polymers. No evidence for branched polymers is observed in the
absence of FEC. We speculate that the formation of cross-linked polymers is key to the higher stability of SEI
formed on Si in the presence of FEC, motivating studies with additives that promote cross-linking to tailor the
SEI chemistry for enhanced performance in Li-ion batteries.
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Project Introduction

The energy density and cycling life of state-of-the-art LIBs have to be further improved to meet the
performance requirements for transportation applications. However, the relatively low capacity of cathode has
become one of the major bottlenecks to achieve higher energy density in LIBs. In principle, the capacity of
classical layered transition metal (TM) oxides, the primary commercial cathode materials, is limited to cationic
redox activity. Anionic redox has thus emerged as a new paradigm for designing novel cathodes for next
generation LIBs. It is recently found and confirmed oxygen redox in lithium-rich layered oxides with
composition XLioMnOs-(1-x)LITMO,, which enables this group of materials exhibit reversible capacities
exceeding 280 mAh g*. Despite its high capacities, this material has several challenges (voltage fading,
structural instability, sluggish kinetics, cathode electrolyte interphase instability, etc.) that must be overcome in
order to reach commercialization. When the material is charged over TM redox reaction region (above 4.4 V
for most of Li-rich material), lattice oxygen removal result in oxygen vacancies formation on the surface,
which further triggers surface phase transformation from layered to spinel-like phase. This irreversible phase
transformation finally results in voltage degradation and lower Li mobility during extended cycles. By
carefully controlling the oxygen activities through the creation of uniform oxygen vacancies, we were able to
avoid structural decomposition in Li-excess layered oxides. The modified materials deliver a discharge
capacity as high as 306 mAh g with an initial coulombic efficiency of 90.6%. Furthermore, they do not
exhibit obvious capacity decay, with low voltage degradation and a reversible capacity over 300 mAh g* after
100 cycles at 0.1 C-rate. Our approach demonstrates the critical needs for advanced diagnosis and
characterization. It is through the in-depth understanding of these high voltage cathode materials at atomistic
and molecular level and their dynamic changes during the operation of batteries; strategies can be successfully
formulated to optimize this class of cathode materials. Although various characterization techniques have been
developed in the Li battery research field, some of them fail to properly characterize Li metal because the
intrinsic high chemical reactivity and low thermal stability make it difficult to handle the sample without
damaging or contaminating. This is evident when observing Li metal by conventional transmission electron
microscopy (TEM), with which severe beam damage occurs after short exposure time less then 10s of seconds.
The diagnostic tools developed here can also be leveraged to study anode materials such as Li metal anode. We
have to apply cryogenic method (low-temperature) and low-dose electron microscopy with specialized camera
to enable the reliable and consistent characterization of the lithium metal anode.
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Objectives

The proposed research aims to develop advanced microscopy and spectroscopy tools to probe, understand, and
optimize the anion activities that govern the performance limitations such as capacity and voltage stabilities in
high energy Li-excess TM (Ni,Co,Mn, etc.) oxides cathode materials. Our approach uniquely combines atomic
resolution scanning transmission electron microscopy (STEM), electron energy loss spectroscopy (EELS),
operando Bragg Coherent Diffraction Imaging (BCDI), and first principles computation to probe anion redox
and oxygen evolutions in Li-excess NMC materials. Furthermore, we will track the lithium and oxygen
dynamics under electrochemical testing via operando neutron diffraction which will enhance the understanding
of the overall structural changes due to anion activities. Ultimately, this will hone in on the synthesis efforts to
produce the modified materials with the optimum bulk compositions and surface characteristics at large scale
for consistently good performance. The above-mentioned characterization tools will be extended to diagnose
various anode types, such as Li metal anode.

Approach

This unique approach combines STEM/EELS, operando BCDI, X-ray photoelectron spectroscopy and Ab
initio computation as diagnostic tools for probing anion redox and oxygen evolutions in Li-excess NMC
materials. This allows for pinning down the atomistic/molecular mechanism of anion oxidation and
determining the speciation compositions and surface characteristics for enabling high rate and long life in the
proposed materials. Neutron enables the characterization of bulk material properties to enhance and further
optimize high energy electrode materials. We also develop novel cryogenic focus-ion-beam and electron
microscopy to characterize lithium metal anode. This work funds collaborations on EELS (Miaofang Chi,
Oakridge National Lab); neutron diffraction (Ke An, ORNL); soft XAS (Marca Doeff, Lawrence Berkeley
National Laboratory). It supports collaborative work with Zhaoping Liu and Yonggao Xia at Ningbo Institute
of Materials Technology and Engineering China. It also supports collaboration with Battery500 consortium.

Results
The following are the key accomplishments:

Probing the surface transition metal oxidation state and oxygen activities of Li-rich layered oxides

In order to study the structure and chemistry differences between bulk and surface from the atomic level,
STEM/EELS data was collected from the Li-rich electrode (Li7sNiwsC016Mn1205) after one cycle as shown in
Figure 11-315. Similar to our previous observations, a defect spinel structure that is different from the layered
structure in bulk formed on the surface regions (less than 2 nm) due to TM migration from the TM layer to the
neighboring lithium layer. Spatially resolved EELS (see Figure 11-315b) was also performed using a step size
of ~0.6 nm from surface to bulk. The data points are aligned with the STEM image to specify where the
specific spectrum was taken. The O K-edge pre-peak, aligned to the onset energy of 532 eV, is associated with
the hybridization states between TM 3d and oxygen 2p orbitals in the octahedral unit. There is no O pre-peak
detected in the spectra obtained in the surface region. From surface to bulk, the intensity of the pre-peaks
increases gradually. The results indicate the reduction of TM ions and oxygen local environment change,
which is due to the formation of oxygen vacancy on the surface region where the spinel phase presents after
cycling. Mn L-edge EELS was also collected from the identical area. Previous studies have shown that the
La/L ratio is sensitive to the valence state of Mn. In the detailed Ls/L ratio analysis shown in Figure 11-315c,
it is going to lower Mn oxidation state within a ~2 nm region from the surface, which is consistent with XPS
result in our previous report. The generation of the reduced Mn can be a direct consequence of the formation of
a large number of oxygen vacancies, which once again proves oxygen participates in the electrochemical
cycling.
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Figure 1-315. (a) Aberration corrected high angle annular dark field (HAADF) STEM image; (b) spatially resolved O K-edge
and Mn L-edge EELS spectra; (c) Mn Ls/L2 ratio fit results from the EELS spectra.

BCDI characterization on single particle of Li-rich layered oxide after cycling

Three-dimensional dislocation network formation was demonstrated in our previous report by BCDI in this
group material during the initial charging process under operando conditions. It is also revealed the link
between this crystalline defect and voltage decay in this material. To further investigate the dislocation
evolution during cycling, BCDI measurement was performed on Li-rich layered oxide electrode after the 1st
cycle and the 50th cycle (see Figure 11-316a and Figure 11-316b). The truncation rod in the diffraction speckle
pattern is less symmetric for the sample after 50 cycles compared with that of the sample after only 1 cycle,
which typically indicates strain builds up in this material during electrochemical cycling. We have focused on
quantitative analysis to reconstruct 3D displacement field as well as strain distribution in the single particle to
illustrate crystalline defects influence on cycling performance of Li-rich layered oxide material.
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Figure 1I-316. Diffraction data collected for electrode after the (a) 1st cycle and (b) 50th cycle. (c) Experimental schematic
of the in situ BCDI setup. Scale bar is 1e-8 1/A.

Structure recovery demonstration of Li-rich layered oxide after electrochemical cycling

Anion (oxygen) redox in Li-rich layered oxide materials is the main reason for the high reversible capacity
over 300 mAh g ! at room temperature. Unfortunately these composites suffer from a poor structural stability
and limited cycle life. A large fraction of the TM ions are in under coordinated octahedral sites due to oxygen
vacancies formation, which are not stable and spontaneously migrate to the fully coordinated octahedral sites
nearby. Li ions in the TM layer migrate to the shared tetrahedral site in the lithium layer. These migrations
dramatically alter the cation ordering in the TM layer as well as local lithium environment and thus lead to the
structure disorder. The cycled material will be trapped in a metastable state with energetically unfavorable
local lithium environment, which finally contributes to the voltage fade during the cycling process. As shown
in Figure 11-317a, the superstructure peak between 20° and 25° disappears after 50 cycles, which indicates the
material becomes partially disordered. A path is designed to re-order the superstructure by high-temperature
annealing of the cycled electrode (>150 °C). After the heat treatment, the superstructure peak is partially
recovered, which indicates the bulk structure is reordered. Based on the mechanism described above, the
superstructure recovery is decisive in restoring the original voltage output of Li-rich layered cathode (see
Figure 11-317b).
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Figure 11-317. (a) The evolution of the superstructure peak intensity in the pristine state, after 50 cycles, and after the heat
treatment. (b) Charge-discharge voltage curves of Li-rich layered oxide cathode with Li-metal as anode

Neutron diffraction (ND) was applied to investigate the structure transformation of the cycled electrode after
heat treatment. Figure 11-318a-d shows the as-collected time-of-flight (TOF) ND patterns with ‘Rietveld’
refinement for Li-rich layered cycled electrodes before and after heat treatment. The lattice parameters of the
sample after initial cycle are a = 2.8630(1) A, and ¢ = 14.3497(9) A. In comparison, both a and c lattice
parameters are reduced after annealing under different temperature. This trend counteracts common effect of
material thermal expansion, which indicates structure transformation occurs with strain decrease. In order to
illustrate local structure changes in terms of atomic migration induced by heat treatment, lithium occupancy in
TM layer and oxygen occupancy are also shown in Figure 11-318. After initial cycle, lithium from the TM
layer is largely irreversible with only 32% of lithium reinsertion. Oxygen vacancies are also observed in the
cycled sample, which results in a large fraction of under-coordinated TM ions. These unstable TM ions can
potentially migrate to the fully coordinated octahedral sites nearby. Irreversible lithium insertion together with
TM ions migration dramatically alters the cation ordering in the TM layer and thus leads to the structure
disorder. Surprisingly, it is found Li occupancy in the TM layer and oxygen occupancy increases for the cycled
sample after heat treatment, which is a strong indication of structure ordering recovery.
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Figure 11-318. ND characterization of cycled electrode after heat treatment. (a) Refined ND patterns of the electrode after
the initial cycle. (b-d) Refined ND patterns of the initially cycled electrode after heat treatment under 200, 250 and 300 °C,
respectively. (e) Lithium occupancy in transition metal layer and (f) Oxygen occupancy for different samples.

Feasibility of Cryogenic -TEM to characterize Li metal dendrite formation

Basic understanding of Li growth mechanism is important to prevent the detrimental dendrites formation.
Although much work has been done to explore the growth of Li dendrite by various characterizations, such as
optical microscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM) etc. Its growth
mechanism is still unclear and controversial. Furthermore, little attention is paid on the structure of plated

Li metal, especially at the atomic scale. Compared with other characterization tools, TEM provides insight
related to both microstructural and chemical evolutions with a superior spatial resolution. The challenge of
probing Li metal under TEM is the low dose tolerance (high beam sensitivity) of Li metal. It is difficult to
handle Li metal without any contamination and damage. Figure 11-319 shows the morphology changes of the
Li metal as a function of the beam exposure time under room temperature. At room temperature, the dendritic
Li metal is quite unstable: quickly drifted, shrunk and evaporated under TEM beam exposure. Holes are
created in the Li metal (Figure 11-319c). One of the promising approaches to stabilize the beam-sensitive
samples is the Cryo technique. In contrast, Li metal is very stable at 100 K (Figure 11-319d-f) and no visible
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changes are observed with the same magnification as the room temperature. Therefore, the cryo-TEM allows
us to detect the Li metal at the nano scale while avoiding damaging of the sample.

Figure 11-319. Morphology changes of the dendritic Li metal as a function of the beam exposure time under: room
temperature TEM (a, b, ¢) and cryo-TEM (d, e, f).

Structure and chemical composition of electrochemically deposited Li metal at nano scale

The nanostructure of the electrochemically deposited Li metal (EDL.) is shown in Figure 11-320a. The
identical contrast in the bulk demonstrates the uniformity of the EDL.i. Along the edges of the EDLi an uneven
solid electrolyte interphase (SEI) is present with a maximum thickness of ~7 nm. Figure 11-320 surprisingly
displays lattice fringes present on the surface rather than the bulk, suggesting that the EDLi metal is
amorphous while part of the SEI is crystalline. The above results were validated by the area Fast Fourier
Transform (FFT) patterns. The absence of characteristic bright rings/spots in the bulk area (red square) shows
clearly that the EDL. is amorphous (Figure 11-320b). Conversely, two obvious characteristic bright spots
appear at the SEI surface (blue square). The ~0.2 nm lattice spacing is consistent with the lattice plane distance
of the LiF (200) and cannot be ascribed to any plane distance of the metallic Li, further validating the partially
crystalized SEI.

Figure 11-320. Cryo-TEM (a) image and (b) its regional zoomed-in image with the bulk and surface FFT results of the EDLi
using conventional carbonate electrolyte.
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Conclusions

STEM/ EELS characterization of Li-excess single NMC particle confirms that the layer-to-spinel
transformation is largely confined to the surface 2nm, which imply that such surface reconstruction is not the
major attributing factor to the voltage fading issue in this class of materials. BCDI measurements on Li-excess
single NMC particle demonstrate significantly higher amount of defects such as stacking faults at high voltage
(high state of charge), on the contrary the classical layered oxides show much less such defects at high voltage.
A path to recover the layer structure and working voltage is designed through annealing. The treatment helps
to recover the local environments of the excess Li ions, restore the original oxygen stacking sequence, and
eliminates microstrain associated with different defects. Cryogenic (cryo)-electron microscopy is a powerful
tool to reveal the detailed chemistry and structure of electrochemically deposited Li and the SEI composition at
the nanoscale while minimizing beam damage during imaging. Surprisingly, the results show that the low
current density deposited (nucleation-dominated) EDL. is amorphous, while there is some crystalline LiF
present in the SEI.
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Project Introduction

For layer structured cathode materials based on Ni, Mn and Co transition metal oxide, it can be divided into
two categories, one is NMC and the other is the lithium rich and Mn rich NMC (LMR-NMC). Practical use of
these two categories of cathodes faces three challenges at the very fundamental level: Voltage fading; capacity
fading; and how to increase the packing/tape density. It is generally believed that high Co content in the NMC
material enhances the rate performance; high Ni content leads to higher capacity, and the presence of Mn**
improves the structural stability and thermal stability. However, the detailed fundamental roles of each
transition metal cation e.g., Ni, Co and Mn, especially at the high voltages are still unclear, not mentioning the
possible synergistic effects among these three cations during the electrochemical process. Furthermore,
dopants such as Sn, Mg, Al, and Si also strongly affect the fading characteristics of cathode. Understanding the
different contributions of Ni, Co, Mn, and their migration during cycling, if any, not only help to optimize the
electrochemical performances of NMC at high cutoff voltages, it also unravels the structural and chemical
evolution pathway of NMC and LMR-NMC, providing guidance for optimization of these layer structured
cathodes for high performance.

To gain insights into the structural information at atomic resolution, aberration-corrected STEM-HAADF
imaging combined with EELS/EDX chemical analysis will be used to probe the microstructural and chemical
evolution of the NMC and LMR-NMC layered cathode before and after cycling. EELS/EDX mapping, time-
of-flight secondary ion mass spectrometry (TOF-SIMS), nano-SIMS, and XPS will be used to explore the
elemental distribution and the thickness of SEI layer formed on the surface of the cathode material. Direct
correlation of the structural and chemical information with battery properties will provide insight on the
capacity degradation mechanism of the layered materials with different compositions and performance
improvement mechanism with lattice doping/surface modification/electrolyte additives.

Objectives

The objective of this work will be using the state of the art in-situ and ex-situ microscopy technique to probe
the structural and chemical evolution of electrodes in rechargeable battery. A close collaboration between the
synthesis and characterization teams will enable acceleration on the materials optimization process and
establishment of a solid knowledge base on the correlation between materials selections and structure
evolution in the electrode materials for rechargeable batteries.

Approach

Using the unique ex situ and in situ TEM methods to probe the structure of Li-ion batteries, especially a
biasing liquid electrochemical cell that uses a real electrolyte in a nano-battery configuration. Use various
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microscopic techniques, including ex situ, in situ, and especially the operando TEM system, to study the
fading mechanism of electrode materials in batteries. This project will be closely integrated with other research
and development efforts on high-capacity cathode and anode projects in the BMR Program to 1) discover the
origins of voltage and capacity fading in high-capacity layered cathodes and 2) provide guidance for
overcoming barriers to long cycle stability of electrode materials.

Results

1. Does the liquid electrolyte permeate into the boundaries formed by the primary particles in a
secondary particle?

In order to increase the packing density of the cathode particle, it is now a common practice to fabricate the
cathode particles into a secondary particle of typically 10-20 micrometer, which is composed of primary
particle of several hundred nanometers. One of the critical questions for this type of hard agglomerated particle
is whether the electrolyte penetrates into the boundaries formed by the primary particles. To answer this
question, the secondary particle of NMC422 as typically shown in Figure 11-321a were investigated before and
after the battery cycling. Figure 11-321a—c show the pristine agglomerated NMC442 particles and cycled
electrode from which a TEM sample was prepared using FIB lift-out techniques. Figure 11-321d—1 are STEM-
EDS mapping results; these observations reveal that, within the agglomerated particle, there exists a P-rich SEI
layer formed at the grain boundary (GB). This observation conclusively indicates that the electrolyte did
indeed penetrate into the inside of the agglomerated particles through the boundaries between the primary
particles. Therefore it can be generally concluded that the detrimental solid-liquid electrolyte as observed in
the case of primary particle also happens for the secondary particle. To improve the cycling stability, strategy
needs to be developed to mitigate this interfacial reaction in the secondary particles.

LiMn, ,Ni, ,Co, ,0, after 100 cycles @RT(2.0~4.7V vs Li/Li*)
PEASE R T G are

"Z@W 3

Figure 1I-321. SEM images of (a) pristine agglomerated particles, (b) and (c) TEM specimen prepared by FIB lift-out
techniques from cycled electrode. (d—i) STEM-EDS mapping results from the boxed region in panel (c).

2. Intragranular cracking as a critical barrier for high-voltage usage of layer-structured cathode for
lithium-ion batteries

For layered structured transition metal oxides, during charge process, Li ions are extracted from the lattice,
which usually causes lattice expansion along c direction and shrinkage along a and b directions, while this
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process reverses upon discharging (reversible insertion of Li ions). For example, when NMC333 is delithiated
to LiosNiysMn13C01302, the lattice could expand 2.0% along c direction and shrink 1.4% along a direction,
which is a huge strain for oxides with ionic bonds. We found that intragranular cracks in NMC333 cathode can
be easily created at high cutoff cycle voltage (Figure 11-322), which contributed to the fast degradation of the
cell. The comprehensive transmission electron microscopy (TEM) observations unveiled previously
unrecognized nature of intragranular cracks from the following four aspects: 1) there are two kind intragranular
cracks. One is the normally seen mechanical failure crack with two free surfaces; the other one is termed as
premature crack with uniformly sub-nanometer crack width. 2) The premature crack is not empty but with loose
materials inside. 3) Many intragranular cracks were initiated from grain interior. 4) Dislocations are acting as
crack nucleation sites.

In addition to the real intragranular cracks which have two free surfaces, we also identified tremendous
premature intragranular crack whose surfaces are not completely free but with a loose materials in between.
Such premature cracks are generated by expanding the neighbored (003) planes (TM slabs) and exhibiting strip
contrast while viewing their edge on in TEM. By examining a lot of intragranular cracks, surprisingly, we
found many cracks were actually initiated from grain interior, which contradicts the proposed theoretical
models as they predicted surface should be the favorite site for crack initiation. Through intensive TEM
characterization, we discovered that dislocations could act as nucleation sites of internal cracking. Based on
our experimental results, we proposed a mechanism which can fully address the formation process of internal
cracking in layered cathode. This study pointed out future directions for mitigating intragranular cracking not
only for layered cathode materials but also for other intercalation type cathodes.
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Figure 11-322. Cycle voltage governed intragranular cracking and underlying dislocation-based mechanism. (a) HAADF
images overlaid diagram shows the apparent dependence of intragranular cracking on the cycle voltage; when cycled below
4.5V, intragranular crack can be hardly generated, while above 4.7 V, intragranular density shows a drastic increase; and
(b) schematic diagrams to illustrate the dislocation-assisted crack incubation, propagation and multiplication process.

3. In-situ environmental TEM revealing the reaction mechanism of Li-O2 batteries

One of the key questions for Li-O; battery system is why the reaction product shows very unique
morphological features, ranging from hollow spheres to toroidal structure. This question is addressed by using
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an aberration-corrected in-situ environmental TEM under oxygen environment. A solid-state nano-battery was
constructed through a two-probe configuration (Figure 11-323). The CNTs/RuO; cathode was loaded on a Pt
probe, and brought to a Li>O covered Li metal anode anchored on the other tungsten probe through precise
nano-manipulation inside the ETEM. The electrochemical reaction is driven by external biasing, i.e., a
negative bias applied on the Pt end to drive the Li* to cross the Li>O layer to react with oxygen, which
corresponds to the oxygen reduction reaction (ORR) during the discharging of the Li-O battery; a positive
bias drives the Li* ions back to the Li>O/Li end, leading to the decomposition of the discharged product, which
is oxygen evolution reaction (OER) during the charging of the battery.

It has been observed that the oxygen reduction reaction on CNTs initially produces LiO2, which subsequently
evolves to Li>O2 and O, through disproportionation reaction. It is interesting to note that it is just the releasing
of O, that inflates the particles to a hollow structure with a Li>O outer surface layer and Li>O> inner-shell,
demonstrating that, in general, accommodation of the released O coupled with the Li* ion diffusion and
electron transport paths across both spatial and temporal scales critically governs the morphology of the
discharging/charging product in Li-O; system. This in-situ observation provides insight for understanding as
how the toroidal structure forms in Li-O; system. It would be expected that the determination of Li-O; reaction
mechanisms sets foundation for quantitative understanding/modeling of the electrochemical processes in the
Li-O; system, enabling rational design of both solid-state and aprotic Li-O- batteries.

Conclusions

Over the last year, we have made significant progresses on understanding the fading mechanism of layer
structured cathode and revealed the reaction mechanism of Li-O, battery system. For the cathode materials, we
concluded that liquid electrolyte penetrates into the boundaries of the secondary particle, where the detrimental
solid-liquid reaction will happen. Therefore, new strategy has to be developed to mitigate the detrimental solid-
electrolyte reaction for enhancing the performance of the cathode. At the same time, we discovered that a
critical barrier for the high voltage operation of layer structured cathode is the formation of intragranular
cracks. Qualitatively, the higher of the operating voltage, the higher of the density of the intragranular
cracking. To mitigate this intragranular cracking, lattice doping is needed to strengthen the lattice. Using EELS
mapping, we reveal that Ni has a high migrating propensity for mixing with Li layer, which in turn will lead to
voltage fading. This observation provide insight to the fading mechanism of Ni rich NMC. In addition, we
have developed the in-situ environmental TEM, which enables in-situ TEM study of Li-O> battery. We
revealed the reaction mechanism of Li-O; battery and concluded that the accommodation of the released O-
contributes to the formation of the peculiar morphological feature of the reaction products.
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Figure 1-323. Experimental set up of the Li-O2 nano-battery and the in situ STEM observation of morphological evolution of
the reaction products upon discharge-charge cycling of the Li-02 battery. a, Schematic drawing to illustrate the
configuration of the Li-O2 nano-battery in ETEM chamber. b, The time-resolved HAADF-STEM images depict the
morphological evolution of the discharging product (oxygen reduction reaction (ORR)), which is featured by the
formation of hollow structure (illustrated by the bottom panel in b. c. The images illustrates the morphological

evolution upon charging (oxygen evolution reaction (OER), which is featured by the collapsing of the hollow structure as
illustrated by the bottom panel in c.
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Introduction

Previous studies on the integration of a spinel component into lithium- and manganese-rich oxides to produce
y[XLizMnO3¢(1-x)LIMO2]*(1-y)LiM204 (M=Mn,Ni,Co), layered-layered-spinel (LLS), composite structures
have proven promising. Specifically, high first-cycle efficiency, good rate capability, and stable capacity at
practical voltages (e.g., ~210 mAh/g at ~4.4 V vs. graphite) can be achieved with these electrode materials.
However, critical issues such voltage fade, poor rate performance, and surface stability have yet to be
adequately addressed. With respect to voltage fade, complimentary works have shown that Co-based spinels
may be interesting options for integrated, stabilizing components in LLS materials, but that their synthesis and
properties are not straightforward, especially when integrating into LL compositions. Surfaces of LLS cathode
particles are also prone to instabilities, similar to other lithiated oxide materials, including oxygen evolution
and transition metal dissolution. Many strategies have been proposed for the protection of particle surfaces but
no consensus yet exists as to the efficacy of any given strategy. The difficulty, in part, in identifying specific
trends in the literature is the strong dependence of surface modifications on the properties of the underlying
cathode particles. For example, composition, morphology, porosity, and the conditions of synthesis under
which surface modifications are carried out can all play a role. This chapter deals with efforts in this project to
further understand the properties of LLS materials. Specifically, studies of structure, synthesis, and
electrochemical properties of end-member and integrated components as well as the stabilization of surfaces
are presented.

Objectives

The primary objective of this project is to explore the fundamental processes that are most relevant to the
challenges of next-generation, energy-storage technologies, in particular, high capacity structurally-integrated
electrode materials. The goals of this project are to capitalize on a broad range of facilities and collaborations
in order to characterize and model structurally-integrated electrode systems, notably those with both layered

I1.D.6 Characterization Studies of High Capacity Composite Electrode Structures (ANL) 607


mailto:thackeray@anl.gov
mailto:eungje.lee@anl.gov
mailto:Peter.Faguy@ee.doe.gov

Batteries

and spinel character, and to develop low-cost, high-energy and high-power Mn-oxide-based cathodes for
lithium-ion batteries that will meet the performance requirements of PHEV and EV vehicles.

Approach

A wide array of characterization techniques including X-ray and neutron diffraction (XRD, ND) X-ray
absorption (XAS), high resolution transmission electron microscopy (HRTEM), and theory will be brought
together to focus on challenging experimental problems. Structural, electrochemical, and chemical
mechanisms at play in novel, complex electrode/electrolyte systems will be explored in the pursuit of
advancing the properties of state-of-the-art cathode materials.

Results

Understanding Synthesis and Structure of Mn- and Ni-doped, LiCoO2-based Spinels via DFT Calculations

Lithiated-spinel, LiCoO, materials are of interest as potential stabilizing agents to be incorporated in layered-
layered-spinel (LLS) composite cathodes [1]. Previous experimental works have shown that Ni substitution
effectively stabilizes the lithiated spinel structure, enhancing electrochemistry. However, Mn substitution
results in impurity phases such as Li2MnOs, LisMnsO12, and Co30a. In order to obtain a better understanding
of the different effects of Mn and Ni substitution on phase stability, an atomistic simulation of substituted,
LiCoO»-based, lithiated-spinels was conducted.

The substitution of Mn or Ni on the Co site of both spinel (Fd-3m) and layered (R-3m) LiCoO- structures was
examined via density functional theory (DFT) calculations. Possible, symmetrically-distinct mixing
configurations for Li1sC016-xMxOs2 (up to 64 total atoms; M = Mn or Ni; 0<x<16) were generated using the
Enum package [2]. Figure 11-324a displays the calculated ground state DFT formation energy (AH) of
LiCoxM1.xO2 (M = Mn or Ni; and 0<x<1) sampled uniformly through the composition space. Here, the DFT
formation energy of a generic LiMO; compound is defined as AH{(LiC0oxM1-xO2) = Eo(LiCoxM1xO2) — puri —
Xpco — (1-X)um — 210, Where Eo(LiCoxM1.4O>) is the calculated DFT total energy of LiCoxM1xO2 and i (i = Li,
Co, M, O) is the chemical potential of component i. Note that the energy difference between Fd-3m and R-3m
structures at each composition is almost negligible, as previously reported [3]. Furthermore, the calculated AHs
of LiCoxM1.xO; varies almost linearly between the end-members, LiCoO, and LiMO; (M = Mn/Ni), in

Figure 11-324a.

The mixing tendency of two cathode components, LiCoO; and LiMO; (M = Mn or Ni), can be obtained using:
AEnix = Eo(LiCOle.xOQ) - {XEo(LiCOOz) + (1—X)E0(Li|\/|02)}, where Eo(LiCOle.xOZ), Eo(LiCOOz), and
Eo(LiMOy) are the calculated DFT total energies of either Fd-3m or R-3m LiCoxM1.xO2, LiCoO>, and LiMO;
(M = Mn or Ni), respectively. A significantly negative AEmix (i.e., <—-25 meV/site) usually leads to the
formation of an ordered compound while a significantly positive AEmix (i.€., >25 meV/site) usually results in a
two-phase miscibility gap. In contrast, a slightly negative or positive AEmix (i.€., =25 to 25 meV/site) indicates
a weak preference for ordering or phase separation, respectively, which could be overcome by configurational
entropy at elevated temperatures to form a solid-solution. From Figure 11-324b, it can be observed that Mn
substitution in either Fd-3m or R-3m LiCoxMn1.4O> is only favorable at dilute concentrations of Mn (x>0.9). In
fact, the mixing of Mn and Co on the Co sublattice in the LCO structure becomes increasingly unfavorable
toward equiatomic compositions of Mn and Co. On the other hand, as seen in Figure 11-324c, the mixing of Ni
and Co on the Co sublattice is generally favorable at all compositions. The energy of mixing becomes
increasingly negative (up to ~ —100 meV/site) towards equiatomic compositions of Ni and Co, hence
compositions close to LiCoosNiosO- are likely to form ordered compounds. These simulation data are in line
with previous experimental results and corroborate the effectiveness of Ni substitution in stabilizing the
lithiated spinel structure and improving its electrochemistry.
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Figure 1-324. (a) Calculated DFT formation energies of LiCoxM1x02 (M = Mn or Ni; 0<x<1) in both lithiated spinel (Fd-3m)
and layered (R-3m) structures. The mixing energies of (b) LiCoxMn1x02 and (c) LiCoxNi1xO2. Calculations by S. Kim and
C. Wolverton (Northwestern University, IL).

Synthesis of Complex, Layered-Layered-Spinel Compositions

The structural integration of a spinel (S) component into a layered (L) electrode structure or a two-component
LL system has been demonstrated in model compounds such as XLizMnOseLi1-xM2xO4 (‘layered-spinel” (LS))
and x[Li2MnO3eLiMO2]+(1-x)LiM204 (LLS), where M is typically a transition metal ion, and that these
materials have advantages over conventional, layered electrode materials [3]. They can be simply prepared by
reducing the amount of lithium in the precursor materials normally used to synthesize stoichiometric L or LL
structures. For example, reducing the lithium content of a stoichiometric 0.5Li2MnO3¢0.5LiMng sNio.502
compound (alternatively, Li1.sMng 7sNio.25025), in which the Mn:Ni ratio is 3:1, drives the composition towards
the LiMny5Nio 504 spinel apex of the phase diagram, following the L-L-S tie-line in Figure 11-325, while
maintaining a constant Mn:Ni (3:1) ratio [4]. Note that this is a special case that has been observed
experimentally and that the term ‘layered-layered-spinel’ is used for convenience because it describes the
compositions of all compounds within this phase space.
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Figure 1I-325. The compositional phase space of a layered(L)-layered(L)-spinel(S) system.

A question that remains unanswered is: At what lithium deficiency do the transition metal ions start diffusing
into the lithium-rich layers during synthesis to provide spinel (or spinel-like) character to predominantly
layered structures with complex cation arrangements?

In an attempt to better understand the structural complexity of LLS materials, a series of compounds was
prepared by reducing the lithium content in 0.25Li,MnO3¢0.75Li(Nio.375sMno.375C00.25)O2 by various amounts
and analyzed by combined Rietveld refinement analyses of ND and synchrotron XRD data, Figure 11-326. For
simplicity, the normalized composition and formula, Li1.25-x(Nio.2sMno 53C00.19)O2.25-5 (0<x<0.25), is used for
discussion. For 0<x<0.075, both ND and XRD patterns could be indexed to compounds with either monaoclinic
symmetry (C2/m), denoted M-phase or, if the weak ordering peaks associated with the M-phase were ignored,
to trigonal symmetry (R-3m), denoted L-phase. For x = 0.1, the XRD pattern showed additional peaks that
were tentatively assigned to a spinel component with cubic symmetry, denoted S-phase. These initial
refinements and attempts to use a two-phase model to refine both layered and spinel components have not
provided conclusive results. The analyses are continuing and HRTEM studies are planned to gather more
insight into the structural compositions of these complex electrode materials.
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Figure 1-326. Rietveld refinement results of (a) synchrotron X-ray and (b) neutron diffraction of the x = 0.75 sample.
(c) Synchrotron X-ray diffraction of the x = 1.0 sample. ND by A. Huqg (SNS, ORNL), XRD by Y. Ren (APS, ANL)

Surface-Treated Layered-Layered-Spinel Cathode Particles

Complementary studies (see 11.3.A.x) have found that treatment of LLS particles in an aqueous solution of
aluminum nitrate, followed by annealing between 110-750°C, led to a decrease in performance with increasing
temperature. Figure 11-327a shows 2’Al nuclear magnetic resonance (NMR) spectroscopy of LLS particles
after Al treatment followed by annealing at 550°C (blue) and 110°C (red) along with an Al,Os/Al(OH)
reference (green). At the lowest temperature (110°C), the aluminum coordination is clearly different than that
of Al,Os/Al(OH), instead resembling a distorted 4-fold coordination environment. By 550°C (blue) the
diamagnetic peak near ~0 ppm completely disappears. This could be due to the presence of lattice aluminum
and/or three-coordinate surface/interface aluminum. Figure 11-327b shows X-ray photoelectron spectroscopy
(XPS) of the un-treated LLS (black) and the Al-treated LLS powders after annealing at 110°C (red), 400°C
(blue), and 550°C (green). A small surface impurity (e.g., carbonate) can be seen in the un-treated sample.
After Al treatment and annealing at 110°C, a large peak forms at ~532 eV, in agreement with Al-O bonding.
Upon annealing to higher temperature, this feature decreases and virtually disappears by ~550°C, consistent
with the NMR data. Figure 11-327¢ shows the Al content (atomic %) derived from the XPS data as a function
of temperature. As shown, increasing annealing temperatures led to less detectable surface Al. These data sets
suggest that small amounts of Al might be doped into the bulk of LLS particles after surface treatments and
high temperature annealing. This is an important finding considering the observed decrease in electrochemical
performance with higher annealing temperatures; an observation that is not consistent with similar studies
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reported for Mn-rich, layered materials. These results reiterate the important role of cathode composition with
respect to surface modifications.
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Figure 11-327. a) 27Al MAS-NMR of Al-treated samples annealed at 110°C (red) and 550°C (blue) and an Al203/Al(OH)
reference (green). (b) XPS spectra of LLS followed by Al treatment and annealing at 110°C (red), 400°C (blue), and 550°C
(green). (c) Al content (at. %) as a function of annealing temperature, determined by XPS. Red squares represent samples
that had previously (before Al treatments) been exposed to air, blue circles are samples not exposed to air (similar results

were obtained with both sample sets). XPS by R. Ruther and H. Meyer (ORNL).

Figure 11-328a shows a scanning electron microscopy (SEM) image of an Al-treated, LLS particle after
undergoing a focused ion beam (FIB) lift-out procedure to allow for elemental mapping studies. Figure 11-328b
shows a HRTEM image of particles including two regions included for Fast Fourier Transform (FFT) analysis.
This figure, and similar images, suggest that the Al-treated, LLS particles may have preferentially formed
spinel domains at the surface of particles, possibly due to lithium leaching in an acidic environment.

Figure 11-328c shows energy-dispersive X-ray spectroscopy (STEM-EDX) of an Al-treated, LLS particle. It
was found that a thin (~2 nm) Al layer covered the particles in a uniform manner, verifying the efficacy of the
treatment conditions. However, some images showed indications of increased concentrations of both Al and Ni
on the same surfaces, e.g., top left and bottom right in Figure 11-328c. Whether or not this “segregation” is a
consequence of the surface treatment itself, or other mechanisms related to the pristine particles is unclear.
Additional imaging is underway for both treated and untreated particles to obtain better statistics on the
relative formation of surface spinel and any possible tendencies of segregation (e.g., preferential location of
Ni/Al) between treated and untreated particles. This information is expected to provide further insight into the

structure-property relationships of LLS materials and the dependence of their electrochemical properties on
processing conditions.
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Figure 1-328. (a) Cross-sectional SEM image of Al-treated, LLS particle. (b) TEM image and FFT of surface and bulk regions
showing spinel integration at the surface of the particle. (c) STEM-EDX analysis of Al-treated LLS particle showing
distribution of Al (top left), Mn (top right), Co (bottom left), and Ni (bottom right). HRTEM by J. Wang (ANL).

Conclusions

o Density functional theory calculations have been used to understand and verify experimental findings
showing the effects of Mn and Ni substitution in stabilizing Co-rich spinel structures for integration into
complex LLS cathodes

e Synchrotron X-ray and neutron diffraction studies, on a series of Li1.25-x(Nio.2sMno53C00.19)O2.25-5
(0<x<0.25) LLS compositions, are being used to understand the relationships between synthesis and the
final structure/electrochemical properties that result as a function of initial lithium content and transition
metal composition

e Surface treatment of Mn-rich, LLS particles has shown promise for enhancing electrochemical
performance, however, the studies herein show that a complex relationship exists between the cathode
particles and processing conditions; importantly, Li- and Mn-rich particles behave differently than their
layered counterparts under the similar surface-treatment conditions studied here
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Project Introduction

Effective heat dissipation in batteries is important for many reasons, such as performance, reliability, and
safety. Currently, the thermal management of battery cells is provided at the system level by either forced air
or liquid cooling. This engineering solution has many shortcomings, such as a reduction in the energy density
at the system level and complex system designs to allow for fluid flow. In spite of such high importance, so far
no thermal transport measurements or diagnostics have been performed inside electrochemical batteries under
operating conditions. An understanding of thermal transport through various interfaces within the
electrochemical cell is of particular importance as interfacial thermal transport typically plays the dominant
role (up to 90% of the overall thermal resistance according to our preliminary measurements) in determining
the internal temperature rise and temperature gradients within various devices. Currently, no thermal model
exists that can predict the spatially resolved internal temperature rise within an operating battery, accurate to
the true heterogeneous multilayered internal structure of the battery.

Objectives

We will measure the dominant thermal resistances within the multilayered stack comprising the full battery
cell. These measurements will be performed in-operando on a fully assembled and functioning battery. This
will identify the layer(s) and layer interface(s) that dominate the total thermal resistance to heat flow within an
operating battery, even if they are buried deep within the bulk of the battery cell, and quantify their
contributions. From these measurements we will build a spatially resolved theoretical thermal model of the
internal heat transfer within a battery. This model can then be used to accurately predict the internal
temperature rise and temperature profile of a battery under various operating conditions, such as fast charging.
This model can also be used to guide the thermal optimization of battery design and battery control software to
improve performance, reliability, and safety. Such a model does not currently exist.

Approach

The thermal measurements will be achieved using a customized derivative of the 3-omega technique. This
technique uses microfabricated sensors placed on the outer surfaces of the electrochemical cell stack (see
Figure 11-329) to launch thermal waves at multiple frequencies into the battery and interrogate the thermal
transport properties at various depths within the bulk of the cell. Our technique simultaneously measures
thermal transport properties as a function of depth into the cell as well as temperature. Because the
measurement is performed in the frequency domain and not the time domain, it is very robust against ambient
noise. Our design enables in-operando measurement during battery operation because our sensors and
measurements are immune to both electrical interference from the battery and thermal interference from any
heat generated by the battery’s own operation.
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Figure 1-329. Design of 3-omega thermal sensors and how they are incorporated into an electrochemical battery pouch cell
for in-operando measurements.

We are working with the Battaglia group at LBNL in order to make lithium-ion electrochemical pouch cells
inside of which we embed our sensors, and to perform electrical measurements on the batteries in addition to
our thermal measurements. Because our sensors probe the interior of the battery from the surface of the
multilayer stack, the sensors are non-invasive and do not disturb the local environment of the electrochemical
multilayer stack. Sending in thermal waves at many different frequencies allows us to separate out the thermal
transport properties at different locations throughout the depth profile of the cell.

Prior to performing any measurements, we fully simulate each experiment and numerically optimize the
thermal design of the housing of our battery samples so as to maximize sensitivity to the properties of interest
and minimize sensitivity to the outside environment and noise. All sensors are designed and fabricated in-
house.

Results

We have designed and constructed the metrology hardware for performing these measurements. We have
verified and implemented an analytical solution to the measurement technique physics for our particular
geometry. We used this solution to optimize the thermal design of the housing for our battery samples,
constructing and testing this housing to confirm that it performs as designed. Based on these tests, we
constructed a functioning cathode half-cell with 3-omega sensors and performed in-situ measurements on the
cell. We found that the thermal transport through the half-cell was dominated by the thermal boundary
conductance (TBC) across the cathode-separator interface. Representative fitted raw data is shown in

Figure 11-330.
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Figure 1-330. Representative raw data from a measurement on a li-ion cathode half-cell. Left plot is without the presence of
electrolyte; right plot is with electrolyte. Red lines show the best fit to the data. The primary property measured is the
thermal boundary conductance (TBC) of the interface between the cathode and the separator. Dashed lines demonstrate
fit sensitivity by showing best fit lines where the TBC value has been artificially forced to be +/- 50% as compared to the
true best fit value.

Our measurements found the cathode-separator TBC value to be 835 W/m?2-K without electrolyte present
inside the electrochemical cell, and 962 W/m?-K with electrolyte present. We discovered that this interface
dominates the thermal transport within the cell, accounting for over 90% of the total thermal resistance. The
multilayer stack of our cathode half cell along with the break down of the relative thermal resistances of each

layer and interface are shown in Figure 11-331.
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Figure II-331. Left, multilayer stack for the measured cathode half-cell, showing a 3-omega sensor launching a thermal
wave. Right, a to-scale breakdown of the relative contributions of each layer and interface to the total thermal resistance.
Thermal resistance contributions from the Li and Cu are negligible. Thermal waves did not probe deep enough to be
affected by the Teflon, which was only included for mechanical support and is not present in the real battery.

Finally, we have made significant progress toward being able to fabricate and measure the thermal transport
within a full li-ion battery pouch cell. We also recently modified our hardware to extend the low-frequency end
of our measurement range from 0.5 Hz down to 0.01 Hz, which will increase the sensitivity of our
measurements considerably.

Conclusions

We have designed, characterized, and implemented a technique capable of measuring spatially resolved
thermal transport properties within the bulk of an electrochemical cell in-operando. We have demonstrated this
technique on a functioning cathode half-cell, showing that the total thermal resistance is dominated by the
interface between the cathode and separator. We are preparing to measure full battery cells and will measure
them under a variety of operating conditions, such as varying levels of externally applied pressure and different
charge rates. We have also upgraded our equipment to improve the sensitivity of our measurements by
extending the low-frequency capabilities. After completing all measurements, we will use the results to create
the first theoretical model capable of accurately predicting the complete internal temperature profile of an
operating electrochemical cell, accounting for the full heterogeneous multilayered internal structure of the
battery.

Key Publications

This work has been presented in part at the 2017 International Technical Conference and Exhibition on
Packaging and Integration of Electronic and Photonic Microsystems (InterPACK) and the 2017 9" US & Japan
Joint Seminar on Nanoscale Transport Phenomena. We are also preparing a manuscript to submit to the 16®
International Heat Transfer Conference (IHTC), a section of which will be based on this work.
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Project Introduction

A new cross-technique characterization platform will be developed to track lithiation dynamics at the single-
particle level in Lithium- Manganese-rich Nickel Cobalt Oxide (LMR-NMC). Fundamental insights from this
new diagnostic capability are expected to increase the power density and cycle life of oxide electrodes by
improving electrode utilization, reducing electrochemical hotspots, decreasing capacity and voltage fade, and
enhancing safety, which all improve the viability of lithium-ion batteries for vehicle transportation. By
understanding lithiation at the single-particle level, this project’s success will contribute to improving on-
vehicle battery management, such as charging/discharging protocol, state-of-charge and state-of-health
monitoring.

Due to the cost of Co, substituting Ni, Mn, Al, Mg, or Cr in the layered oxide cathode LiCoO; has become the
focus of much research. LMR-NMC is of significant interest for use in electric vehicle applications due to its
balance of cost and performance, with demonstrated specific capacities of 230- 280 mAh g*. Recharging time,
power density, voltage/capacity fade, and thermal stability are important performance matrices for these
battery chemistries to grain widespread use in vehicle transportation. Rational engineering of electrode
chemistry and microstructure is expected to greatly increase these aspects of battery performance. However,
due to the wide range of length scales involved — spanning nanometers to millimeters — a comprehensive
understanding of kinetics and degradation in battery electrodes is lacking, especially at the single-primary-
particle level. Part of the challenge lies in the characterization of lithiation dynamics across a wide range of
length scales of realistic batteries during cycling.
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This project is carried out in collaboration with Samsung Advanced Institute of Technology, who provided
LMR-NMC materials, as well as scientists at Advanced Light Source and the Molecular Foundry, users
facilities at Lawrence Berkeley National Laboratory.

Objectives

This study aims to develop and utilize a correlative microscopy platform to investigate the lithiation dynamics
of LMR-NMC, with the specific goal of understanding factors that determine the rate capability and
degradation mechanisms at the single primary particle length scale. By developing a nanoscale and single-
particle understanding of lithiation, the project addresses specific engineering problems including
electrochemical hotspot, electrode utilization, safety, and capacity/voltage fade. Chemistry-sensitive soft
transmission X-ray microscopy, operating in standard and in ptychography mode, will be carried out on
cycling electrodes in a liquid electrolyte using a microfluidic cell. A platform to transfer the identical electrode
to the transmission electron microscope and Raman microscope will be developed to integrate the X- ray,
electron and optical characterization with the goal of achieving a comprehensive understanding of the lithiation
dynamics at the single-particle level. Ex-situ spectro- ptychography on electrodes cycled at low (-20 °C) and
high (+80 °C) temperatures will be conducted to understand the temperature dependence of lithiation
dynamics, hotspots, and degradation in single particles.

Approach

Chemistry-sensitive soft transmission X-ray microscopy, operating in standard and in ptychography mode, will
be carried out on cycling electrodes in a liquid electrolyte using a microfluidic cell while the electrode is
cycled between the charged and the discharged state. The expected spatial resolution is 5 nm (ptychography
mode) and 50 nm (standard mode). To attain even higher spatial resolution, a platform to transfer the same
electrode to the transmission electron microscope will be developed. Finally, Raman microscopy, which is
sensitive to the vibrational nature of chemical bonds, will also be used to characterize the same electrode. With
the seamless integration the X-ray, electron and optical characterization, the goal is to achieve a complete
understanding of the lithiation dynamics at the single-particle length scale.

Results

To understand the relationship between this structural behavior and the unique redox chemistry of LMR-NMC
while decoupling surface and bulk phenomena, we obtain spatially resolved TM Lz and O K edge transmission
X-ray absorption spectroscopy (XAS) with ~ 30 nm resolution using scanning transmission X-ray microscopy
(STXM). X-ray transparent samples were prepared ex situ through sonication and dispersion of electrodes
harvested at various voltages (Figure 11-332a) in an Ar glovebox and transported to the microscope with
minimal air exposure. We first plot the average spectra during the first cycle in Figure 11-332, obtained by
averaging the 2D spectral maps obtained from STXM, which allows us to understand the gross changes in the
electrode electronic structure. The spatially-averaged transmission XAS spectra obtained through STXM
(Figure 11-332c-f), which represent the true depth-averaged absorption spectra, show that when charging below
the plateau (pristine, ‘P’ — 4.35 'V, ‘1”) we observe primarily an inversion in the Ni L3 edge peak ratio and a
shift of the Co Ls peak by +0.4 eV, correlated with the simultaneous growth of a peak at 528.5 eV in the O K
pre-edge. These changes are well-understood to reflect the depopulation of hybridized O2,—TMaq (antibonding)
bands, constituting standard hybridized “TM-0 redox”. By contrast, when charging through the voltage
plateau (4.35V, ‘1’ > 4.60 V, °2°), the TM Ls-edge spectra change minimally: the Co and Mn Ls edges
exhibit some broadening, and there is a small increase of the low energy peak at the Ni L3 edge, suggesting a
surprising reduction of the Ni during charge, which we explain later. By far the most significant change during
the voltage plateau is the growth of a sharp and intense peak at 530.8 eV in the O K-edge spectrum, which
indicates that predominantly Oy, character states are depopulated during the 4.50 V plateau. The differential
spectra in Figure 11-332c clearly show that this feature is distinct from the peak at 528.5 eV, confirming that
the two redox mechanisms are fundamentally different. We therefore refer to the 530.8 eV peak being the
signature of “O redox”.
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Figure 11-332. First Cycle Average STXM-XAS of LMR-NMC. (a) dQ dV-1 of the first cycle showing the voltages at which
samples were harvested for STXM. The samples are pristine (P), 4.35V (1), 4.60 V (2), 3.65 V (3), and 2.00 V (4). Regions
of the dQ dV-1 are shaded to show the hysteresis in the O redox relative to the TM-0 redox. (b) Schematic and spectra
comparing STXM-XAS to various other XAS detection modes (TEY, FY, and fluorescence yield X-ray microscopy, FY-XRM). (c-
f) Spatially averaged transmission soft XAS throughout the first cycle at the (c) O K, (d) Ni Ls, (e) Co Ls, and (f) Mn Ls edges.
Solid traces indicate electrodes harvested during charge, while dashed traces indicate electrodes harvested during
discharge. The red and black traces below each plot indicate the differential spectra between the points indicated.

Understanding the spatial distribution of the spectral changes during the voltage plateau can reveal whether O
redox is a bulk phenomenon and whether it is correlated to changes in the TM L edges, particularly the Ni
reduction, which can in turn give insight into the nature of the oxidized oxygen species. We therefore map the
nanoscale distribution of the Ni Lz- and O K-edge spectroscopy at the single primary particle length scale
during the first-charge voltage plateau. In Figure 11-333 we apply principal component analysis (PCA) and
non-negative matrix factorization (NMF) to a series of STXM spectro-images taken at six intermediate points
along the 4.50 V plateau to identify the end-member spectra that describe the spectroscopic changes. At both
the O and Ni edges, two end-member spectra were identified (Figure 11-333a): the O spectra are essentially
with and without the peak at 530.8 eV, while the Ni spectra resemble Ni** and Ni?*.Using these end-member
spectra, we obtain the average fraction (Figure 11-333b) and nanoscale map (Figure 11-333c) for primary
particles throughout the voltage plateau.
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Figure 1I-333. Spatial Dependence of O and Ni Spectroscopic Response During 4.50 V Plateau. (a) End-member spectra at
the Ni Ls and O K edges throughout the first cycle plateau. (b) Total end-member fractions for each sample used in the NMF
analysis as a function of capacity through the plateau. (c) Nanoscale distribution of the end-members in (a) for primary
particles at different points in the voltage plateau. Scale bar is 500 nm. Right: spectral line-scans of the magnified particle
showing the bulk O oxidation and surface Ni and O reduction. The spectra at the bottom correspond to the near-surface
region and those at the top correspond to the bulk.

From the nanoscale O component maps (Figure 11-333c, top), it is immediately evident that O oxidation occurs
throughout the bulk of the primary particles during the voltage plateau, establishing unambiguously that O
redox is a bulk process in LMR-NMC. On the other hand, the Ni chemical maps (Figure 11-333c, bottom)
reveal that bulk Ni ions remain in a 4+ oxidation state during the plateau. The variation observed in the
average spectrum in Figure 11-332d is in fact due to Ni reduction that is confined mostly to the primary particle
surfaces. Spectral linescans in Figure 11-333c show that the new peak at 530.8 eV at the O K edge is actually
suppressed near the particle surfaces where Ni is reduced. In other words, although Ni reduction and O
oxidation occur simultaneously during the voltage plateau, they are spatially separated. Its prevalence near the
surface suggests that Ni reduction is more likely due to a steep gradient of oxygen non-stoichiometry due to
oxygen evolution or reaction with the electrolyte. This is further confirmed by the redox behavior during the
first discharge and second charge which reveals that discharging to 2.00 V reversibly reduces Mn near the
surface with no change in the bulk. This is consistent with an electrochemically active but oxygen deficient
near-surface structure that approaches the bulk composition within tens of nm. Importantly, oxygen evolution
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is only a minor surface phenomenon during the first cycle of LMR-NMC and does not account for the high
voltage plateau capacity, which is in fact compensated by reversible oxygen anion redox in the bulk.

Having established that oxygen redox is a major bulk phenomenon in LMR-NMC, we next investigate the
nature of the oxidized oxygen species and their role in the unusual electrochemistry and voltage fade of these
materials. We note that the O redox peak observed here (530.8 eV) does not appear at the absorption onset (~
528 eV) but above it. In fact, the O redox state appears above the depopulated TM-O redox state (528.5 eV),
suggesting a switch in their relative positioning after O oxidation. Thus, O redox in LMR-NMC is linked to a
relative reordering of the anion and cation electronic states that cannot be described by a static O?-/O~ redox
couple.

The significant change in the Oy, states after depopulation is further confirmed in Figure 11-334a, which plots
the O K-edge resonant inelastic X-ray scattering (RIXS) obtained throughout the first cycle. RIXS maps the
fluorescence intensity as a function of both absorption and emission energy, revealing the energy distribution
buried in the features observed through STXM-XAS. For the electrode at 4.60 V, however, excitation to the
new unoccupied O redox state at 530.8 eV results in a striking new emission feature at 523.75 eV, which is
clearly distinct from the broad 522-527 eV emission features from the TM-O hybridized states. The distinct
RIXS feature created during the 4.50 V plateau further supports the scenario of reshuffled electron states after
O redox, which cannot be explained by a rigid O%/O~ mechanism.
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Figure 1I-334. Probing the Nature and Stability of Oxygen Redox. (a) RIXS maps at the voltages indicated throughout the first
cycle. The unique emission signature at 4.60 V indicated by the white arrow supports an electronic restructuring associated
with O redox. Right: XAS obtained in the pristine (brown) and fully charged (tan) state during the first cycle for comparison.
(b) RIXS maps acquired before and after the 501st charge on an electrode cycled 500 times at 1C/2C charge/discharge
rate, showing that the reversible oxygen redox feature persists for hundreds of cycles. The voltage curves for the second
and 501st cycles at C/68 (solid) and 2C (dashed) show that most of the capacity fade over 500 cycles is from increased
impedance and overpotential, and that the intrinsic capacity is largely retained.

Furthermore, such a mechanism was previously predicted to be unstable against oxygen evolution in 3d layered
oxides. We therefore investigate the stability of oxygen redox over extended cycling using optimized 18650
cells (Samsung SAIT), which exhibit 94% retention of their low-rate (intrinsic) capacity after 500 cycles at a
1C/2C charge/discharge rate. Figure 11-334b plots the O RIXS maps for the 5015 cycle in the charged and
discharged states. Clearly, a significant fraction of the oxygen anions remains redox active after hundreds of
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cycles. These particles were not protected against oxygen evolution through coating. Thus, our result suggests a
degree of intrinsic anion redox stability in LMR-NMC, further suggesting that the unstable rigid 0%/O-
mechanism is unlikely.

Our RIXS results suggest that O redox can be stabilized against oxygen evolution in LMR-NMC through the
electronic restructuring. We now investigate how that electronic restructuring takes place and its implications
for mitigating voltage fade. Figure 11-333 reveals that the spectra on discharge (4.60 V, 2° — 3.65V, ‘3’ —
2.00V, ‘4”) do not follow a simple reversal of the changes observed during charge. Most notably, whereas

O oxidation took place exclusively above 4.35 V during charge (after the Ni and Co had been fully oxidized to
~ 4+), during discharge the Ni and Co are almost entirely reduced first in the 4.60 — 3.65 V range (‘2 — ‘3°),
with most of the O reduction taking place later in the 3.65—2.00 V range (‘3> —’4’). This massive > 1 V shift
in the O redox voltage is illustrated by the color-coded regions in the dQ dV-! plot in Figure 11-332a. Thus the
sequence of the redox couples (i.e., the order in which electronic states are (de)populated) is inverted after the
4.50 V plateau, consistent with the altered structure and electrochemistry after the first cycle. This agrees well
with our conclusion from XAS that some of the Oy, states depopulated during the plateau are shifted from an
energy below the TM34—0O-; antibonding states to one above them, further confirming the electronic reshuffling
associated with O redox.

Figure 11-335 reveals a clear correlation between the hysteretic O redox and the fraction of TMs in the Li layer
as calculated from Rietveld refinement of synchrotron XRD patterns, suggesting that the electron state
reshuffling arises from a strong coupling between O redox and TM migration. To understand this coupling, we
perform density functional theory calculations using HSEO06 functionals (not shown here). An oxygen that was
initially unoxidized and bonded to three TMs can become doubly-coordinated and oxidized, transferring its
electrons to another O or a TM. The altered coordination environment of the shifted O, states due to TM
migration is consistent with the distinct RIXS signature, while the shifting to higher energy is consistent with
the inverted bulk redox sequence observed by STXM-XAS as well as the strong correlation between oxygen
oxidation state and TM migration observed through XRD.
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Figure 1-335. Plot of the O fractional oxidation state (red) and the migrated TM fraction (green) as a function of capacity,
showing the clear link between hysteresis in the TM migration and voltage hysteresis in the O redox. Error bars indicating
fitting residual and refinement error for the O oxidation state and TM migration fraction, respectively, are smaller than the

data symbols and are therefore not shown.
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Conclusions

We conclude that TM migration is intrinsically coupled to the O redox potential, necessarily causing the
reshuffling of the relative O and TM-O redox potentials. Thus, the O redox mechanism in LMR-NMC cannot
be described as a static O>/O- redox couple, but rather as a dynamic {O% + TM} — {O~ + TMmig} + €
process, where TMig indicates a migrated TM. The substantial change and distribution in the oxygen
coordination environments represented by {O~ + TMmig} modulates the oxygen redox potential and shifts a
large fraction to lower voltage (< 3.65 V) after the first charge.

We propose that this structure-redox coupling is involved in stabi- lizing the oxygen redox couple, which we
observe to persist for 500 cycles in uncoated LMR-NMC despite predictions of intrinsic instability under the
assumption of static structure. Our results suggest that it may be possible to tune the stability and voltage of
anion redox through control of the TM migration pathways. Thus, we suggest a new strategy for designing Li-
rich layered oxides with improved cycling performance whereby the oxygen redox chemistry is tuned through
structural modifications rather than the more common covalency modifications, which typically require
substitution with rare 4d and 5d elements. More broadly, we demonstrate that atomic and electronic structural
evolution during (de)intercalation need to be considered when assessing anion and cation redox chemistry even
in nominally topotactic intercalation electrodes.
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Project Introduction

Lithium-ion batteries are dominant energy storage devices in modern portable electronics, and are
continuously developed for emerging applications in electric vehicles and smart grids. While lithium-ion
batteries have the highest gravimetric and volumetric energy density among all currently available energy
storage technologies, emerging applications require longer cycle life, higher energy density and improved
safety characteristics. Development of optimal electrochemical interfaces between liquid nonaqueous
electrolytes and solid electrodes is needed to successfully extend cycle life and increase energy density.

The challenge for understanding dynamic behavior of solid/liquid interfaces is that many different
electrochemical phenomena occur during charge/discharge cycling. These include parasitic interfacial
electrochemical reactions that involve electrolyte and dissolution reactions that involve cathode materials.

The team led by Dr. Khalil Amine, Dr. Larry Curtiss and Dr. Nenad Markovic at Argonne National Laboratory
(ANL) is developing new approaches to characterize solid/liquid interfaces in lithium ion batteries in order to
develop understanding of interface stability during charge/discharge cycling. This will help to correlate
electrochemical reactivity with composition and structure of electrolytes and electrodes to enable a rational
design of solid/liquid interfaces in lithium ion batteries. This effort will increase energy density, improve
safety and stability for this technology for emerging applications.
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Objectives

This project aims to develop an understanding, at atomic/molecular levels, of the stability of electrochemical
interfaces during charge-discharge cycling and use the knowledge for stabilizing solid /liquid interfaces in
lithium ion batteries. Our goal is to improve the stability of solid/liquid interfaces using insights into the
atomic/molecular processes that limit stability during cycling. The core of this proposal is to identify,
rationalize and understand the dynamics of the dissolution processes of 3d-TM cations in the cathode
materials, the stability of various commercial and highly purified electrolytes comprised of organic solvents,
salts and additives, and the evolution of O, and other gaseous products formed from the electrode material or
the electrolyte during the charging-discharging of the Li-ion battery.

Approach

An integrated program focused on solid-liquid interfaces in Li-ion batteries using state-of-the-art in situ
characterization tools and computational modeling to understand and design interfaces with enhanced stability.
The range of high-end analytical tools include: A three electrode RDE (rotating disk electrode) setup;
Inductively Coupled Plasma with Mass Spectrometry (ICP-MS); Gas Chromatography with Triple Quadrupole
Mass Spectrometry (GC-QqQ) in Headspace sampling mode (HS); Differential Electrochemical Mass
Spectrometry (DEMS). High precision electrochemical measurements in combination with in situ
measurements and characterization are highly suitable to investigate correlation of stability with a number of
electrochemical, structural and compositional properties of the interfaces. Computational methods that provide
reaction energies and barriers as well as structural information at the atomic level will be used to predict and
test possible reactions that affect the stability of solid-liquid interfaces.

Collaborators include Zonghai Chen (ANL), Sanja Tepavcevic (ANL), Pietro Papa Lopes (ANL) and Peter
Apol (ANL), as well as Jun Liu (PNNL) and X. He, Tsinghua University.

Results

High precision electrochemical system characterization of parasitic electrochemical reactions

The home-built high precision electrochemical measurement system is used to characterize the kinetics of
parasitic reactions occurring at the surface of working electrodes as shown in Figure 11-336. In principle, the
half-cells are constant-voltage charged/discharged to a desired potential, and the potential is held at the specific
value for up to 20 hours. Then, the static leakage current is obtained as the indicator of the rate of parasitic
reactions between the working electrode and the electrolyte. In addition, the cells are conditioned in an
environmental chamber, which enables us to measure the kinetics of the parasitic reactions.

We demonstrated our newly developed high precision electrochemical measuring system for stability studies
by revisiting the corrosion (or anodic dissolution) process of aluminum foils in non-aqueous electrolytes. The
measured static leakage current grows roughly exponentially with the applied potential, indicating an ongoing
electrochemical oxidation of electrolyte on the carbon coated aluminum foil. The measured parasitic current
increased exponentially with the holding potential, indicating an electrochemical oxidation of a certain species
as shown in Figure 11-336(c).
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Figure 1I-336. (a) Picture of a 16-channel high precision leakage current measuring system; (b) schematics showing the
connection between the leakage current and the rate of parasitic reactions; (c) evolution of the static parasitic current as a
function of the holding potential for the bare aluminum foil. The electrolyte used was 1.2 M LiPF6 in EC/EMC (3:7 by mass).

We have shown that that this reaction is related to the oxidation of ethylene carbonate.

Revisiting corrosion of aluminum current collector

In order to get insight into the parasitic reactions we carried out XPS analysis for aluminum foils before and
after anodic treatment. The control experiment was carried out with bare Al foil and a weak absorption peak
was observed at about 73 eV. This corresponds to the binding energy of metallic aluminum. The strong peak at
75.6 eV was assigned to a Al,O3 thin film on the surface of the aluminum foil. It shows that as-used non-
aqueous electrolyte with the presence of possibly a trace amount of moisture was not enough to convert the
Al>O3 layer into a more stable passivation layer of AlFs. After anodic treatment at 3.9 V (20 hours), the
absorption peak for Al,O3 at 75.6 eV disappears and a new peak at 77.2 eV appears. This new peak
corresponds to the binding energy of AlFs. A similar result was found for the sample anodized at 4.8 V for

20 h. A depth profile analysis of the XPS results revealed that the sample without anodic treatment was mostly
covered by 15-25 nm of Al,Os; anodic treatment at 3.9 V led to a deposition of about 5 nm of AlF; on the top
of the thinned Al>O3 layer (10—20 nm). Although a substantially higher parasitic current was measured at 4.8
V, no significant change of the thickness of the AlF; layer and embedded Al>Osz was observed. This indicates
that the interface of the aluminum foil was stabilized by the AlF; coating that was electrochemically triggered
by the oxidation of solvent to generate protons on the surface. After repeated cycling between 3.4 and 4.9 V
for five cycles, it was observed that the open gap at about 3.9 V disappeared, primarily due to stabilization of
the aluminum surface. In addition, the open gap associated with the corrosion of Al,Os was pushed to a higher
potential when EC was replaced with fluorinated EC. Also, the gap almost disappeared when both EC and
EMC were replaced with a mixture of fluorinated carbonate and fluorinated ether, indicating that EMC also
plays a major role in Al corrosion. These XPS results support the hypothesis that that the degradation of
aluminum foil at high potentials is a coupled electrochemical-chemical reaction, i.e., the electrochemical
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oxidation of organic solvents such as EC and EMC at high potentials triggers the chemical corrosion of
aluminum foils.

Density functional theory calculations using models representative of current collector’s surface basic groups
indicate that redox potential can decrease even more than that when the proton is transferred to either hydroxyl
(by 1.4 to 2.5 V) or thiol group (by 1 to 2 V) coordinated to aluminum. Larger calculations on either hydroxyl
group or a bridging oxygen site on amorphous alumina models similarly indicate that the alumina promotes the
deprotonation reaction for the radical cation (EC+). We found that the degradation of aluminum foil at high
potentials is a coupled electrochemical-chemical reaction; the electrochemical oxidation of organic solvents at
high potentials triggers the chemical corrosion of aluminum foils.

The role of carbon was further investigated given that carbon is mostly resistive to chemical corrosion in an
acidic environment. A layer of carbon black was deposited on the surface of the aluminum foil. The
electrochemical characterization showed that the static parasitic current measured increased almost 10-fold
(see Figure 11-337a), compared to what was found previously for non-coated aluminum foil. This increase of
parasitic current could be a result of either an increase in the active electrochemical surface area or a decrease
of charge transfer impedance at the interface of the aluminum foil. Considering the high loading of carbon
black physically cast on the sample, the high parasitic current shown in Figure 11-336a must be dominated by
the reduction of charge transfer impedance across the interface due to the carbon coating, which is intended to
protect the aluminum foil from the chemical corrosion in an acidic environment. In addition, graphene with a
low out-of-plane electronic conductivity was also deposited on the aluminum foil. The results showed that the
measured parasitic current was substantially lower than that for the carbon-coated samples but not better than
that for the uncoated sample (see Figure 11-337b). Finally, AIPO4, which is an electronic insulator and also
resistive to corrosion in an acidic environment, was coated on the surface of aluminum foil, and a dramatic
change in the parasitic current was observed with the AIPO4 coating (see Figure 11-337¢). First, the corrosion
window shown at about 3.9 V completely disappeared because the coating layer is really resistive toward
reaction with protons, resulting in a constant charge transfer impedance throughout the whole course of the
potential sweep. In addition, the maximum parasitic current measured for the AIPO4-coated sample was about
50% that of the non-coated sample, implying that a significantly smaller amount of proton is expected at
similar operation conditions. Thus, these results further confirm our hypothesis that the corrosion reaction of
aluminum foil at a relatively high potential is a coupled electrochemical—chemical reaction.
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Figure 11-337. (a) Potential dependence on the static parasitic current for aluminum foil with surface coating of
(a) carbon, (b) graphene, and (c) AIPO4.

ICP-MS measurements of TM dissolution

This methodology allows simultaneous monitoring of charge/discharge process arising from Li de-
intercalation/intercalation in cathode material and the kinetics of transition metal dissolution as a function of
time and potential. Experiments done on a three electrode setup enable identification of electrochemical
currents arising solely from the cathode material. To underpin the instabilities of LiCoO; at higher potentials,
the first-of-its-kind experiment of in situ dissolution of Co monitored by a SPRDE-ICP-MS setup. Our first

I1.D.9 Understanding and Mitigating Interfacial Reactivity between Electrode and Electrolyte (ANL) 629



Batteries

experiments already demonstrated the power of such methodology in gaining fundamental knowledge on
electrochemical interfaces of high energy cathodes, inaccessible by conventional battery testing. With a
stationary probe for coupling to ICP-MS, we can probe the kinetics of intercalation/de-intercalation and
kinetics of 3d-TM ions dissolution simultaneously as a function of time and potential. For example, while up
to 4.2 V de-intercalation of Li is already taking place, we observe significant dissolution of Co only above
4.5V vs Li/Li*, indicative that interplay between charging/discharging processes to corresponding Co
dissolution may occur.

While our first experiments to measure in situ dissolution of Co from LiCoO. under charging as monitored by
a SPRDE-ICP-MS setup served to demonstrate the method, the results shown in Figure 11-338 provided the
first quantitative real-time analysis of cobalt dissolution that happens during charging of LiCoO; in 1.2M
LiPFs in EC:EMC 3:7 electrolyte. We first explored the dynamics of Co dissolution during potential step
transients from 3 V vs Li/Li* to an upper potential limit (UPL) that lasted 300 seconds per step. At each
consecutive step we increased the UPL from 4 V up to 5 V vs Li/Li* in 0.2 V increments. As observed from
Figure 11-338, the first potential step to 4 V was enough to trigger a very small transient of Co dissolution that
quickly decayed to the same level of signal as in the background. Consecutive steps up to 4.2 and 4.4 showed
only this transient behavior as well. However, for potential steps starting at 4.6 V and above it becomes clear
that the dissolution current is composed of the initial transient and additional continuous dissolution kinetics.
While the charging current is of the order of 1 mAcm2 at 4.6 V, the respective Co dissolution current is 3
orders of magnitude smaller, indicating that any degradation process that involves cobalt dissolution is only
happening at the surface of the material and is not a bulk process as intercalation/de-intercalation.
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Figure 1-338. (left) In Situ ICP-MS results of Co dissolution upon electro-chemical polarization using the SPRDE system.
Working Electrode: LiCo02/C/PVDF. Electrolyte: 1.2M LiPF6 in EC:EMC (3:7 by mass); (right) Total amount of Co dissolution
upon electro-chemical polarization using as monitored by the SPRDE-ICP-MS system.

In order to gain deeper insight on how much of Co dissolved after the potential steps, Figure 11-338 (left shows
the total amount of Co dissolution, obtained as the area under the dissolution curve shown in Figure 11-338
(right), as a function of the upper potential limit. While the trend of increasing dissolution with increasing UPL
is clear, the amount of Co dissolved reveals the importance of surface processes in battery stability dynamics.
Even though the Co dissolution transients that were observed at 4 V are small, the amount of cobalt loss
represents a significant portion of the electrode surface (a few percent), which helps to understand why there
would be a loss of electrical contact between different particles as their surface are evolving after multiple
cycles. Therefore, our unigue capability for monitoring in situ dissolution of TM from battery cathodes can
provide deeper understanding on the fundamental processes responsible for performance degradation in Li-ion
batteries.
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Conclusions

During the past year we have demonstrated use of high precision electrochemical system characterization of
parasitic electrochemical reactions by revisiting corrosion of aluminum current collector. We have shown that
the corrosion reaction of aluminum foil at a relatively high potential is a coupled electrochemical—chemical
reaction. We have also shown that the maximum parasitic current measured for the AIPOs-coated sample was
about 50% that of the non-coated sample, implying that significantly smaller amounts of protons are expected
at similar operation conditions.

The first-of-its-kind experiment of in situ dissolution of Co monitored by a SPRDE-ICP-MS setup
demonstrates simultaneous monitoring of charge/discharge process arising from Li de-
intercalation/intercalation in cathode material and the kinetics of transition metal dissolution as a function of
time and potential. We have shown that at 4.6 V, any degradation process in LiCoO; that involves cobalt
dissolution is only happening at the surface of the material and is not a bulk process as intercalation/de-
intercalation.
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1. “Revisiting the Corrosion of the Aluminum Current Collector in Lithium-lon Batteries,” Tianyuan Ma,
Gui-Liang Xu, Yan Li, Li Wang, Xiangming He, Jianming Zheng, Jun Liu, Mark H. Engelhard,
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Project Introduction

The next-generation lithium ion batteries are expected to use lithium metal-based anodes, which offer low
reduction potential and superior specific capacity. The biggest drawback preventing widespread usage of
lithium metal anodes is the formation of dendrites over multiple cycles during operation at higher current
densities. Insight gained from this project will provide guidance in designing solid polymer electrolytes (or
protective layers) that prevent the growth of dendrites on lithium metal.

At the end of this project, a mathematical model will be developed that can capture the mechanical stress field,
concentration and potential profiles around a dendritic protrusion. This model will allow estimation of the
propensity for growth of such a protrusion and provide guidance in the design of solid polymer electrolytes (or
protective layers) for the prevention of lithium dendrites.

Objectives

The goal of this project is to develop a continuum-based mathematical model to (i) investigate the impact of
mechanical stress on the growth of dendritic protrusions and (ii) elucidate the competition between transport
and mechanical means for preventing dendrite growth. Effectiveness of protective layers in preventing the
growth of dendritic protrusions will also be studied. The main focus of this project will be to develop a
microscale model that can capture the mechanical stresses and transport processes within lithium metal and
adjacent electrolyte and/or protective layer. Impact of surface energy on growth of dendrites will be
investigated. Possibility of plastic deformation within lithium metal and/or solid electrolyte material will also
be elucidated along with its effect on propagation of dendrites. Propensity of fracture within the solid
electrolyte interface layer (or the protective layer) and its impact on dendrite growth will be explored.

Approach

The present work examines the propensity for growth of a dendritic protrusion on a lithium metal electrode.
Operation at low as well as high current density has been considered. Elastic-plastic deformations of both
lithium metal and PEO-based polymer electrolyte have been taken into account. To capture the correct
mechanical deformation of the lithium metal anode, dendritic protrusion and polymer electrolyte, the
momentum balance (equilibrium) equation has been solved throughout the system. For estimation of the
current distribution, the primary current (due to potential gradient), secondary current (due to electrode
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kinetics), and tertiary current (due to concentration gradient) have been calculated. This requires solving the
charge and mass conservation equations coupled with the nonlinear Butler-Volmer electrode Kinetics relation.
During the charging process, lithium gets reduced at the metal anode. Since lithium gets plated on top of the
electrode, no lithium transport equation needs to be solved within the lithium metal anode phase. However,
charge transport within the electrolyte and the metallic anode phase must be determined. Also, local charge
neutrality must be satisfied everywhere to ensure no accumulation of electric charge anywhere within the
electrolyte or metallic lithium. This is accomplished by setting the time-dependent accumulation terms to zero
within the charge transport equations.

To estimate whether a dendritic protrusion will grow into a complete dendrite or not, the reaction current at the
peak (ipeak) and the valley (ivaiey) is determined. The magnitude of reaction current is calculated using the
modified version of the Butler-Volmer equation, which has contributions from both the mechanical-stress and
concentration-overpotential induced components:

iw(x) = exp(anApe_ / RT) ~Fk:‘ (kﬂcz )a" [exp(aﬂF /] / RT) - exp(— a Fn / RT)] 1)

Here, ka and kc are the anodic and cathodic reaction rate constants, and o, and o, are the anodic and cathodic
transfer coefficients, respectively. Also, Aue. indicates the electrochemical potential change induced by
mechanical stresses and surface curvature effects. Moreover, F denotes Faraday’s constant, R denotes the
universal gas constant and T signifies the local temperature on the Kelvin scale. For the reduction of lithium
ions at the lithium metal anode, the anodic and cathodic rate constants are assumed to be equal (ka=kc). Also,
the anodic and cathodic transfer coefficients have been assumed to be equal for reduction of lithium metal by
several other researchers, so that aa=0.=1/2. The magnitude of over-potential at the lithium-electrolyte
interface is estimated as #=¢s-¢e-ULi, which takes a negative value during the reduction process. Here, ¢s and
¢e indicate the solid phase potential and electrolyte phase potential, respectively. The open circuit potential for
lithium metal has been denoted by Uy, which is taken to be zero.

If the reaction current density at the peak of the protrusion is greater than that at the valley (ipeak>ivaiiey),
dendrites can grow. Otherwise, under the condition that ipeak<ivaliey, relatively flat lithium deposits would form.
Here, propensity of dendrite growth will be analyzed based on the ratio of current at the peak and the valley.

Since the stress values around the dendritic protrusion appear within the modified Butler-Volmer relation (see
Eqg. (1)), mechanical deformation of lithium metal and polymer electrolyte must be determined appropriately.
Since mechanical equilibration occurs at the speed of sound, it is much faster than the chemical reactions that
occur at the lithium-electrolyte interface. Hence the quasi-static equilibrium equation, derived from the
momentum balance relation, should be solved to capture the stress field. Also, under the application of
sufficiently large tensile or compressive loads, all bulk materials deform in an elastic-plastic fashion. Lithium
metal and polymer electrolytes are no exception to that. Hence, to determine the appropriate stress field around
a dendritic protrusion, the exact elastic-plastic nonlinear stress-strain constitutive relations must be taken into
consideration. To describe the elastic portion, Young’s modulus (ELi and Epeo) and Poisson’s ratio (vi and
vpeo) are sufficient. These are readily available in the literature for both lithium metal as well as PEO-based
polymers. Characterizing the plastic deformation of lithium and the polymer electrolyte is more challenging. In
the present context, a nonlinear hardening law has been. For both lithium metal and polymer electrolyte, the
magnitude of the yield stress changes according to an isotropic strain hardening law.
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Results

It has been observed in several experiments that dendrite growth in lithium metal can be prevented to some
extent by the application of mechanical stress. However, how the stress field prevents the growth of dendrites
has not been studied extensively. Newman et al., have published two articles investigating the stress state and
subsequent deformation of lithium metal and the adjacent electrolyte phase (JES (2005) A396 and JES (2014)
A1350), in which they considered lithium electrodes in a pre-stressed state. They found that prevention of
dendrite growth by mechanical means is only possible by using electrolytes with shear modulus at least two
times larger than that of lithium metal. The pre-stressed condition led to severe dendrite growth even during
operation at extremely low current densities. The present study assumed that the lithium metal begins in a
relaxed state. A schematic diagram of the pre-stressed and relaxed condition is shown in Figure 11-339.

Scenario A: Pre-stressed Lithium Scenario B: Relaxed Lithium

(b)

Compressive stress
acts on electrolyte.

Tensile stress
acts on lithium.

Compressive stress

acts on lithium metal,
electrolyte and

deposited lithium.

Figure 1I-339. (a-c) According to the pre-stressed lithium scenario, tensile stresses act within lithium metal and compressive
stresses act inside electrolyte. (d-f) Relaxed lithium assumes stress-free condition for lithium metal and electrolyte. When
fresh lithium gets deposited, bulk lithium metal, electrolyte and the newly deposited lithium experience compression.

Detailed simulations have been conducted to estimate the deformation and stress generation in a lithium metal
protrusion and adjacent electrolyte for different shear modulus of the electrolyte phase. An electrochemical
potential term has been defined that incorporates the impact of mechanical stress and surface tension into the
effective exchange current density. Figure 11-340(a-c) demonstrates that during operation at low current
density, initially relaxed lithium does not lead to any dendrite growth, whereas the pre-stressed lithium leads
to severe dendrite formation, which is not typically observed experimentally. Hence, for all subsequent
analysis, lithium metal in an initially relaxed condition will be considered.
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Figure 1-340. (a-b) Variation in effective exchange current density around the dendritic protrusion. If the current at the peak
is greater than that at the valley, dendrites grow. (a) For pre-stressed lithium. (b) For initially relaxed lithium.(c) Ratio of the
effective exchange current density at the protrusion peak over that at the valley. For initially relaxed lithium, dendrite
growth never occurs at low current operation.

Several researchers have argued that growth of dendritic protrusions during deposition of lithium metal can be
prevented by the application of externally applied mechanical stress. This possibility is explored in the present
project. In the first quarter, it was determined that the components of typical Li/solid electrolyte/Li cells are in
stress-free states prior to assembly, which has significant implications for the evolution of tensile and
compressive stress at the lithium-electrolyte interface. Work in the second quarter has built on this finding to
investigate the effectiveness of a PEO-type polymer-based electrolyte in preventing the growth of dendritic
protrusions. This has demonstrated that plastic deformation of lithium metal and polymer electrolyte must also
be considered. Figure 11-341(a) depicts the computational mesh for lithium metal with a dendritic protrusion
and a PEO-based electrolyte, before and after cell assembly. Figure 11-341(b) demonstrates that, under the
assumption of only elastic deformation, the compressive stress that evolves within the lithium and polymer
greatly exceeds the yield limits in both regions, over much of the interfacial region. Hence, proper elastic-
plastic stress-strain constitutive relations must be used to correctly predict the hydrostatic and deviatoric
stresses within the lithium and polymer regions.
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Figure 11-341. (a) Lithium and polymer electrolyte regions (i) before assembly and (ii) after the regions are fully in contact.
Both lithium and polymer have deformed plastically. (b) Stresses within lithium metal and polymer electrolyte regions under
the assumption of only elastic deformation. The stresses exceed the elastic limits across much of the domain.

Nonlinear, isotropic elastic-plastic constitutive models including strain-hardening have been adopted to capture
the stress-strain relationships observed in lithium metal and PEO-based polymers. Comparisons between the
experimental data (obtained from literature) and the computational models for lithium and pure PEO are shown
in Figure 11-342(a) and Figure 11-342(b), respectively. The ratio of effective exchange current densities at the
protrusion peak and valley as a function of the electrolyte shear modulus is shown in Figure 11-342(c), with the
model including plasticity clearly predicting a much smaller current ratio.
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stress-strain curve for PEO polymer and corresponding numerical model. (c) Ratio of effective exchange current density at
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Figure 1I-343. Concentration and potential contour within the electrolyte around the dendritic protrusion at high and low
rates of current. Potential in lithium metal remains extremely close to zero. (a) Potential contour for iapp = 0.0Liiim.
(b) Concentration contour for iapp = 0.01iiim. (¢) Potential contour for iapp = 0.9iiim. (b) Concentration contour for iapp = 0.9iiim.
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In a lithium ion battery, formation of lithium dendrites depends significantly on the distribution of potential
and salt concentration within the electrolyte, which is again affected by the applied current density. The total
reaction current around the dendritic protrusion should be estimated according to the Butler-Volmer equation.
As shown in Eq. (1), The first exponential term is the mechanical-stress factor and the remaining portion is the
conventional Butler-Volmer expression. Mass transport and charge balance equations have been solved in the
electrolyte and the lithium metal. Figure 11-343(a-d) shows the potential and concentration contours observed
at low and high current density operations within electrolyte around the dendritic protrusion.

Variation in reaction current density from protrusion peak to valley has been shown in Figure 11-344(a), by the
black lines, for two different applied current densities (circle — high current, and square — low current). The
reaction currents have been normalized with respect to the current density at the protrusion peak. Relative
contribution from the mechanical-stress factor (blue line) and the concentration-overpotential factor (red line)
has also been demonstrated. Figure 11-344(b) depicts the reaction current ratio between protrusion peak and
valley for different applied current densities. Present analysis indicates that, with polymer electrolytes, no
dendrite growth should occur for applied current less than 40% of the limiting current. Model predictions are
also consistent with experimental observations adopted from Brisot et al. (Journal of Power Sources (1999)
81-82 925-929).
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Figure 1I-344. (a) Distribution of reaction current from the peak to the valley at two different applied current densities.
(b) Reaction current ratio between protrusion peak and valley for different applied current densities. Model predictions are
consistent with experiments.
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Figure 1-345. (a) Impact of stress -factor and current - distribution -factor on the overall reaction current density.
Electrolytes with shear modulus 20 times larger than that of lithium may prevent dendrite growth. (b) Phase map
demonstrating the correlation between applied current density and electrolyte shear modulus on lithium stabilization.
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In the fourth quarter, we investigated the impact of electrolyte modulus on dendrite growth by incorporating
elastic-plastic deformation of both metallic lithium and polymer electrolyte. A modified version of the Butler-
Volmer equation has been adopted from existing literature that takes into account the impact of mechanical
deformation induced strain energy. This expression has been used to determine the reaction current at the
lithium/electrolyte interface. The two components of the Butler-Volmer equation are as follows: (i) The
“mechanical stress factor” that takes into accounts the impact of strain energy and surface curvature effects,
and (ii) The “current distribution factor” that takes into accounts the effect of concentration and potential
distribution within the electrolyte. Figure 11-345(a) compares the impact of mechanical stress induced
component and the current distribution induced component of the Butler VVolmer equation on the ratio of total
reaction currents between the protrusion peak and the valley. Mechanical stress always tries to prevent the
dendrites, whereas, the current distribution helps in growth of the dendritic protrusion. The combined effect
clearly indicates that electrolytes with shear modulus 20 times larger than that of lithium, may be able to
prevent the growth of dendritic protrusions. Figure 11-345(b) shows a phase map between applied current
density and electrolyte shear modulus, where the domain of stable lithium deposition has been clearly
pointed out.
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Figure 1-346. (a) Effect of elastic-plastic deformation of both lithium metal and electrolyte on the overall suppression of the
dendritic protrusion. (b) Increasing yield strength of the electrolyte may help to prevent dendrite growth even with present
day polymer electrolytes.

Impact of elastic-plastic deformation experienced by both lithium metal and polymer electrolyte on the
suppression of dendritic protrusion has been demonstrated in Figure 11-346(a). For intermediate modulus
electrolytes, where plastic flow of lithium occurs along with elastic deformation of the electrolyte provides the
maximum suppression of dendritic protrusion. Following this realization, if we can improve the yield strength
of the present day polymers by approximately three times, prevention of dendritic protrusion may be possible
(see Figure 11-346(b)).

Conclusions

A detailed computational methodology have been developed as part of the present research effort that can
predict the elastic-plastic deformation and subsequent stress evolution within both lithium metal and adjacent
solid electrolyte. Corresponding impact on the protrusion height (due to plastic flow of lithium) and reaction
current density at the peak and the valley have been investigated. The mass transport and charge conservation
equations have been successfully solved to determine the propensity of lithium dendrite growth under the
influence of mechanical stress. It has been realized that there should exist critical current densities below
which dendrite growth in polymer electrolytes will not occur. Also, yield strength of lithium metal and solid
electrolyte (polymer in the present case) has significant impact on the overall growth of dendritic protrusions.
Increasing the yield strength of present day low modulus polymer electrolytes can potentially lead to dendrite
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free lithium deposition. The developed computational model can be easily extended to understand the impact
of external pressure on the overall lithium dendrite growth process. Also the impact of transport parameters,
such as, electrolyte conductivity, diffusivity and transference number, on the propensity of dendrite growth can
be estimated using the developed computational model. One major drawback of the present model is the
inherent assumption of homogeneous material parameters. Propensity of dendrite growth in solid state
electrolytes with inhomogeneous grain-interior/grain-boundary microstructure cannot be captured using the
present model.
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Project Introduction

This project supports VTO’s programmatic goal by developing next-generation, high-energy cathode materials
and enabling stable cathode operation at high voltages through target particle morphology design, functional
coatings and rational design of electrolytes.

During the last two years, we have focused on understanding the origin of performance limitations of Li-excess
Mn-rich layered cathodes which have attracted the attention of the community due to their high capacity. We
choose the end-member Li2MnOs as a representative, ‘worst-case’ Li-rich and Mn-rich phase for our modeling
work. In previous years, we investigated the bulk structure and the Li intercalation mechanisms, which in these
materials includes inter-layer as well as intra-layer migration pathways. Interestingly, we found evidence of
excellent Li mobility in these materials, which points to other mechanisms for the overall observed poor rate
capability. Seeking the diffusion bottleneck elsewhere, we charted the particle morphology for pristine
Li>MnQO3 and found that all majority surfaces are prone to spontaneous, increasingly drastic oxygen evolution
as a function of delithiation. This oxygen release is likely strongly related to surface phase transformation,
surface densification and resulting impedance of Li intercalation into the material. Hence, in 2017, our
research efforts focused on protecting the LioMnOs particle surface from oxygen release, which can be
achieved e.g., by coatings or surface dopants. As a first attempt, we examined the possibility of using surface
doping to enhance oxygen retention at the particle surface, using high-throughput first-principles calculations
covering 38 elements spanning all transition metal, the post-transition metal, and metalloid elements.

Objectives
o New fundamental understanding of the cathode/electrolyte interface and the factors that control the
interfacial chemistry and interfacial impedance

o Critical surface and coating design and optimization strategies that will improve cycling of LIB cathodes
o Understanding the factors that govern stability in non-aqueous electrolytes for Li-ion and Li-S systems

Approach

o Determine matrix of candidate surface dopants for improved oxygen stability through literature search
and first principles calculations.

o Evaluate dopant affinity within the surface and bulk LiMnOs.
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e Screening a range of dopants on the dominant and sub-dominant surfaces.
o Identify most promising dopants.

This research used resources of the National Energy Research Scientific Computing Center, a DOE Office of
Science User Facility supported by the Office of Science of the U.S. Department of Energy under Contract No.
DE-AC02-05CH11231.

Results

To identify the most efficient dopant, we investigated 38 elements containing all transition metal, the post-
transition metal, and metalloid elements. We assume, for efficiency, that the dopant element would be added
during the synthesis of the cathode material. We designed our screening following three selection Tiers:

1. Promotion of dopants that preferentially segregate towards the surface comparing defect formation
energies between the surfaces and bulk (Figure 11-347).

2. Elimination of dopants that have a strong driving force to form secondary impurity phases instead of
residing within the cathode material (Figure 11-348).

3. Promotion of dopants that increase oxygen retention at the surface of the cathode particle, by calculating
the oxygen release energy difference between the doped surface and the pristine surface (Figure 11-349).
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Figure 11-347. lllustration of the initial screening process including the range of considered elements and the preference of
surface dopant occupancy to enhance oxygen retention at the surface.

All stable facets including two dominant surfaces ((001) and (010) and two sub-dominant surfaces ((100),
(110), and (111)) of LixMnQOg3 were included in each calculation. In the first Tier, we examine the defect
segregation energy defined as:

Es = AEbulk _ ppsurface
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Where AEP“¥ represents the energy difference between the doped and undoped bulk, and AES¥T/a¢€ shows the
equivalent quantity for surface. Hence, a positive Es indicates a dopant which preferentially occupies the
surface. Our calculations show that the defect preferences depend somewhat on the specific surface chemistry
and morphology. For example, Co generally prefers to reside in the bulk as compared to the surface, yet the
(001) surface is less preferred than e.g., the (110) surface. Therefore, optimal candidate dopants segregate to
the surface for all dominant facets.
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Figure 1-348. The defect formation energy of each stable surface facet as compared to the bulk, covering defect transition
metal, post-transition metal, and metalloid elements.

To eliminate dopants that have a strong preference towards forming undesirable impurity phases, the dopant
defect formation energy is examined as;

Eg — (AEtarget +Ebulk) _ E%ﬁl

where AE'%79¢t represents the energy difference between the doped and undoped target system, EP%* the bulk
energy of Li-MnOs, and EMF, the energy above the convex hull of the composite system. The Entf); values are
listed in the public open database (MaterialsProject.org) and represent the most likely impurity phases that
would form under the conditions where LizMnOs is formed. All surface defect formation energies exhibit
positive numbers which indicate a metastable surface doping process. Consistently, most of the surface defect
formation energies are lower than the comparative bulk (green dashed line in Figure 11-348). Dopants with
limited tendency to form impurity phases are those with lower positive defect formation energies.
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Figure 1-349. The relative surface oxygen release energy for the top 10 candidate dopants as compared to the pristine
systems shown for representative (001) and (010) surface facets. A dark yellow color indicates stronger oxygen retention,
while a purple color indicates less protection against oxygen release as compared to the pristine, undoped surface.

The top 10 candidate dopants selected through Tier 1 and 2, are Os, Sb, Ti, Ru, Ir, Fe, Ta, Nb, Cr, and Al. In
the final Tier 3, we calculate the oxygen evolution energy difference between the doped surface and the
pristine surface. We define the relative oxygen release energy as;

&~ _ pdoping _ mpristine
AE, = E§ E?

Figure 11-349 shows AE, of the top 10 candidate dopants obtained from the two first selection criteria. Here,
AEo is provided for the (001) and (010) surfaces as the two dominant surfaces of LixMnOs, The oxygen
evolution energy of the pristine surface E5"*“"“was defined in our previous work using the slab vacuum
mode. Each color in Figure 11-349 represents the relative oxygen evolution energy as compared to the pristine
surface, therefore, yellow (purple) colors indicates an improved (decreased) oxygen retention relative to the
pristine surfaces. The underlying atomistic reason for the improved the oxygen retention can be understood by
elucidating the influence of the dopant on the local electronic structure at the specific surface facet. We found
that a strong hybridization between the oxygen p-orbitals on the surface and the surface defect d-orbitals
promotes strong binding and hence oxygen retention. In Figure 11-349, yellow colored elements exhibit strong
electron energy hybridization.

In summary, our 3-Tier screening identified Os, Sb, Ru, Ir and Ta as optimal candidate dopants to be added
during synthesis of Li-excess, Mn-rich cathode materials for improved surface oxygen retention. It should be
noted that the higher concentration of the dopant at the surface, the better oxygen retention is expected.
Exciting recent results from LBNL BMR co-Pls Chen and McCloskey confirm the ability of Ta doping to
enhance oxygen retention of Li-excess, Mn-rich cathode materials.
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Conclusions

Early cycle cathode degradation in Li excess cathode materials is correlated with spontaneous surface oxygen
evolution, which causes densification of the surface and deteriorated transport. Hence, to address this issue, we
computationally screened the periodic table for surface dopants to enhance surface oxygen-retention in Li-
excess Mn-rich cathode materials. Using our three-tier screening process, we identified Os, Sb, Ru, Ir, Ta as
optimal candidate dopants in representative, model material LixMnOs. As validation and verification, Ta-doped
disordered Li-excess cathodes are being evaluated by co-PI Chen and McCloskey.

Key Publications

1. Yongwoo Shin and Kristin A. Persson, “Surface Morphology and Surface Stability against Oxygen Loss
of the Li-excess Layered Cathode Material”, MRS Fall Meeting November 30th 2016, Boston MA

2. Predicting and Understanding Novel Electrode Materials From First-Principles, by Yongwoo Shin and
Kristin A. Persson, AMR 2017, Washington
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Project Introduction

It was recently demonstrated that cathode materials based on Li-excess disordered transition metal oxides
(LEX-RS) can deliver high capacities and sustain efficient Li transport provided Li is in an excess of at least
10% with respect to the transition metal concentration, creating a network of 0-TM channels through which Li
can diffuse [1,2]. While only a small subset of TM species (Mn, Ni, Co) stabilizes the conventional layered
oxide structure, compositions that form cation-disordered compounds comprise a larger TM compositional
space, including Ti, V, Cr, Fe, Zr and Nb. Besides the increased design space, cation disorder is also beneficial
for structural stability upon extended electrochemical cycling, as disordered structures undergo smaller volume
changes upon Li extraction than layered structures [1]. The high capacity generally observed for LEX-RS
oxide cathodes relies on oxygen redox processes which can cause oxygen loss near the surface of the particles.
This results in the creation of high impedance surface layers and large polarization of the voltage profile,
leading to poor cycling performance [3]. By contrast, reversible oxygen redox processes have the potential to
enable high energy density by delivering excess capacity beyond the theoretical transition metal redox capacity
at a high voltage. We have found that specific chemical and structural features in Li-excess metal oxides
introduce labile oxygen electrons that can be easily extracted and participate in the practical capacity of these
materials [4].

The development of percolation theory for LEX-RS has proven to be powerful for finding novel Li-ion
cathode materials with high capacity and energy density. Recently, we succeeded in designing a new class of
Li-excess cation disordered Li-Ni-Ti-Mo oxides that delivers up to 250 mAh/g and 750 Wh/kg at 10 mA/g [5].

Objectives

Develop very high capacity layered cathodes with high structural stability (>250 mAh/g) and high surface
stability. Clarify the role of the initial structure as well as that of structural changes upon first charge and
discharge. Clarify the role that Li-excess and cation disordered play in capacity and structural stability.
Develop predictive modeling of oxygen charge transfer and oxygen loss and find ways to make oxygen redox
beneficial in terms of increasing capacity. Develop materials with engineered surface passivation which does
not lead to impedance increase. Study the effect of fluorination on electrochemical performance.

Approach

A combination of first-principles computations and experimental synthesis/characterization are used to
evaluate existing and novel materials. Voltages and intercalation curves are calculated with GGA+U, and if
highly accurate results are required hybrid functionals (HSE) are used. Phase diagrams are calculated with the
Materials Project infrastructure based on high-throughput computations. Configurational disorder for elevated
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temperature and off-stoichiometry is modeled with either point defect models (when off-stoichiometry is
small) or with the cluster expansion for larger disorder. lon mobility is evaluated with the Nudged Elastic Band
Method or with direct Molecular Dynamics Simulations. Thermal stability is investigated with the approach
developed previously under this program. Some of the computational work is performed in collaboration with
Persson and with the Materials Project. Work on Li-excess layered materials is done in coordination with
Persson (computational) and with the experimental efforts in the BMR Program (e.g., Chen).

Results

Computational approach to predict cation disorder and synthesis temperature

Owing to the large number of possible constituents it is practically infeasible to scan all possible compositions
for their stability, and thus concrete design guidelines are required. We have recently demonstrated that high-

throughput computations allow for the systematic screening of select composition spaces [6], but a qualitative
understanding of the origin of cation disorder is desirable.

According to the Hume-Rothery rules, a species is likely soluble in a metal if the atomic sizes are within about
15%. We find that, in Li-TM oxides, similar cation radii are also a requirement for stable cation-disordered
structures, but this alone is not a sufficient criterion. Even small ionic radius differences give rise to distortions
of the octahedral TM sites that affect the stability.
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Figure 11-350. Maximal TM site distortion relative to the original bond lengths in ordered LiTMO2 ground state structures and
in cation-disordered LiTMO2 structures. Contribution of the four symmetry-breaking normal modes, v2 through vs, to the site
distortions are shown.

Figure 11-350 shows the magnitude of the maximal TM site distortions in ordered LiTMO2 ground state
structures and special quasi-random structures (SQS) for all first- and second-row TMs except Mn and Tc. The
site distortions are decomposed in contributions from the four symmetry-breaking normal modes of the
octahedral point group. As seen in the figure, disordered structures generally exhibit distortions in all four
modes whereas distortions of types v2 and v5 are small in most of the ordered structures. Depending on the
electronic configuration of the TM species, these additional distortions may give rise to large energy penalties.
In fact, it can be shown that only TM cations with d° configuration are insensitive with respect to the mode of
distortion. As a consequence, in compositions containing at least one d® TM species (Ti**, Nb*, Ma®*, etc.),
sites occupied by the d° species may absorb the distortions required to stabilize the structure (Figure 11-351).
This conceptual understanding takes us one step closer to the rational design of new cation-disordered cathode
materials for Li-ion batteries.
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single atomic structure. The error bars indicate the range of distortions for all sites of one TM species within that structure.

Investigate O K-edge XAS for cation disordered Li1.25xMno.sNbo.2502

Our theoretical study shows that specific chemical and structural features in Li-excess metal oxides introduce
labile oxygen electrons that can be easily extracted and participate in the practical capacity of these materials.
In this project, we investigated O K-edge XAS for cation-disordered Li1.25-xMno sNbo 2502 using first principles
calculation.
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Figure [I-352. Atomic structure of Li1.25xMno.sNbo.2502 and its various oxygen local environments.

To prepare the atomic structure of cation-disordered Li1.25sMngsNbo.2502, all possible cation arrangements
within the primitive unit cell of LisNbO4 were created by an enumeration method. The lowest energy structure
of this material was determined from the GGA+U energies of fifty cation arrangements with low electrostatic
energies. Figure 11-352 represents the atomic structure of the most stable structure of Li1.25MngsNbo.2502,
showing that it has various oxygen local environments.

The HSEOQ6 hybrid functional was adopted to describe the relative energy level of metal and oxygen states
accurately. The Z+1 approximation was employed to treat the core hole effect of XAS. O K-edge XAS of all
individual oxygen atoms in Li1.2sMno.sNbg 2502 and Lig.7sMnosNbo.2s02 were calculated and summed to obtain
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the total O K-edge XAS. The resolution of the computed spectra was reduced by convolution with Gaussian
distribution and 1 eV of full width at half maximum (FWHM) to consider instrumental broadening of XAS.
Computed and experimental spectra were aligned at the first peak to be comparable. Computed O K-edge XAS
of Li1.25MngsNbo.2s02 and Lio.7sMno sNbg 2502 are in a good agreement with experimental ones, as shown in
Figure 11-353, validating the method used for computing O K-edge EELS spectra. The small discrepancy
between computed and experimental XAS may be attributed to a slightly different composition.
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Figure 11-353. Computed O K-edge XAS of Li1.25xMno.sNbo.2502 (x = 0 and 0.5).

Design of Li-excess cation disordered Li-Ni-Ti-Mo oxides

We have designed a new class of Li-excess cation disordered Li-Ni-Ti-Mo oxides that delivers up to 250
mAh/g and 750 Wh/kg at 10 mA/g. To understand the origin of this remarkable performance, we applied a
combination of in-situ X-ray diffraction (XRD), X-ray absorption near edge spectroscopy (XANES), electron
energy loss spectroscopy (EELS) and electrochemistry, to elucidate the oxidation mechanism for a
representative compound of that class, the Li12Ni1zTiisMo021502 composition. Based on this detailed
characterization, we were able to distinguish between Ni2*/Ni3* oxidation, oxygen loss, and oxygen oxidation
as separate redox processes, demonstrating the relationship of oxygen loss and capacity fading.

We obtained Liz+x100Ni12-x120 Ti12-x120M0x15002 (X = 0, 5, 10, 15, 20) compounds, in the following referred to
as LNTO and LNTMOx (x=5, 10, 15, 20), by traditional solid state synthesis. Figure 11-354 shows the cycling
performance of these materials (1.5-4.5 V, 20 mA/g), showing an increasing capacity with Li content. As seen
in Figure 11-354a, LNTMO20 delivers much higher capacity (~230 mAh/g) and energy density (~680 mAh/g)
compared to LNTO (~110 mAh/g, ~350 Wh/kg). More importantly, we note that the capacity of LNTMO20
significantly exceeds the theoretical Ni?*/Ni** capacity (=201.6 mAh/g), indicating other active redox couples
in LNTMO20. The material also exhibits some capacity fading upon cycling, as shown in Figure 11-354b.
Motivated by these observations, we studied the oxidation mechanism and capacity fading with in-situ XRD,
XANES, and EELS.
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Figure 11-354. (a) The first-cycle voltage profiles of LNTMO compounds. (b) Capacity evolution over 20 cycles.
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Surprisingly, our XANES results show that only the Ni%*/Ni®* redox couple is accessed, and Ni®* is not
oxidized further to Ni**, which accounts for around 110 mAh/g of the charge capacity. The remaining capacity
has to originate from oxygen activity, i.e., either from oxygen loss or from reversible oxygen oxidation. As
shown in Figure 11-355a, charged to ~ 215 mAh/g, i.e., beyond Ni?*/Ni®* oxidation, the lattice constant barely
changes, indicating oxygen loss from the electrode surface. Finally, charging beyond ~215 mAh/g gives rise to
a decrease of the lattice parameter, as oxygen oxidation contracts the oxygen framework by reducing the size
of the oxygen ions.
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Figure 1-355. (a) DEMS study of LN20 when charged to 4.8 V and discharged to 1.5 V at 20 mA g1, along with the DEMS
results on O2 (red circle) and CO2 (blue triangle). (b) lllustrations of a LNTMOZ20 particle before and after oxygen loss.

With this insight, the capacity fading on discharge can be attributed mainly to irreversible oxygen loss. From
the differential electrochemical mass spectroscopy (DEMS) results shown in Figure 11-355a, we can observe
some amount of oxygen gas evolution at highly charged state (above 4.2 V). When oxygen is released from the
particle surface, either oxygen vacancies or under-coordinated TM ions at the surface may diffuse into the
bulk, creating new surface phases rich in TM. After such surface densification, the Li content drops below the
percolation threshold (~9% excess), and Li diffusion through the surface is no longer facile, causing the
capacity fading. Currently, we are working on fluorination to reduce the irreversible oxygen loss so that
capacity retention can be enhanced.

Fluorination of Li-excess disordered (rocksalt) transition metal oxides

Our comparative study of the disordered oxides Liy.15Nio.375Tio.375M00.102 (LN15) and
Li1.2Nio.333Ti0.333M00.13302 (LN20), with fluorine-substituted Li1.15Nio.45Ti0.3M00.101.85F0.15 (LNF15) [3]
showed that, since fluorine substitution allows for more Ni?* in the as-prepared material, it increases the metal-
based redox reservoir of the cathode, reducing oxygen (O) redox and therefore O loss from the lattice on
charge, and leading to significant improvements in electrochemical performance.

We performed TEM energy dispersive spectroscopy (TEM-EDS) to prove that fluorine is substituted in the
bulk disordered lattice instead of forming secondary phases at the surface of the particles. As shown in
Figure 11-356 a, EDS mapping reveals a uniform distribution of fluorine in the LNF15 particle.
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Figure 1-356. (a) EDS mapping on one area of a LNF15 particle. Scale bars, red: 100 nm, blue: 25 nm. (b) 1°F spin echo
NMR spectra obtained at 30 kHz MAS for LNF15 and LiF.

We also carried out *°F solid-state nuclear magnetic resonance spectroscopy (ssSNMR) to confirm that the
fluorine distribution observed with TEM-EDS is not due to LiF on the surface of the particles. The °F NMR
data presented in Figure 11-356b show the presence of multiple broad fluorine local environments in LNF15, in
contrast to the single fluorine site observed for LiF, confirming that F is doped into the bulk Li-Ni-Ti—-Mo
oxide lattice.

Figure 11-357a&b are showing electrochemical properties of LN15 and LNF15 when cycled between 1.5 V and
4.6 V at 20 mAg* at room temperature. We can see obvious improvement of both discharge capacity and
energy density (from 194 mAh/g, 587 Wh/kg to 210 mAh/g, 681 Wh/kg). Differential electrochemical mass
spectroscopy (DEMS) results show that LNF15 has less oxygen loss compared to LN15 (Figure 11-355a),
indicating less irreversible oxygen oxidation.
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Figure 1I-357. (a) & (b) Cycling performance of LN15 and LNF15. (c) DEMS study of LNF15.
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Conclusions

The work carried out over the past year has resulted in important progress in our understanding of ordered and
cation-disordered Li-excess cathode materials. Using rigorous electronic structure theory, we demonstrated
that d° transition metal species (Ti4*, Nb%*, Mo®*, etc.) promote cation disorder, thereby providing a
straightforward design criterion for novel disordered compositions. To investigate oxygen redox in Li-excess
cathodes, we developed and benchmarked a first-principles methodology for the calculation of oxygen K-edge
X-ray absorption spectra. This approach will aid the interpretation of experimentally measured spectra in the
future. We further succeeded in designing a new class of Li-excess cation disordered Li-Ni-Ti-Mo oxides
(LNTMO) that delivers up to 250 mAh/g and 750 Wh/kg at 10 mA/g. Based on results from various
characterization methods (in-situ XRD, XANES, EELS and electrochemistry), we showed that the redox
mechanism in LNTMO is highly complex and involves Ni?*/Ni®* oxidation, oxygen loss, and oxygen oxidation
as separate redox processes, demonstrating the relationship of oxygen loss and capacity fading. Finally, we
found that fluorine doping of the LNTMO materials is feasible and results in a reduction of oxygen release as
measured by differential electrochemical mass spectrometry. This finding demonstrates that oxygen loss can
be prevented in Li-excess disordered cathodes with very high capacities, pointing to an exciting new direction
for the development of high energy-density Li-ion batteries.
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Project Introduction

The focus of this project is on SEI layer formation and evolution during cycling and subsequent effects on
capacity fade through two concatenated problems: 1) SEI layers formed on lithiated Si surfaces, and 2) SEI
layers formed on coated surfaces. Key issues that this project addresses include the dynamic evolution of the
system and electron transfer through solid-liquid interfaces.

Objectives

This project aims to develop fundamental understanding of the molecular processes that lead to the formation
of a solid electrolyte interphase (SEI) layer due to electrolyte decomposition on Si anodes, and to use such new
knowledge in a rational selection of additives and/or coatings.

Approach

Investigating the SEI layer formed on modified Si surfaces involves analysis of the interfacial structure and
properties of specific coating(s) deposited over the Si anode surface, characterization of the corresponding
surface properties before and after lithiation, especially how such modified surfaces may interact with
electrolyte systems (solvent/salt/additive), and what SEI layer structure, composition, and properties may
result from such interaction. This study will allow identification of effective additives and coatings able to
overcome the intrinsic deficiencies of SEI layers on bare surfaces. Once the SEI layer is formed on bare or
modified surfaces, it is exposed to cycling effects that influence its overall structure (including the anode),
chemical, and mechanical stability.

Results
Stability of growing solid-solid interfaces

At the onset of nucleation of new phases, one important property is the mechanical stability of the interface
between the growing nuclei and the support. One possible test includes the evaluation of the electrostatic
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potential of the system including the support phase in contact with the nucleating phase. At the interface, there
is a discontinuity in this potential, the magnitude of which is an indicator of the degree of instability of the
interface. The TAMU team has computed this indicator for various relevant interfaces as a nucleation
advances. The interfacial electrostatic potential is illustrated in Figure 11-358 for the nucleation of Li.CO3 over
a graphite surface. Initially, CO3 radical anions, products of decomposition of the solvent are adsorbed on the
graphite edges, and generate the sites where the nucleation of Li,CO3; may take place. The potential shown at
the top corresponds to that of the electrode surface; the first red arrow points to the potential of the exposed
graphite edges. After that, there is a clear discontinuity in the potential which corresponds to the incipient
nucleation of the LioCOs3 phase. The difference between the two peaks shown with the red arrows is the
indicator of the stability of the interface. As the difference reduces, the interface is more stable. The idea can
be extended to evaluate nucleation of a heterogeneous film on the electrode. K. Leung (Sandia) has modeled
grain boundaries in a LiF film coating a Li metal surface. It was found that a substantial over-potential is
needed to insert a Li atom (Li* + €) into the grain boundary core regions. As shown previously by this team,
such Li atoms can carry an undesirable electric current and degrade the electron-blocking passivation function
of SEI films; therefore it is important that they are minimized.
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Figure 1I-358. Left: Nucleation of Li2COs over graphite electrode. Li ions interact with adsorbed O atoms at the graphite
edge. Right: Electrostatic potential (eV) of the nucleating phase on the solid electrode.
Note the discontinuity at the interface (highlighted).

Li ion transport through SEI layer

Rempe’s group (Sandia) is using non-polarizable force fields to study Li* ion transport in SEI layers. They
focus on the well-known component of SEI layers, di-lithium ethylene dicarbonate (Li»-EDC). For fluids like
EC, the Gaussian behavior of the self-part of the Van Hove function obtained from MD simulations is exact
(Figure 11-359, right). The non-Gaussian behavior of the “self” part in SEI layers further confirms that the SEI
layer is glassy. To understand transport properties in this glassy SEI layer, the group next will use mode-
coupling theory on the “self” part.
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Figure 11-359. Gaussian fit to the “self” part of van Hove function suggests Li2EDC (left) is crystalline compared to pure EC
(right). Correlations are calculated for ps compared to ns in the Li2EDC case.

Electron transfer at the anode/SEl/electrolyte interface

We investigated the electron transport on various SEI products and oxides in four lithiation stages of the anode
using a DFT-GF approach to understand early stages of SEI nucleation and growth. Results shown in

Figure I1-360 indicated that, in all LixSiy cases, the current is significantly reduced with the addition of the SEI
components as compared with the systems where no SEI element is present. Moreover, increasing the
thickness of the SEI layer also resulted in a reduction of the electron transfer. Our results also indicate that at
high voltages of ~5 V, Li,Si,0s presents a much higher resistance to electron transfer than Li,CO; and SiO,.
The current decreases exponentially as the SEI layer thickness increases, thus implying higher electron
transport at initial SEI formation stages and then significantly slower steady growth.
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Figure 1-360. Leakage current from the anode to the solvent through the SEI under an external voltage between
two nanotips (green).
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lon transport from the cathode through the electrolyte to the anode

We investigated Li ion transport in a model nanobattery containing all the main elements: from the cathode
through the electrolyte to a graphite anode, using classical molecular dynamics simulations. Figure 11-361
illustrates the interaction energy experienced by one Li ion traveling under an applied potential through all the
phases.

Region 1 (cathode) shows the Li-ion in the LiCoO; crystal with a potential energy average of —255 kcal/mol.
After 4.62 ps the Li-ion has moved to the interface between regions 1 and 2 (electrolyte). An average energy of
—36.7 kcal/mol is calculated in region 2, which represents the binding of the Li-ion with the electrolyte
solution. The energy for the Li-ion to leave the cathode-electrolyte interface is 218.3 kcal/mol; this energy is
supplied by the applied electric field. After the Li-ion has gone through the electrolyte, entered the anode, and
has been reduced; its potential energy average in region 3 is 2.1 kcal/mol and the binding energy of the Li-ion
at the anode—electrolyte interface is 38.8 kcal/mol. Notice that this is the energetics for one particular Li-ion,
these energies are not representative averages as they simply allow us to obtain typical geometric structures of
the Li-ion local environment.
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Figure 11-361. Interaction energy (E) of one Li-ion with its nearest neighbors within a sphere of 6 A radius during charging
with E = 1.0 V/A. This is one particular trajectory of a Li-ion from the cathode (1) through the electrolyte (2) to the anode
(3). From Ponce et al., JPCC, 121, 12959, (2017).

Alucone bonding and coordination

Current work in collaboration with NREL focuses on the reactivity behavior of an alucone coating deposited
on a silicon anode. We studied the reactivity of the film using ab initio molecular dynamics (AIMD)
simulations and were able to detect changes in the oxidation state of Al in the film, as well as changes in its
coordination number, and structural changes inside the film. All of these properties are also being studied
experimentally at NREL.

Some of the questions that we want to answer are: i) what is the coordination of Al?; ii) what changes occur to
the structure of the film?; iii) what are the changes in oxidation state of Al?

Analyses based on AIMD simulations yield the following answers: i) Al coordination evolves with time, the
most common is coordination 4. However higher coordination (e.g., n = 5, 6) tends to be observed at higher Li
loading of the film. Kinetics of this process may be slow to be captured in the timeframe of the simulations.
Also, 80+% Al atoms coordinate with O, and a few Al atoms coordinate with Si, C and H due to bond re-
arrangement; ii) Transformations of structure inside the film include some H atoms from OH groups in alucone
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may bond to Al; Al-hydride bonds may form in alucone when H from OH breaks and bonds to Al; iii) The
dominant charge is +3, with very few Al atoms having charges of +2.

Passivation breakdown at Li metal anode interfaces with SEI layer

Effective passivation of lithium metal surfaces and prevention of battery-shorting lithium dendrite growth are
critical for implementing lithium metal anodes for batteries with increased power densities. Nanoscale surface
heterogeneities can be “hot spots” where anode passivation breaks down. Motivated by the observation of
lithium dendrites in pores and grain boundaries in all-solid batteries, we examine lithium metal surfaces
covered with Li>O and/or LiF thin films with grain boundaries in them. Electronic structure calculations show
that at >0.25 V computed equilibrium overpotential Li>O grain boundaries with sufficiently large pores can
accommodate Li° atoms which aid e~ leakage and passivation breakdown. Strain often accompanies Li
insertion; applying a ~1.7% strain already lowers the computed overpotential to 0.1 V. Lithium metal
nanostructures as thin as 12 A are thermodynamically favored inside cracks in Li,O films, becoming “incipient
lithium filaments”. LiF films are more resistant to lithium metal growth. The models used in Leung’s group
should in turn inform passivating strategies in all-solid-state batteries.

Conclusions

This work has provided several new insights into the nucleation and growth of SEI layers. During this year, the
main findings were related to the analysis of the stability of the solid-solid interfaces inside the SEI. Moreover,
such analysis was also extended to interfaces between electrode and solid electrolyte, where cracks or simply
defects at the interfaces are potential places where Li metal can grow initially as thin wires and then propagate
in dendritic growth. Solvation effects in liquid electrolytes were also examined. In particular atomistic details
regarding the motion of Li ion through the electrolyte have been clarified. Finally, work is in progress for the
characterization of artificial coatings modified by the formation of natural SEI layers.
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Project Introduction

A lack of fundamental understanding about the relationships between fabrication parameters, microstructure,
and performance prevents appropriate feedback and hurts the development of next-generation battery materials
and process improvement in battery manufacturing. For instance, one problem with large-format batteries is
ensuring uniformity in the manufacturing process, so that all components perform equally well and no
component contributes unduly to performance limitations and failure. This improvement in manufacturing will
not be possible without additional information on the nature of heterogeneities and how they relate to electrode
fabrication steps. Even more beneficial is if the information is made available in a timely manner through the
use of convenient and reliable experimental and modeling tools.

Objectives

The goal of this work is to better understand connections between fabrication conditions and undesired
heterogeneity of thin-film electrodes by means of new non-destructive inspection techniques and computer
models. This work will result in new diagnostic and modeling tools for rapidly and conveniently interrogating
how well homogeneity has been maintained in electrodes during fabrication and in subsequent cycling. Real-
time measurement of heterogeneity will enable manufacturer quality control improvements. The measurement
and modeling tools will further enable researchers to compare different electrodes, improve formulations and
processes, and anticipate cell performance of new designs.

Approach

Two non-destructive inspection techniques will be developed or improved which will characterize
electrochemical and mechanical uniformity of the electrodes. The first tool will be a flexible contact probe on a
polymer substrate for rapidly measuring local electrical conductivity across electrodes of any geometry. The
second tool will be a new acoustic probe that measures local elasticity and density of the composite film. These
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two prototyping efforts will be tied together by a particle-based microstructure model that allows prediction
and correlation of electrode conductive and mechanical properties with fabrication conditions. Each of these
tools involved one or more quarterly milestones.

In addition to model and tool development, the tools were used to begin examining electrodes sourced from
other researchers, including from industry, in order to assess the effects of mixing and composition changes,
and the effects of cycling. Partners in this effort included Ram Subbaraman (Bosch), Daniel Abraham (ANL),
Kandler Smith (NREL), Bryant Polzin (ANL), Chisu Kim (Hydro-Québec), and Henning Dreger (TU
Braunschweig). Other collaborations and the transfer of this technology to interested parties are being pursued.

Results

Milestone 1

Milestone 1 of FY 2017 and of the project as a whole was to demonstrate that the micro-flex-line probe
(UFLP), which is the flexible variant of the micro-N-line probe (UNLP), obtains valid measurements of
electrode-film electronic conductivity. Specifically the flex probe results were compared to those obtained for
the previously validated pNLP. Figure 11-362 shows a side-by-side comparison of the geometry of the
completed UNLP and the uFLP probes. In this case N = 6; that is, there are 6 parallel lines on the devices, 4 of
which are used for any particular electrical measurement.

Figure 1-362. Side by side comparison of the rigid uNLP consisting of metal deposited on a glass substrate (left), and the
flexible uFLP consisting of metal deposited on a polyimide substrate (right).

The design and materials used to construct the uFLP were iterated and improved to increase reliability of the
measurements. Nevertheless, this should still be considered the first-generation design and further
improvements are anticipated. For this report, the primary test material used is an anode provided by an
undisclosed commercial battery manufacturer.

To obtain the results found in Table 11-10, tests were performed as follows. Using a UNLP, an electrical sample
of the electrode film was collected in 9 independent locations and used with the inversion model to obtain
average conductivity with 95% confidence interval. The process was then repeated on the same sample using
the pFLP.

Table 1I-10: Experimental conductivity results (with 95% confidence intervals)
from using uNLP and pFLP on the same electrode sample.

Rigid probe Flex probe
Conductivity (mS/cm) 1421433 14964182

These results show that the uFLP measures conductivity that is largely consistent with measurements of the
rigid probe, though the significance level is not as high as ultimately desired. Through these and other results
there are indications of a modest bias of the flex probe toward measuring larger conductivity values than does
the rigid probe. This may be caused by a small amount of current leakage between lines on the flex probe.
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Work will continue on the flex probe to confirm this hypothesis and reduce the problem so as to improve
accuracy relative to other methods. It is anticipated that as the flexible probe becomes a more mature
technology as a result of this project, it will allow conductivity measurements on thin-film electrodes in new
geometries.

Milestone 2

Milestone 2 was to further demonstrate that the micro-flex-line probe (LFLP), which is the flexible variant of
the micro-N-line probe (UNLP), can be used to make measurements of electrode-film electronic conductivity.
The primary value of the flex probe is that it can be used to test much larger samples than the previous design,
which will allow extension of this testing technology eventually to on-line measurement during the electrode
manufacturing process.

Specifically for this milestone, the flex probe results are to be performed for three different electrode samples
while the probe is mounted on the high-precision positioning system. Table 11-11 shows results for three
different commercial-grade electrodes provided by Argonne National Laboratory. The first two are cathodes
while the last is an anode. At least 9 spatially separated points were used to obtain the averages and confidence
intervals.

Table 1I-11: Experimental conductive property results (with 95% confidence intervals)
from using UFLP on the three electrode samples.

ACO005 C015 AA002
Conductivity 241+15 19815 3962+681
(mS/cm)
Contact Resistance 0.146+0.021 0.198+0.010 0.053+0.011
(Q cm?2)

As during the previous quarter, the design and materials used to construct the uFLP were iterated and
improved to increase reliability of the measurements, and further improvements in future quarters were
likewise realized. As further validation of the results, the values in Table 11-10 have been compared to previous
measurements using other methods (such as 4-line probe and the van der Pauw method) where available. The
comparative results are consistent, though additional investigations are planned for ongoing validation.

During this and the prior quarter, additional samples were obtained from other researchers. Investigations were
begun to use the current suite of tools to assess effects of formation and cycling on changes in electronic and
ionic conductivity of electrodes. Additional work was begun to study the effect of different mixing processes
on resulting electrode conductivities. It is anticipated that these studies will provide insight into what
manufacturing practices can most efficiently increase needed conductivities and increase power and accessible
energy of Li-ion batteries.

Milestone 3

Milestone 3 was to make improvements to the dynamic particle packing (DPP) microstructural model and
validate that it can match experimental values of conductivity for one anode and two cathode films. A
significant part of VTO-funded efforts at BYU has been to develop a versatile and accurate electrode
microstructure prediction model. The model uses fundamental forces and interactions to determine particle
dynamics and packing during all electrode-fabrication steps: mixing, coating, drying, and calendering. The
previous iteration of the model (FY15-16) was reasonably successful at predicting microstructure and transport
and mechanical properties of dried films, but exhibited a few physical deficiencies. Thus a major overhaul was
begun during the last year to incorporate smoothed-particle hydrodynamics (SPH) into the model to better
describe slurry and solid bulk behavior and interfaces.
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The model uses spheres with diameter ~2 um to represent the carbon-binder domain and solvent. Active
material particles were constructed from overlapping combinations of spheres; the technique allows different
shapes such as bumpy spheroids and flattened discs that approximate the observed shapes of active-material
particles. For this milestone there was an emphasis on the drying and calendering steps with the new SPH
framework, because these steps lead to substantial particle rearrangements that that directly affect the electrode
structure and therefore conductivity. lonic conductive properties are compared in Table 11-12, in which
tortuosity can be considered a dimensionless resistance to ion movement. The results show that the model is
semi-quantitatively correct for 3 different active materials (each having different particle shapes). Further
refinement of the model parameters will be undertaken to achieve quantitative agreement with experiment for a
range of physical properties. A comparison of modeled microstructures is likewise shown in Figure 11-363,
illustrating the complex pore structures able to be simulated by the model.

Table 1I-12: Simulated and experimental effective ionic transport results,
following drying and calendering steps.

Simulation Experiment
Electrode
Porosity (%) Tortuosity Porosity (%) Tortuosity
CPG-A12 43.9 4.3 36.1 3.4
Toda 523 44.3 5.4 30.0 3.1
Toda HE5050 49.4 3.6 36.1 2.9

Figure 1-363. Cross-section images from models of (a) CPG-A12, (b) Toda 523 (B), and (c) Toda HE5050; carbon-binder
domain is red, active material is yellow, and larger pores are blue.

Milestone 4

Milestone 4 was to develop preliminary results for a new acoustic probe and associated model, with an
associated Go/No-Go decision. Based on a successful outcome, the decision was made to continue developing
the acoustic method of interrogating battery electrode films. The ultimate purpose of this type of test is to
rapidly determine if there are mechanical variations in an electrode that would lead to poor electrochemical
performance. This will allow improvement of the manufacturing process.

There are multiple means of using sound waves to analyze mechanical behavior of thin films. One method was
to examine resonance frequencies. Figure 11-364 depicts that the resonances of three cathodes with a 20 um
aluminum current collector are seen to occur at different fundamental frequencies. Each of the cathodes had
coating layers of different thicknesses (42 um, 38 um, and 26 pm coatings on top of the current collector) and
densities. The purple line labeled “laser off” is a baseline reading to ensure that the peaks seen by the probe are
not due room noise. The tendency of the resonance frequency showed in Figure 11-362 demonstrates that the
battery film acted more like a membrane, with h™®% dependence, where h is the film thickness. The results were
also confirmed by comparing the resonance frequencies obtained from a scanning laser doppler vibrometer
(SLDV).
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By fitting the acoustic measurements to the results of a numerical model, the Young’s modulus was found in
Table 11-13. The thickness is the reported value from the manufacturer (of the coating only, not including the
20-pum-thick aluminum current collector), and the Young’s modulus values are obtained from a combination of
simulated experimental results.

Based on these results, the acoustic method exhibits enough sensitivity to distinguish different values of
Young’s modulus from different coating layers. It is anticipated that refinement of the method is required to
give more accurate results and to enable more robust sampling in an industrial environment.
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Figure 11-364. (a) Power spectral density for various battery films. SLDV results of various battery films with thicknesses of

(b) 42 pm (c) 38 uym (d) 26 ym

Table 1-13: Measured and calculated properties of the battery films coated layer.

Coating h (um) p (g/cm3) E (GPa), SLDV E (GPa), peaks v

1 42 2.760 0.344 0.412 0.3

2 38 3.055 1.71 2.01 0.3

3 26 2.479 5.04 4.13 0.3
Conclusions

To date this work has led to

1.

4.

A redesign and manufacture of a flexible conductivity probe that improves accuracy and allow sampling
of larger electrode films.

Electronic and ionic conductivity measurements comparing pristine and cycled commercial electrodes to
quantify effects of cycling on microstructure and transport performance.

An improved dynamic particle packing (DPP) model to allow predictive insight into the slurry coating
process.

A successful proof-of-concept acoustic probe used to determine electrode film stiffness.

In the next fiscal year, further improvements are anticipated, including work to adapt the probe technology to
assessment of large or continuous samples, consistent with how Li-ion battery electrodes are made
commercially.
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Project Introduction

One major obstacle for lithium sulfur battery is the dissolution of the lithium polysulfur in the electrolytes. The
dissolution mechanism, the bonding structure of the dissolved lithium polysulfur (e.g., whether they cluster or
are dissociated) are not well understood. The goal of this project is to use large scale ab initio calculation and
molecular dynamics simulations to study the discharge mechanism in Li sulfur battery, especially for
polysulfur interaction with liquid electrolyte solvent molecules, and cathode materials, as well as Li diffusion
mechanism in superionic crystal solid electrolytes. We also like to search for cathode materials to prevent the
dissolution based on thermodynamic principles. The long term goal is to use such theoretical understanding to
provide guidance to develop better electrolyte and cathode systems to overcome the bottlenecks which
currently prevent the commercialization of the Li/S battery.

Objectives

For the first year, we will focus on the study of polysulfur interaction with substrate cathode materials, and to
find such substrates to bind the polysufur with sufficient binding energies to overcome their dissolution. One
objective is to screen a few cathode materials for their feasibilities for Li-S battery applications through ab
initio calculation. We will also study solid electrolytes for the lithium diffusion in such systems. One long term
objective is to study the actual lithium polysulfur thermodynamic properties and morphology in the electrolyte.
For this goal, we also need to develop the proper ab initio calculation methods to study such thermodynamic
properties in liquid.

Approach

Several ab initio calculation methods will be used, and new methods will be tested and developed. Most of our
calculations will be based on density functional theory (DFT). One approach is to use genetic algorithm to
search for the minimum energy structure. This is a particularly important for Li-S battery since the cathode
material and the binding morphology might be complicated, an efficient algorithm is needed to search for the
minimum energy structure. Another method is the dealing with the solvent effects. First, we will use implicit
solvent model to deal with this solute-solvent interaction energy. The uncertainty of the interaction parameters
will be fixed through the comparison with the experimental voltages in the dissolved Li.S, cases. In the
following years, however, we will test a molecular dynamics (MD) based method to study the solute-solvent
interaction energy. This will include two aspects, one is the configuration average between the solute-solvent
binding configurations, and another is a way to calculate the solute-solvent interaction energy avoiding big
thermodynamics fluctuation caused by the rest part of the system. For the configuration average, we will test
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an approach using force field method to carry out MD, then take snapshots from the MD trajectories to carry
out ab initio calculations. The force field MD will enable us to explore different configurations, while ab initio
calculation will give us energy correction upon the force field energy. To avoid thermodynamic fluctuation,
two approaches will be tested. One is the thermodynamic integration method (e.g., umbrella sampling), which
will be done coupling the force field simulation with ab initio calculation. Another is a new method we
proposed to calculate the interaction energy directly. Finally, to study the solid electrolyte, especially the
collective lithium ion movements, we will use the nudged elastic band (NEB) method as well as metadynamics
method. NEB will be useful to calculate the transition barrier when the initial and final stages are known, and
the path is relatively clear. Metadynamics will be useful if a general reaction coordinate can be defined, for
example, the direction of the lithium migration.

Results

We have studied the use of C2N nanosheet as a Li-S cathode material. C2N has been recently synthesized as
another carbon nitride 2D system besides the well-known g-C3sN4 polymeric carbon nitride. Compared to the
g-CsN4, C2N could be mechanically more stable. Recently, nitrogen doped graphene or black carbon systems
have shown promise as Li-S cathode materials to prevent the dissolution of the polysulfur. However, such
doped systems have low capacity due to the limited amount of nitrogen compared to the compound systems.
We have thus investigated the use of C2N as a cathode material. We find that the lithium atoms like to bind
strongly with the two coordinated N atoms, while there is no binding between N and S atoms. Although the
CoN itself (without sulfur) can be used as an cathode material, its binding is weak and the energy capacity is
low. Thus it is essential to have the sulfur in the system. Thus the binding topology is that, the Li binding to
the substrate N, and an upper layer S atoms, while the S atoms can bind with more additional lithium away
from the substrate to form a lithium polysulfur. We found that the binding of the lithium polysulfur to the
substrate can prevent its dissolution. In particular, at the beginning of lithiation process, a Li»Ss can be
anchored within one hole of the C,N substrate. At the end of the lithiation, a Li1oSg cluster will be attached to
one hole of the C;N substrate. The binding of the cluster to the substrate is strong enough to prevent its
fragmentation or dissolution. The lithiation processes have voltages from 3.9 V to 1.6 V, and an average
voltage of 2.02 V at the end step of Li1oSs. The total energy capacity will be 1122 Whkg™. Although this is
only half as the original LiS battery due to the added weight of the substrate and the limited sulfur reduced
stage (Li10Ss, instead of Li»S), nevertheless, it is much higher than the current Li ion battery based on
intercalations. Finally, we also show that the LimSs_C>N system is metallic throughout the whole process,
which solves another problem of the Li-S battery (the insulating natures of Li>S and Ss).
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Figure II-365. The C2N nanosheet (left) and the binding configurations of C2N_LimSs (right). These binding configurations
are searched through genetic algorithms based on DFT calculations.
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Figure 1-366. The binding energy between the Li2Sn polysulfur and the C2N substrate (left), and the formation
energy diagram (left) of C2N_Li2Sm.

Figure 11-365 shows the basic structure of CoN and the binding configurations of CoN_LinSs Systems, while
Figure 11-366 shows the binding energy between Li2Sm polysulfur and the C;N substrate, as well as the

formation energies of CoN_LioSm. The formation energy of a general formula CaN_LimSy is defined as:

o -GN (Giis cn —MG; —nGg /8-C¢ )/ (n+m), with the alloy style composition x defined as
x=m/(n+m). However, in the right hand panel of Figure 11-366, what actually shown is
AG 1 (X) =G o (X) = L= )G, (0) = XG . ) ToOr the C2N_Li2Sm system. Table [1-14 lists the voltages of the

different reaction steps for the products based on CoN_Li>Sy and CoN_LinSs respectively.

Table 1I-14: The lithiation reactions and their corresponding voltages for
Li-S battery cathodes based on Li2Sn_C2N and LimSs_C2N.

Label Category Reactions (DME/DOL(1:4, v/v)) Voltage(V) Feasibility
Ry S, _C,N +2Li=Li,S, _C,N 3.03 N
Ry 3Li,S; _C,N +C,N +2Li=4Li,S, _C,N 2.36 N
R, Li,S, _C,N 2Li,S, _C,N +C,N +2Li =3Li,S, _C,N 3.26 V
Ry, Li,S, _C,N +C,N +2Li =2Li,S, _C,N 2.05 N
Ry Li,S, _C,N +C,N +2Li=2Li,S _C,N 2.17 V
Ry Li,S; _C,N +Li=Li,S,_C,N 3.95 V
R Li,S, _ C,N +2Li = Li,S,_C,N 2.34 N

Li. S, _C,N
R, Li,S;_C,N +2Li=Li,S,_C,N 2.65 N
Ry Li,S; _C,N +3Li = Li,,S; _C,N 155 N

We have also studied using oxidized black phosphorene as lithium battery cathode. This is under the
generation direction of using light elements from upper right corner of periodic table as Li cathodes, in contrast

666 II.LE.6 Large Scale Ab Initio Molecular Dynamics Simulation of Liquid and Solid Electrolytes (LBNL)



FY 2017 Annual Progress Report

with the transition metal oxides as the lithium ion battery cathodes. The light weights of these elements and the
strong chemical bonding with the Li ion can lead to high energy capacity of such battery materials. One two
examples are the Li-S battery and Li air battery. Both batteries are based on chemical reactions, which
however cause many other issues like the mechanical stability, large volume change, and the electric
conductivity of the cathode. To overcome such issues, 2D materials can be used. The 2D material can form the
framework, which provides the mechanical stability and electric conductivity. As such 2D materials can be
made monolayer thick, they provide ample surface area to bind the Li, which can also improve the kinetic of
the charging/discharging process. To have high energy capacity however, one needs strong binding energy of
Li and the 2D material. People have tried to use black phosphorene as lithium cathode, but the binding energy
is too small. Here we found that the phosphorene oxide can provide large binding energy. The Li atom will
bind with the oxygen atom at the surface of phosphorene oxide. In this aspect, this is like the Li air battery,
except the oxygen is provided in a solid form, instead of in the gas phase, and the whole battery can be sealed.
Since there is no air coming in and out of the system, the whole device should be mechanically stable. We
found that each surface O can bind with one Li atom. If more Li atom is bond with one O atom, the structure
can become unstable. For the fully oxidized black phosphorene: P4Oa4, 4 Li atom can be bonded, with a final
product as LisPsO4. This will have a theoretical energy capacity of 1457 Wh/Kg. Ab initio molecular dynamics

is carried out, showing that the system is vibrationally stable. The solvent effect is taken into account by
implicit solvent model.
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Figure II-367. The formation energy (a), the Li2P402 configuration (b) and Li4P404 configuration (c). In (b) and (c), the blue
ball is P, red ball is O, and green ball is Li.

Figure 11-367 show the formation energy and binding configurations of different phosphorene oxides. We have
also calculated the band structure of the system (Figure 11-368), and showing that the oxidized phosphorene
absorbed with Li are metallic, thus should be electric conductive.
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Figure 11-368. Projected band structures of (a) Li1P401, (b) Li2P402, (c) LisP403 and (d) LisP40a.

Conclusions

In conclusion, we found that C2N can be a very good Li-S cathode material, which can provide sufficient
energy capacity, meanwhile can solve the problems of polysulfur dissolution, insulating of Li»S and S, as well
as mechanical stabilities. We also find that oxidized phosphorene can be used as a Li battery cathode. This is
alike the Li air battery but with the oxygen provided by the solid form O binding with the phosphorene
framework. This system is also mechanically stable and can provide relatively high energy capacity of

1457 Wh/Kg.
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Project Introduction

In this project, we will first develop a phase-field model to incorporate the electrochemical driving forces
predicted from first principles simulations in liquid electrolytes and then incorporate mechanical driving forces
to simulate dendrite growth in solid electrolytes with resolved microstructures. The um-thick solid electrolytes
will allow easier, direct comparison of modeling and experimental results, thus facilitating the validation of the
electrochemical-mechanically driven Li-dendrite growth model. Last but not the least, the computational
model for solid electrolytes can also be applied to study and design nm-thin artificial SEI on Li metal surface.
Therefore, this atomically-informed phase-field model will allow us to design the desired properties of
artificial SEI coating to suppress dendrite growth in liquid-electrolyte and the microstructure of a solid-
electrolyte to be dendrite-resistant during cycling. This model will enable the design of durable and safe Li-
anodes for Li-S, Li-air, all-solid Li-ion batteries, as well as high energy density Li-ion batteries, lead to
batteries that meet DOE’s target for the high energy batteries cell density (>350 Wh/kg) for EV applications
and cost below $100/kWhyse.

Objectives

The ultimate goal of this project is to develop a validated model to predict Li dendrite morphology evolution in
both liquid and solid electrolytes during electrodeposition and stripping, in order to accelerate the adoption of Li
metal electrodes in current and emerging battery technologies. To achieve this goal, the project has four objects:

1. formulate a general framework that captures the electrochemical-mechanical driving forces for Li
morphology evolution;

2. consider the role of the nm-thin SEI in liquid-electrolytes as well as the microstructures of mm-thick
solid-electrolytes for Li morphology evolution;

3. connect micron-scale phase-field models and atomic-scale DFT-based simulations via parameter- and
relationship-passing in order to predict Li dendrite nucleation and growth kinetics and morphology; and

4. validate the key input parameters and main conclusions of the multi-scale model as new capabilities
being developed step-by-step.

Approach

This project will develop a multi-scale model that connects micron-scale phase-field models and atomic-scale
DFT-based simulations via parameter- and relationship-passing in order to predict Li-metal dendrite
morphology evolution, in both liquid and solid electrolytes. The key innovation of this project is to capture the
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electrochemical-mechanical driving forces and incorporate the roles of an nm-thin solid electrolyte interphase
(SEI) in liquid electrolytes as well as of the microstructures of um-thick solid electrolytes for all-solid-state
batteries. Our strategy to study Li dendrite morphology in both liquid and solid electrolytes allows us to share
many similar governing equations and common mechanisms, gradually increase the complexity of the model,
and validate the model step-by-step for its key input parameters and main conclusions through tailored
experiments

Results
Task 1: llluminate the role of SEI kinetics in Li dendrite growth in liquid electrolytes

Subtask 1.1 A new set of DFTB parameters for Li, H, C, and O interactions were developed and verified
This set of DFTB parameters were obtained by fitting to DFT results of a broad range of structures (bcc and
fce Li metal, Li2O, LiOH, LiH, LiCHs;, and LiCs) and properties (surface energy, adsorption energy, band
structures). This set of DFTB parameters were then used to predict additional properties, such as Li* ion
solvation energy, interface energy, Li* ion diffusivity in liquid EC, et al. to validate the accuracy and
transferability of the parameters. The agreement of DFTB and DFT results (shown in Table 11-15) suggests the
reliability of this set of parameters.

Table 1I-15: Key Properties not used for DFTB parameterization, but compared with
DFT (GGA/PBE) for validation

Property System DFTB DFT

Li surface energy (J/m?2) (001) 0.5 0.46

(011) 0.49 0.49

(111) 0.58 0.53

Li adsorption energy hollow 1.49 1.37

on Li(001) (eV) bridge 1.30 1.28

top 1.08 1.07

Interface energy (J/m?) Li(001)/Li-C0O3(001) 0.64 0.5

HOMO and LUMO gap (eV) EC 6.5 6.8
Solvation energy (eV) Li*in EC 5.4 5.2-5.5
Diffusivity (cm?2/s) Li* in EC at 450K 2.4x10°% 1.1x10°

DFTB method along with this set of parameters was used to compute the charge transfer reaction energetics
on an SEI covered Li metal surface, under an applied potential.

Figure 11-369 shows the Li* ion energy change when it de-solvates from the EC solvents, diffuses through the
4 layers of LioCOs3 (a model SEI layer), and gets reduced by the electrons on the Li-metal slab. The reduced
state is considered to be the reference state. Three oxidized states with varying electron xe~ at x =1 to 3,
corresponding to electron density of 0.002 to 0.006 e/A2 on Li-metal surface were simulated. To verify the
reliability of calculated charge transfer reaction energy from minimization, molecular dynamics (MD)
simulations were performed. The results show that the calculated average energy from MD is close to that
from minimization with the maximum deviation of 0.1eV.
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Figure 11-369. Energy landscape for Li* transport from electrolyte to Li-metal slab under different potential.

For the atomic simulations of the Li/Li-COs/EC interface, the experimentally defined zero voltage of Li*/Li°
was calibrated with DFTB and DFT calculations. The zero voltage of electrode is the important reference state
in the Li-ion batteries. We have considered a typical electrochemical reaction

Li*(sol)+e” < Li° (1),

where the Li* ions in the electrolyte solution react with electrons € in the electrode to produce the electrode
Li% atoms. The thermodynamic driving force is given by

AG =AG°+Fp-RTIna_, ),

where AGP is the standard free energy change for the electrode reaction (1), F is the Faraday constant, ¢ is the
potential on the Li metal electrode, and a . is the activity of Li* in the electrolyte, which depends on
temperature and on the concentrations of other ions. At equilibrium,

AG®+F¢°-RTIna . =0 (3)

where ¢ is the equilibrium potential of the Li metal electrode. Therefore, by subtracting Eq. (3) from Eq. (2),
the thermodynamic driving force can also be expressed in experiment as,

AG=F(p—¢°)=Fn, 4)
where 7 is the overpotential. If 7 < 0, the Li* is reduced (plating); whereas if > 0, the Li° is being oxidized to
Li* (stripping).

In fact, the potential ¢ on the Li metal electrode supplies electrical energy and possesses the electron density
on Li metal surface. Therefore, ¢ is related to the Fermi level and the work function shift on the Li metal. In
addition, as the atomic simulation shows, as the applied voltage increases, the Li* concentration near the
electrode surface will increase, which would change the activity &, .. . In our model, the temperature is
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unchanged and only Li* ion concentration changes, thus the 3™ term in eq (2) can be linked to Li* solvation
energy change with Li* concentration. Therefore, the thermodynamic driving force can be expressed in our
model as

AG =AG" +AW, +AE_, (5),

where AW is the work function shift with excess electron density on Li metal surface, and AEsq is Li*
solvation energy change with Li* ion concentration in the EC-electrolyte.

To find the zero voltage of Li%Li*, according to eq (5), it is necessary to obtain the AG®, AW;, and AEs,. We
used the case of one electron in eq (1) as a reference, which corresponds to an electron density of 0.002 e/A2
on the Li-metal surface. The predicated AG is 1.42 eV from DFTB method. Also, we used the DFT (with
GGA/PBE functional) method to compute the work function as a function of excess electron density on Li
metal surface by the slab model. As shown in Figure 11-370, when the potential decreases, the excess electron
density increases on the Li-metal, the work function will then decrease due to the rise of Fermi level. In
addition, we considered a set of bulk models including 32 EC liquid molecules and n (n=1-6) Li* ions, using
DFTB MD method with NVT ensemble at 450 K, to predicate the Li* solvation energies in EC-electrolyte. The
results show that Li* solvation energies in EC-electrolyte decrease with Li* concentration (Figure 11-370).
When the applied potential decreases, the negative charge density increases on Li metal surface, AWr and AEso
then decrease, and thus AG will decrease accordingly. The values are in good agreement with that of direct
predictions from DFTB method.

At excess negative charge density of 0.012e/A2 on Li metal surface, AG=0, corresponding to the
experimentally defined zero voltage of Li%|Li*. When the electron density is larger than this (more negative
potential) Li plating occurs; while when the electron density is lower than this (more positive potential), Li
stripping occurs. The excess electrons on Li surface will trigger more electrolyte decomosition when SEI
fractures.
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Figure 11-370. The thermodynamic driving force of the electrochemical reaction at the Li| Li2COs| EC-electrolyte interface,
work function shift and Li+ solvation energy change with Li* ion concentration in the EC-electrolyte as a function of excess
electron density on Li metal surface. The circle denotes the directly predicated AG by DFTB method.

Subtask 1.2, 1.3 Coupled Morphology Evolution Model

The previously developed dendrite growth model was extended to implicitly include the effect of SEI by the
parametric study of the metallic Li/liquid electrolyte binary phase field model. The governing equations for
phase field model are diffusion and phase evolution equations.
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The key parameters closely associated with Li plating behavior in the model are: interfacial energetics and
anisotropy (formulated in k), Li ion diffusion coefficients (D¢//), charge transfer rate (normalized in L,) and

double-well energy profile (g’ (§)). These information were obtained from previous DFT results and current
DFTB calcautlions.

The implicitly Li morphology model was used to investigate the impact of four major SEI properties, namely
interfacial energy, anisotropy, diffusion coefficient and reaction rate constant. The non-linear phase-field
model simulation of the Li electrodeposition process revealed that higher Li/SEI interface energy, faster Li-ion
diffusion in SEI, and slower reaction rate constants favor less branched Li morphology (as shown in

Figure 11-371), leading to higher Coulombic efficiency compared to more branched morphology.
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Figure 11-371. SEI properties-Li dendrite morphology map from phase field simulation.

Subtask 1.4 in situ Observation Li Dendrite Morphology in Liquid Electrolyte
Experimental protocol has been established. Our preliminary in-situ electrochemical optical observation

(Figure 11-372) shows the Li plating and stripping process which involves dendrite and mossy structure
formation.

II.LE.7 Dendrite Growth Morphology Modeling in Liquid and Solid Electrolytes (MSU) 673



Batteries

Direct observation of dendrite formation and mossy structure evolution
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Figure 11-372. in-situ electrochemical optical observation of Li dendrite growth morphology

A large amount of dead Li formed, which cannot further participate the plating and stripping. Due to the
electrical insulating SEI layer, it did not show the shorting. The impact of current density, protective coating,

and different electrolyte additives will be further explored. It will be correlated with the cycle efficiency and
phase-field modeling.

Task 2: Model the metallic Li precipitation in solid electrolytes of all-solid batteries

Subtask 2.1 DFT Calculations revealed Li nucleation mechanism on LLZO surface

DFT calculations were performed to address the nucleation mechanism of metallic Li inside LLZO. Both
tetragonal and cubic phases LLZO were investigated. It was found the excess electrons in LLZO can be
trapped to the La atoms at/near the surface in LLZO. Figure 11-373 shows the localized electrons clouds on La.
Thermodynamics calculations confirmed that metallic La can be more stable than metallic Li with the excess

electrons, providing the nucleation mechanism of metallic Li phase in LLZO. This mechanism is being
investigated for LLZO grain boundaries as well.

Figure II-373. The excess electrons located on La atoms on LLZO surface.

This mechanism was introduced as a non-uniform, structure-dependent electron activity (a,(r)) in the phase
field model. An intergranular Li dendrite growth has been simulated in 2D microstructures. The results showed
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that the Li-dendrite growth rate was higher inside wider grain boundaries ore pores than the narrow ones,
indicating larger growth resistance at narrower grain boundaries or pores.

Subtask 2.2 Phase Field Model of Li Dendrite Growth in Solid Electrolyte

It has been reported that Li dendrites tend to grow into pores and along the grain boundaries (GBs) of the solid
electrolytes. A general non-linear phase-field model for Li dendrite growth in a solid electrolyte (e.g., LLZO,
LLZTO, etc.) were formulated and implemented. The microstructure of LLZO was resolved and three-phase
fields were defined to describe the solid-state battery system as {¢,(r) = 1, ¢, (r) = 0, ¢p5(r) = 0} for pure
Li-metal anode, {¢,(r) = 0, p,(r) = 1, ¢p5(r) = 0} for solid electrolyte, and {¢p,(r) = 0, p,(r) =

0, 5 (r) = 1} for pores, cracks and GBs. The phase-field equations were reformulated with Butler-Volmer
kinetics for the three-phase system. Currently, the solid-electrolyte phase was considered to be non-evolving
during electrodeposition, and the Li diffusion coefficients were assumed to be: Dea>Darain>>Dpore.
Numerically, phase field governing equations were solved together with diffusion and charge conservation
equations via finite element method.

An intergranular Li dendrite growth has been simulated in 2D by the as-developed phase field model for solid
electrolyte system, as shown in Figure I11-374c. The electrodeposited Li metal tends to grow along and fill in
the GBs of the solid electrolyte, which is in agreement with the SEM image of dendrite morphology from
cycled LLZO battery, as shown in Figure 11-374a. The Li-ion concentration distribution profile from phase
field simulation is also provided in Figure 11-374b, which demonstrated that the isolated grains by encircled Li
dendrites have slightly lower local Li-ion concentration. It also shows that the intergranular ion diffusion was
impeded by the Li dendrite growth, leading to degraded local Li conductivity in the solid electrolyte region
where dendrites form.

- GBs and pores

. Li metal

Solid electrolyte

Figure 1I-374. Preliminary phase-field simulation of Li dendrite growth in solid electrolyte results with experimental results
as comparison: (a) SEM observation of intergranular Li dendrite growth in LLZO [Cheng E. J., Sharafi A. and Sakamoto J.,
Electrochimica Acta 223, 85-91 (2017).]; and phase field simulation results: (b) Li-ion concentration distribution in the solid
electrolyte battery system; (c) morphology of Li dendrites growth in solid electrolyte.

Conclusions

A phase-field model was developed to capture the electrochemically driven dendrite morphology evolution in
a liquid electrolyte. The role of SEI was modeled implicitly. The Kkinetic properties, as well as Li diffusion
coefficient along the Li/SEI interface, was directly computed from DFT and DFTB-based atomic simulations.
The DFTB calculations have revealed that delithiation generates voids at the Li/SEI interface and the charge
transfer reaction occurs underneath the SEI layer. More importantly, the Li metal is negatively charged at the
zero voltage (consequences for Li-plating and dendrite growth). The non-linear phase-field model simulation
of the Li electrodeposition process revealed that higher Li/SEI interface energy, faster Li-ion diffusion in SElI,
and slower reaction rate constants favor less branched Li morphology, leading to higher Coulombic efficiency
compared to more branched morphology.
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Project Introduction

To enable lower cost and higher performing active battery materials, advanced synthesis approaches are
needed. This work focuses on establishing non-traditional synthesis capabilities at Argonne’s Materials
Engineering Research Facility (MERF) for the assessment of the technology and producing materials for
evaluation.

Objectives

The objectives of this project are to augment the MERF’s synthesis capabilities to establish and evaluate
advanced non-traditional approaches for active material synthesis. Specifically, we intend to establish
advanced flame spray pyrolysis and hydrothermal synthesis capabilities at the MERF. These capabilities will
be used to synthesize advanced active battery materials which will be evaluated and distributed to the basic
R&D battery community for further research.

In addition, a CRADA with the equipment manufacturer Laminar was established and they have provided a
40L Taylor VVortex Reactor that will be used for a comparison study between existing 1L and 10L reactors in
FY18.

Approach

Flame and hydrothermal made nano- and micro-powders are viable competitors for powders made by other
means but carry the potential for lowest-cost largest-scale production. Flexible, highly instrument synthesis
systems are being designed, fabricated and commissioned for the DOE-VTO battery program. Collaborations
with companies such as Cabot and Praxair are being established for technical guidance and to enable a
commercialization pathway for the technology.

The Taylor Vortex Reactor (TVR) is a candidate commercially available synthesis technology to commercially
utilize continuous stirred tank reactors (CSTR’s). Establishing a CRADA with equipment vendor Laminar
which places a 40L pre-pilot reactor in the MERF enables an unbiased evaluation of the scalability of the
technology.
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Results

Flame Spray Pyrolysis Synthesis

The MERF FSP facility was designed and constructed at a greenfield location in the MERF high bay W162.
This effort required: (a) selecting a material production target (b) selecting a burner strategy (c) establishing
the engineering and safety protocols necessary to allow for combustion synthesis of nano-micron powders in
the national laboratory system (d) integrating in-situ annealing (high-temperature-residence-time: HTRT) as a
fundamental part of the FSP process and (e) developing a material collection system along with a clean-in-
place fixture that will allow for efficient collection and system cleaning aimed at allowing for a daily turnover
of synthesis operation.

The FSP burner, HTRT section, filter box, Spencer blower and combustion exhaust is a closed system that is
provided with controls to maintain a negative pressure of 0.5-1.0 inches H,O with respect to the room. This
assures that nanomaterials cannot leak out of the system and into contact with personnel while allowing some
flexibility to service or adjust the burner when needed. The maintenance of negative pressure is provided by a
variable frequency drive to adjust the Spencer Blower speed as need to keep the combustion duct at a specified
negative pressure setpoint between 0.5-1.0 inches H»O.

The filter box (see Figure 11-375) was designed to provide 2 ft? of normal filter surface area allowing for a
minimum of 100g of material collection while staying within the delta-P provided by the Spencer Blower. The
filter box fits entirely within the Powder Hood. The interior of the filter box is accessed by glove-box style
gloves that permit the easy harvesting of any nano-powder without breaking quarantine for these health hazard
materials. This feature greatly simplifies PPE for the daily harvesting of produced materials. In addition, a
ULPA vacuum cleaner accessed by the gloves allows for daily cleanup of the filter box to allow for efficient
collection and preparation for the next experiment.

Figure 1-375. Filter Box and glove box style PPE for material collection

The burner design is similar to many common configurations found in other research labs. The powder product
originates from the combustion of the sprayed liquid precursor. The precursor liquid is atomized by a 2-fluid
nozzle. Oxygen or air is used as the atomization gas using a Schlick atomizing nozzle. A sheath flow of
oxygen or air provides additional combustion air as the atomizing nozzle does not provide a lot of flexibility in
the atomizing gas to liquid ration so that the sheath gas is used to control the excess air parameter. A ring of
pilot flames using premixed methane-oxygen gas is used to ignite and support the spray combustion. Nitrogen
gas is also provided which is at least used to purge the combustion exhaust duct before ignitions attempts are
made as required by NFPA 86. The nitrogen also provides another source of gas to control the post-
combustion gas temperature. The burner is fitted on a sliding mount that can be retracted into the burn hood for
service under the protection of the fume hood exhaust (see Figure 11-376, Figure 11-377).
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Figure 1I-377. New Hoods and Ventilation

A flame supervision and control system panel was specified and procured from an industrial furnace controls
contractor. This system was specified to adhere as strictly as possible to the guidance of NFPA 86 which
provides a framework for the safe operation of burners (see Table 11-16). NFPA 86 prescribes the use of
pressure switches, safety solenoid valves, flame sensors and operational protocols to assure that fuel is
delivered only when it is safe and to prevent the accumulation of large amounts of un-combusted flammable
materials. The control panel provides for two independent burners for the pilot and the spray flames.

Electively, the spray flame can be operated if the pilot flame is off but the pilot flame must be on to ignite the
spray flame.
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Table 1-16: MERF FSP System Parameters

Material Production Rate

Basic Burner Design

Combustion Stream

Pilot Flame Rate

Spray Flame Rate

02 Sheath Flow Rate

N2 Excess Air/Purge Flowrate
Combustion Safety - Flame Supervision

Combustion Safety - Containment

Combustion Safety - Segregation
Liquid Precursor Delivery

High Temperature Residence Time (HTRT)
Section

Gas/Solid Cooling

Material Collection

Filter Blower

Clean-In-Place Fixture

System Integration

20 g/hour or 100 g/day (leaving 3 hours for system turnaround:
collection and cleaning)

Adapted from engineering provided by Cabot Corp under NDA.

Fully enclosed 5” diameter duct(no air entrainment with
independent control of N2 and O2 for excess air control)

25,000 Btu/hr

25,000 Btu/hr

50 LPM max

50 LPM max

NFPA 86 flame supervision control panel (Honeywell SLATE)

Individual Flammable Gas Cabinets for solutions and pilot
combustion gas (methane)

8-cylinder O2 manifold located in service corridor
Dual ISCO syringe pump
72" Tube furnace up to 1000 C

N2 gas quench in 72" section between HTRT section and filter box

16”x25" glass-fiber filter accessed by pseudo-glove box design to
minimize PPE burden during material collection

Spencer Blower 100 ¢cfm @40 inches H20

Custom design to allow cleaning of the system ducts without
requiring disassembly. Daily cleaning within the 100 g/day target is
feasible

National Instruments/Labview control System

The pilot flame was tested along with all of the NFPA 86 protocol functions. The pilot flame provides stable
premixed flames in the 1-3 LPM methane range. Next, a spray of pure ethanol was used to test the spray flame.
Stable spray flames were obtained in the 2-5 ml/min ethanol range. Figure 11-378 shows the combined pilot

and spray flame operation

Figure 1-378. Pilot and Ethanol Spray Flame Operation at the MERF FSP

II.F.1 Non-traditional Approaches to Synthesizing Active Cathode Materials (ANL)
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Hydrothermal Synthesis

The Materials Engineering Research Facility (MERF) in the Engineering Systems Division at Argonne
National Laboratory proposes to incorporate a new materials synthesis platform into the facility. The synthetic
capability to be developed would be based on the design and construction of a turnkey hydrothermal synthesis
(HyTS) reactor system capable of batch production of 20 to 50 g of nanoparticles per run. The immediate
objective of this project is to develop and set up an advanced bench scale HyTS process for the production and
evaluation of high-capacity engineered silicon nanoparticles and composites used as the active anode material
in advanced Li-ion batteries.

HyTS is generally defined as crystal synthesis or crystal growth under high temperature and high pressure with
water as the solvent / reaction medium and utilizing precursors that are ordinarily insoluble in water. As
temperature and pressure approach the critical point of water, 374°C and 22.1 MPa (218 atm), the reactive and
energetic nature of water changes dramatically. Characteristics such as density, ionic product, and dielectric
constant, are strongly perturbed; thus supercritical water and subcritical water become useful new reaction
media. The synthesis of single crystals and their growth is achieved in a hydrothermal reactor depending on the
solubility of the precursors in hot water under high pressure. Especially for supercritical HyTS, around the
critical point of water, the solubility of metal ionic species decreases dramatically because the density and
dielectric constant of water decrease rapidly. The decrease in solubility leads to a higher degree of
supersaturation. The formation of nanosized materials can be achieved in supercritical water (SCW) and
subcritical water (SbCW) because of the high reactant diffusivity, fast reaction rates, and extremely high
nucleation rate of these novel reaction media. Hydrothermal reactors can generate highly crystalline nanosized
particles with well-defined morphology superior to competing reaction technologies, such as solid-state, co-
precipitation, sol-gel, spray pyrolysis and emulsion drying. In addition, the nanoparticle size and size
distribution can be controlled by adjusting the reaction conditions between subcritical and supercritical regimes
depending on the reaction temperature and pressure as schematically shown in Figure 11-379.

HyTS utilizes water at high temperature (200 ~ 400 °C) and high pressure (10 ~ 24 MPa) as the reaction
media. The HyTS reactor will be constructed at a lab-bench scale where the reactor volume of one liter
determines the typical batch size and reaction energetics.
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Figure 11-379. (1) Hydrothermal Reaction Mechanism, (2) Schematic Diagram of Bench Scale Hydrothermal
Synthesis System

Taylor Vortex Synthesis

The Taylor Vortex Reactor (TVR) is one of the commercially available emerging manufacturing technologies
we are evaluating (see Figure 11-380). This reactor has cylindrical rotor inside and provides tremendous Taylor
Vortices in the annulus. This produced homogenous micro mixing, high mass and heat transfer enabling a high
degree of uniform super saturation. This results in faster kKinetics and denser particles. The TVR continuously
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produces spherical precursors with narrow particle size distribution, which is critical to achieve high quality
battery material.
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Figure 1-380. Taylor vortex flow enabling micro mixing zones.

As part of a CRADA with Laminar, a 40L TVR pre-pilot reactor was delivered and is being installed.
(Figure 11-381). This 40L TVR will be used in the process scale-up study in conjunction with 1L and 10L
reactors. We are planning to conduct a systematic TVR scale-up research for mass production of active
cathode materials in FY'18.

Basic equipment design

1LTVR 10LTVR 40LTVR

Figure 11-381. 1L, 10L and 40L TVRs for Process Scalability Evaluation.

Conclusions

The flame spray pyrolysis facility has been installed and commissioned. Additional analytical equipment has
been added to the facility from a catalyst synthesis project but will be able to be utilized for battery material
synthesis.

The hydrothermal synthesis facility has been designed and equipment has been ordered.

A CRADA with Laminar has been established and a 40L TVR was been delivered and installed. The unit will
be fully commissioned in early 2018.

Key Publications

1. Y. Shin*, O. K. Feridun and G. Krumdick, Scalable Advanced Chemical Reactor, Taylor Vortex
Reactor, for Producing Li-ion Cathode Precursors, Argonne Battery Industry Day, June 2017
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Project Introduction

Newly-invented active battery materials that are not yet commercially available are being synthesized in gram
quantity at bench-scale without quality control and reproducibility. These chemistries need to be tested and
validated in large format prototype cells before going to high-volume manufacturing which needs a fair
amount of material. Moreover, for in-depth material characterizations and further material modification such as
surface coating, kilogram scale stocks of these materials are necessary as baseline materials. Therefore, the
supplement of newly-invented materials with high quality and large quantity is critical for both fundamental
research and industrial validation for commercialization.

From material engineering perspective, the development of a tailored synthesis process and composition
optimization are the key issues to produce sufficient quantities of these newly-invented materials with high
quality and reproducibility. But they are challenging. Barriers addressed are synthesis route selection, process
and composition optimization, quality control with reproducibility and manufacturing cost reduction. The
systematic material engineering and customized scaled process that we develop, will resolve the scale-up
constraints of these materials and bridge the gap between basic material research and commercialization.

Objectives

The program is a key missing link between discovery of advanced active battery materials, market evaluation
of these materials and high-volume manufacturing to reduce the risk associated with their commercialization.
We provide systematic process and material engineering researches to develop cost-effective customized
processes and to produce sufficient quantities of target materials with high quality by optimizing synthesis
process and material composition, evaluating material purity profile and applying emerging manufacturing
technologies. The technical targets of this program are developing customized synthesis processes for each
material selected, scaling up multi-kilogram material with reproducibility under rigorous quality control and
evaluating emerging manufacturing technologies to assist the fundamental research of R&D groups and reduce
the commercialization risk of newly-invented active battery materials.
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Approach

Advanced active battery materials with component concentration gradient structures were selected as target
materials which are composed of Ni-rich central bulk together with Mn-rich outer layer. This type of material
has been reported to have the potential to have a high capacity of more than 200 mAh/g together with
improved thermal stability. We first performed preliminary synthetic studies on one of these materials to
evaluate whether it can have both high capacity and thermal stability. In order to verify the electrochemical
performance of the synthesized materials, the coin half cell evaluation was carried out. Through a collaboration
with BNL, advanced structural analysis and thermal stability evaluation are being carried out. At the same
time, as shown in Figure 11-382, a tailored synthesis process is being developed to enable mass production of
this material using various synthesis process equipment installed in Material Engineering Research Facility
(MERF) at ANL.
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Figure 1-382. Material Synthesis and Optimization Approach: (1) Process Capability Established at MERF and
(2) Development of a Customized Synthesis Process for Advanced Cathode Material with Component
Concentration Gradient Structure

Results

Layered Ni-rich NMC material exhibits high specific capacity of approximately 210 and shows significant
interest for use in electric vehicles due to its high reversible capacity, good rate capability and low cost.
However, many challenges remain to improve the capacity retention during cycling and thermal-abuse
tolerance of this material. To stabilize this high-capacity Ni-rich cathode material, as an approach, particle
shape with component concentration gradient structures has been implemented.

For preliminary synthesis and evaluation of these types of materials, one can see the schematic particle
drawing in Figure 11-383, we selected NMC811 as core composition, NMC442 as surface composition and we
prepared two kinds of core-gradient materials by controlling the thickness of gradient layer which shows same
initial discharge capacity at C/10-rate and improved cycling performance at 1C-rate. To investigate the particle
structure and thermal stability of this 622 gradient material, we set up a collaboration with Dr. Yang’s group at
BNL. Figure 11-384 is the X-ray absorption spectroscopy result. Ni, Co, and Mn K-edge XANES data of the
commercial NMC622 and 622 gradient materials are almost identical, which indicates that 622 gradient
material was well-synthesized. We can see the peak broadening of 622 gradient which indicates more
structural inhomogeneity compared to the commercial NMC622 in Figure 11-385. This unique phase transition
behavior of 622 gradient is related to broadened oxygen release which is much safer than sharp oxygen release
of commercial NMC622 shown at this oxygen release graph in Figure 11-385.
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Figure 1-383. Preliminarily Synthesized 622 Gradient Material with Component Concentration Gradient Structures
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Figure II-385. Thermal Stability of Charged 622 Gradient and Commercial NMC622 Materials using Time Resolved

XRD (BNL)

To achieve higher-capacity gradient material with better stability, NMC90/5/5 was selected as a core
composition and NMC333 as a surface composition to make overall composition like NMC811. We prepared
two types of gradient materials. 811 core-gradient and 811 core-shell as you can see at Figure 11-386.

622 Gradient (FY16)

Surface
NMC442

/

Core
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Ni
Concentration of Mn
transition metal Co
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Medium particle strength
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Core
NMC955

Surface
NMC333

High capacity

Medium particle strength
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811 Core-Shell

Surface
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Core
NMC955
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Low particle strength
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Figure 1-386. Particle Structure Design for 811 Gradient Materials to Achieve Higher Capacity with Stability

Figure 11-387 is the cross-sectional elemental mapping of the prepared materials. For 811 core-gradient
particle, Ni concentration decreases from 90% to 33% as it approaches to the particle surface. On the other
hand, Co and Mn concentrations increase from 5% to 33%. For 811 core-shell particle, Ni concentration
decreases stepwise from 90% to 33% as it approaches to the particle surface. Co and Mn concentrations also
increase stepwise from 5% to 33%. The prepared 811 core-gradient and core-shell materials exhibit similar
physical properties and initial discharge capacity, compared to the commercial NMC811 as shown in Figure 11-

388.
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Figure II-387. SEM with EDS on Synthesized 811 Core-Gradient and Core-Shell Material

Material NMC 811 NMC 333 811 Core-Gradient 811 Core-Shell
Scale / status MERF pre-pilot preliminary product
SEM

Compoasition NMC 811 NMC 333 ~ NMC 811 ~ NMC 811
ICP-MS analysis Liy 0aNig goMnig10C00100y | Lizg7Nig 34Mng33C00330y | LiyooNig 76Mng15C00120, | LipogNig 76MnNg 12C041,0y
Particle size Dy [pm] 13.7 11.7 8.0 8.0
BET [m?/g] 0.37 0.34 0.55 0.57
* FCE [%] 90.0 90.5 88.1 86.7
* Avg. working voltage 3.86 3.88 3.87 3.87
. @')3 EC:\EEQ[?EE;E}Y 210.0 1716 209.1 205.4

* At C/10,2.7— 4.4V and 30°C

Figure 11-388. Comparison of the Prepared 811 Core-Gradient and Core-Shell Materials with Commercial Products
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commercial NMC811 and NMC333 materials using coin half cell. Figure 11-389 is the C/2 cycling and rate
performance comparison between 2.7 and 4.4 voltages at 30°C and Figure 11-390 is the C/2 cycling and rate
performance comparison between 2.7 and 4.4 voltages at 55°C. At both 30 and 55 degrees, 811 core-gradient

and core-shell materials show similar initial discharge capacity but improved high C-rate performance and

capacity retention, compared to the commercial NMC811 material.
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Figure 11-389. C/2 Cycling and Rate Performance Comparison at 30°C
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Figure 11-390. C/2 Cycling and Rate Performance Comparison at 55°C

Two radar maps in Figure 11-391show overall electrochemical performance comparisons of the 811 core-
gradient, core-shell and commercial NMC811 materials at 30 and 55°C. First cycle efficiency, average
working voltage and initial discharge capacity are almost similar but 811 core-gradient and core-shell materials

shows 20% improved capacity retention together with better rate capability compared to the commercial
NMC811.
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Figure 11-391. Radar Map Comparison of the Prepared 811 Core-Gradient and Core-Shell Materials with
Commercial NMC811
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Conclusions

As an approach to improve the cycling and thermal abuse tolerance of layered nickel-rich NMC materials,
cathode particle with component concentration gradient structures has been implemented. First, the particle
structure and characteristics of the preliminarily-synthesized 622 core-gradient material were analyzed through
the X-ray absorption spectroscopy and time-resolved XRD analysis in collaboration with BNL. The results
confirmed that the prepared 622 core-gradient material showed improved thermal stability than the commercial
NMC622 material.

In order to achieve more than 200mAh/g with stability, 811 core-gradient and core-shell materials were
synthesized and evaluated. 811 core-gradient, core-shell and commercial NMC811 materials have similar first
cycle efficiencies, average working voltages and initial discharge capacities, but 811 core-gradient and core-
shell materials have about 20% better capacity retention and better rate capacity than commercial NMC811.
Based on the obtained electrochemical data, we can conclude that cathode particle with component
concentration gradient structures is a good approach to stabilize high-capacity nickel-rich cathode materials for
longer cycle life. To achieve higher capacity together with longer cycle life, combinations of various particle
structures and component concentrations have been attempted. As part of these efforts, we are producing
samples to assist basic research groups and conducting new process development studies to promote the
commercialization of these kinds of materials with component concentration gradient structures.

Key Publications

1. Y. Shin, O. K. Feridun and G. Krumdick, 1V.E.2 Process Development and Scale up of Advanced Active
Battery Materials (ANL), US Department of Energy (DOE), November 2016

2. J.R.Croy, J. S. Park, Y. Shin, B. T. Yonemoto, M. Balasubramanian, B. R. Long, Y. Ren and
M. M. Thackeray, Prospects for spinel-stabilized, high-capacity lithium-ion battery cathodes, Journal of
Power Sources, December 2016

3. G. Krumdick, Y. Shin and O. K. Feridun, Manufacturing Research on Advanced Cathode Materials,
2017 United States Drive Advanced Engine Crosscut Team Meeting, May 2017

4. Y. Shin, O. K. Feridun and G. Krumdick, Scalable Advanced Chemical Reactor, Taylor VVortex Reactor,
for Producing Li-ion Cathode Precursors, Argonne Battery Industry Day, June 2017

5. Y. Shin, O. K. Feridun and G. Krumdick, Process Development and Scale up of Advanced Active
Battery Materials —Gradient Cathode Materials, US Department of Energy (DOE), June 2017

6. Y. Shin, How to Stabilize High-capacity Nickel-rich Cathode Materials for Longer Cycle Life, 2017
The Battery Show, September 2017

II.F.2 Active Cathode Materials with Component Concentration Gradient Structures (ANL) 689



Batteries

ILF.3 Integrated Flame Spray Process for Low Cost Production of Battery Materials
for Lithium lon Batteries and Beyond (University of Missouri)

Yangchuan Xing, Principal Investigator
University of Missouri

Department of Chemical Engineering
Columbia, MO 65211

Phone: 573-884-1067

E-mail: xingy@missouri.edu

Peter Faguy, Technology Manager
U.S. Department of Energy

Phone: 202-586-1022

E-mail: Peter.Faguy@ee.doe.gov

Start Date: January 1, 2016 End Date: December 30, 2018
Total Project Cost: $2,526,250 DOE share: $2,215,556 Non-DOE share: $310,694

Project Introduction

Flame (combustion) processes have been proven to be the most economical way to produce fine powders.
Pigment titanium oxide and fused silica are produced in millions of tons per year worldwide using flame
processes. One of the challenges in these gaseous flame processes is that multiple metal oxides, like those used
for lithium ion batteries, are difficult to produce due to the lack of appropriate gasified chemical precursors.
Oxides of multiple metals are often produced in flame spray pyrolysis processes in which liquid precursors
(mostly dissolved metal salts) are used. Precursor salt solutions are atomized and sprayed into a flame to make
metal oxide powders. Unfortunately, the current flame spray technologies have problems in high throughput
manufacturing. They also use a large amount of water and are prone to producing pollutants.

This project is to develop a battery material manufacturing technology using an integrated flame spray process
(iFSP). It is a green chemical process and has the potential to significantly reduce manufacturing cost of
battery materials. The technology is based on our innovations in spray processes, chemical precursors, and
process integrations. The R&D project is a collaborative effort with EaglePicher Technologies, and will take
the proposed iFSP to a new technology readiness level, with a goal to achieve a 25% cost reduction for the
cathode active materials. Further full-scale production development beyond the performance period is expected
to reduce the cost by 50% by 2020.

Objectives

The overall objective of this project is to develop an advanced technology for battery materials production at
low cost and in a green chemical process. The specific objectives for 2017 include reactor development and
powder synthesis, materials testing, and battery cell development with desired chemistry.

Approach

The main approach is to develop an integrated flame spray process in the manufacturing of transition metal
oxide powder materials for batteries. The innovations of the proposed R&D include (1) using deep eutectic
solvents (DES) as novel chemical precursors; (2) developing an innovative flame spray process; (3) integrating
downstream powder processing; (4) leveraging with first class battery cell design and fabrication facilities (at
EaglePicher Technologies).
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Results

(1) DES Flame Spray Process R&D

A Gen 3.0 flame reactor has been developed and fabricated to spray the deep eutectic solvent precursors and
produce transition metal powders at a capacity of 3 kg/day or more. New developments include flow field
control, temperature control, and precursor feeding in the flame reactor. Efforts have been made and will
continue to be made on testing the new reactor and improving its performance in the production of powder
materials.

(2) NMC Powders and Performance

NMC (333) powders were produced in the flame reactor. The newly produced powders (Figure 11-392) showed
much better performances (Figure 11-393) than powders produced previously. The significant improvement in
capacity was attributed to the increase of lithium content in the powders to form stoichiometric compound of
LiNiysMn13C01/302.

Figure 11-392. Powders produced from the flame spray process, showing average size of 3 microns, much smaller than
those obtained from last quarter at 50 microns. The powders also appear to be solid, not porous as before.
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Figure 11-393. Coin cell test of the new powders as compared to the old powders, showing much improved performance.
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(3) Nanocoatings on Powders

Nanocoatings on active powders are intended to protect the powders from degradation and maintain their
performance. Studies were conducted in two cases: one is carbon coating in a CVD process and the other is
metal oxide (e.g., Al.O3, Nb2Os) coating in a proprietary process. For the CVD coating of carbons, a
preliminary work was conducted to coat carbon on metal oxide nanowires. A carbon nanocoating was
successfully made on sodium titanate nanowires in the CVD process (Figure 11-394). The accomplishment lies
in the uniformity of the nanoscale thickness of the carbon coating that conformably covers the whole fiber. The
carbon coatings improved the performance of the material, ascribed to increase in electrical conductivity and
surface protection.
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Figure 1I-394. Carbon coating on a sodium titanate fibrous battery material, showing a uniform, nanoscale carbon coating.
The carbon coating is dense without holes.

Metal oxide nanocoatings were made on NMC powders that were made in a solution-based process.
Preliminary studies showed that the NMC powders can be coated with metal oxide nanocoatings

(Figure 11-395), evidenced by the stability of the powder performances that are shown in Figure 11-396. The
charge-discharge curves are from the 1%t cycle to 100" cycle. The powder as prepared showed large capacity
loss after 50 cycles, but the coated powders showed much less loss. The stability of the NMC powders is
obviously improved after a metal oxide coating.

Figure 1I-395. (Left) Bare NMC powders as prepared; (Right) after a metal oxide coating.
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Figure 11-396. Charge-discharge profiles on bare and coated NMC electrodes. The coated NMC shows much improved
cycling stability (less polarization).

(4) Cell Design to Achieve Energy Density

Initial cell design work was conducted at EaglePicher. To achieve energy density of 250Wh/kg Li-ion cell the
work was started with an establishment of baseline cell design template. A baseline cell design template serves
as a design guideline for screening suitable chemistry and determining electrode design parameters such as
optimal compositions and physical configuration. Establishment of baseline cell design template could reduce
extensive optimization works for identifying suitable electrode chemistry, electrode designs, and a final cell
design. Some commercial battery powders were used to establish the baseline in our battery cell design. The
goal is to search for suitable battery chemistries that will guide the synthesis of powder compositions in the
flame spray process.

High loading cathodes have initially been processed with several commercial cathode active materials. Lithium
cobalt oxide (LiCoO,, LCO), lithium nickel cobalt manganese oxide (LiNig.6C00.2Mno202, NCM622) and
lithium nickel cobalt aluminum oxide (LiNigsCo0o.15Al0.0502, NCA9152) were selected as candidate cathode
materials for the study. Through cell fabrications and testing, electrochemical tests of these electrodes have
been carried out under different rates in coin cells with cut-off voltage 4.3 V vs Li/Li*. The initial results for
validating the cathode materials are shown in Table I1-17.

Table 1I-17: The cell capacities of high loading electrodes using NCA9152, NCM622 and LCO.

Cathode Material NCA9152 NCM622 LCO
Columbic Eff (%) 89.2% 91.0% 98.4%
C rate Specific Discharge Capacity (mAh/g)
C/20,C/20 195.4 184.5 160.0
C/10,C/10 190.2 180.3 157.6
C/5,C/5 183.0 176.5 157.9
C/5,C/2 173.0 166.8

Based on the electrochemical tests above, the energy densities of the cathode in coin cells have been
summarized in Table 11-18, which will be used for the cell design to reach the energy density of 250 Wh/kg
when matched with a suitable anode material. The maximum energy density with the current design is from the
cathode with NCA9512. NCA powder is a material to be produced in the flame spray process in our next step.
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Table 1I-18: Energy densities using NCA9152, NCM622 and LCO, with discharge voltages of
3.81, 3.82, and 3.96 V vs Li/Li*, respectively.

Cathode Material NCA9152 NCM622 LCO
C rate Energy density (Wh/kg)*
C/20,C/20 746.6 706.4 636.4
C/10,C/10 726.6 690.4 626.1
C/5,C/5 699.2 677.1 625.9
C/5,C/2 656.8 633.6

* based on cathode material.

Conclusions

1. A Gen 3.0 flame reactor was fabricated and tested that can achieve a high throughput rate of 3 kg/day or
more of active material NMC powders.

2. The NMC powders produced in the reactor showed mostly spherical powders with much improved
capacity that can be increased when further tailored in morphology and size.

3. Surface coating processes have shown promising results. They will be further developed and integrated
into the flame spray process.

4. Baseline battery cell design shows that NMC material with a different composition and an NCA material
could be targeted cathode powder materials to achieve the energy density of 250 Wh/kg. They will be
further pursued in our future work.
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Project Introduction

Si is an attractive replacement for graphite in Li-ion battery anodes due to its high theoretical capacity (3,600
mAh/g for LisSis vs. 372 mAh/g for LiCs) and low operating potential (< 0.5 V vs. Li/Li*). However, Si-based
anodes often exhibit poor cycling stabiity due to large volume changes, particle pulverization, and instablities
associated with the solid electrolyte interphase (SEI) layer. The use of Si nanoparticles and nanowires has
shown promise, but the active material loading in such nano-Si anodes is low, resulting in low areal and
volumetric capacities. Thus, there is a need for new anode designs which can tolerate Si volumetric changes
while maintaining high gravimetric, areal, and volumetric capacities over many charge/discharge cycles at low
and high C-rates.

Objectives

The objectives of this project are to fabricate an electrospun Li-ion battery nanofiber anode and demonstrate its
superior performance in half-cell and full-cells. The fiber mat anode is expected to outperform current state-of-
the-art thin film slurry anodes, in terms of volumetric capacity and rate capability, and could enable a
substantial reduction in the weight and size of an electric vehicle battery. The project will also demonstrate that
the fiber mat anode can be manufactured in large scale at a commercial electrospinning facility. Experiments
will focus on optimizing the composition and morphology of Si-based nanofiber anodes with/without a
conducting polymer binder for lithium ion batteries. Such anodes will designed for high gravimetric and
volumetric energy densities, e.g., an initial capacity of 1,200 mAh/g and 1-2 mAh/cm? with 90% capacity
retention after 200 cycles at 0.1C and a capacity of 500 mAh/g after 200 cycles at 2C which is recoverable to
at least 1,000 mAh/g at the lower charge rate of 0.1C. The project will also generate useful correlations and
insightful understandings regarding the electrospun anode composition/structure and its performance.

Approach

This project is an extension of the PI’s prior successes in using neat polymer and polymer/particle nanofiber
electrospinning for membranes and electrodes in electrochemical devices. In prior studies, electrospun Li-ion
battery electrodes were prepared by carbonizing polymer fiber precursors at high temperature. In
particle/polymer electrospinning, there is no fiber pyrolysis; the electrospinning and post-processing are
performed at room temperature to preserve the beneficial properties of the polymer binder and to ensure an
electrode with a high fiber volume fraction. High gravimetric, areal, and volumetric capacities are achieved at
fast charge/discharge rates through the use of thick, densely packed particle/polymer nanofiber mats. Four
key tasks will be performed: (1) Synthesis, optimization and testing of conducting polymer binders;
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(2) Electrospinning and post-processing of composite nanofiber mat anodes of Si nanoparticles with a
conducting binder or with electrically conducting carbon powder and a non-conducting binder; (3) Evaluation
of short-term and long-term performance of electrospun anodes in half-cells and full-cells (with a NMC
cathode) followed by post-mortem characterization; and (4) Preliminary scale-up of anode fiber mat
manufacturing at a commercial electrospinning facility, where the resultant materials meet the project
performance targets. Experiments during this reporting period focused on: (a) single fiber mats composed of Si
and carbon particles in a suitable polymer binder; (b) dual fiber mat anodes, where one fiber type contains Si
nanoparticles and binder and the second fiber is composed of carbon powder and binder; and (c) an
electrosprayed anode composed of Si nanoparticles and carbon powder with a new thermally crosslinked
polymer binder. National laboratory partners on this project are Dr. Gao Liu at Lawrence Berkeley National
Laboratory (LBNL), who has been providing electrically conductive polymer binders and Dr. Jagjit Nanda at
Oak Ridge National Laboratory (ORNL) who is overseeing electrode characterization experiments. eSpin
Technologies, Inc. is a subcontractor on the project and will be responsible for making fiber mat anodes on
their commercial electrospinning equipment.

Results

Single Fiber Anodes

Experiments were carried out to optimize the composition of single fiber Si/C/poly(acrylic acid) (PAA)
electrospun anode mats. Specifically, we sought to better understand how a fiber mat anode performs when the
PAA binder content is increased at a constant Si loading. Three fiber mat electrodes were prepared and tested
in CR2032 half-cells (with a Li metal anode) at Si/C/PAA compositions of 40/15/45, 40/25/35, and 40/35/25.
The charge/discharge cycling results at 0.1C are shown in Figure 11-397. Increasing the PAA content leads to a
dramatic improvement in cell performance after 20 charge/discharge cycles, with an increase in capacity
retention from 40% retention at 25 wt.% PAA to 80% retention at 45 wt.% PAA.
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Figure 1I-397. Cycling results of anodes fabricated from electrospun single fiber mats containing 40 wt.% Si and varying
content of C and PAA binder.

Research activities at ORNL focused on using x-ray diffraction (XRD), energy dispersive Xx-ray spectroscopy
(EDX), and Raman spectroscopy to characterize the structure of electrospun single fiber anodes with a
Si/C/PAA weight ratio of 40/25/35. An X-ray diffraction (XRD) pattern of the Si/C/PAA fiber mat is shown in
Figure 11-398. Peaks associated with crystalline Si were observed. The broad peaks near 26 = 20° are attributed
to the carbon powder and PAA binder. An energy-dispersive X-ray spectroscopy (EDX) analysis of the same
fiber mat (Figure 11-399) shows that Si and C particles were uniformly distributed throughout the fiber
structure.
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Figure 11-398. XRD pattern of an as-spun Si/C/PAA fiber mat and a reference pattern for Si (PDF No. 27-1402)

Figure 1-399. (a) SEM image of a Si/C/PAA fiber mat and the corresponding EDX maps showing the (b) carbon and (c)
silicon distributions.
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Figure 1-400. (a) Average Raman spectra for a Si/C/PAA fiber mat containing 35 wt% PAA before and after 50 cycles.
(b-c) Raman maps over an area of ~ 4.5 x 9.0 um2 showing the Raman shift of the maximum peak for these electrodes
(b) before cycling and (c) after 50 cycles at 0.1C.

Figure 11-400 shows Raman spectra for a pristine (i.e., uncycled) fiber mat anode (Si/C/PAA ratio of 40/25/35)
and an electrode after 50 cycles at 0.1C. The pristine electrode had a large peak near 520 cm™, associated with
the presence of crystalline Si. This peak was absent in the cycled electrode which contained a broad peak near
475 cm, indicating a crystalline to amorphous transformation of Si during cycling. This change was mapped
over an area ~4.5 x 9.0 um? as shown in Figure 11-400; these results indicate that the transformation occurred
uniformly throughout the fiber mat. Note that portions of the electrode surfaces were out of focus during
Raman mapping, and the white pixels in Figure 11-400 represent regions where the data were omitted due to
low spectral intensities (i.e., counts < 10).

Electrospinning Electrically Conductive Polymers

A new conducting binder, PEFM, was synthesized by G. Liu at LBNL for possible use as the binder in
electrospun nanofiber mat Si anodes. The polymer is comprised of four subunits: (P) polyfluorene with octyl
side chains, (E) fluorine with trietyleneoxide monomethylether side chains, (F) fluorenone, and (M) methyl
benzoate ester. The synergistic functionalities of the subunits should provide PEFM with an acceptable balance
of electronic conductivity, electrolyte uptake, mechanical strength and Si adhesion. Well-formed polymer
fibers (with no Si particles) were electrospun from a solution a 5.5 wt.% PEFM in chlorobenzene.
Unfortunately, after extensive experimentation, it was concluded that Si/PEFM fibers could not be made via
electrospinning.

Dual Fiber Mat Anodes

Several dual fiber mats were prepare using a custom built setup with a rotating and oscillating drum collector
onto which a Cu foil was wrapped prior to electrospinning. The spinning inks consisted of: (i) 0.3g Si, 0.3g
PAA, 2g isopropanol (IPA) and 2g methanol (MeOH), and (ii) 0.34g C, 0.2g polyacrylonitrile (PAN) and
2.75g dimethylformamide (DMF). The inks were sonicated for 30 min and then mixed using magnetic stirrers
for 2 days. The electrospinning conditions for fiber mat formation were as follows: (i) C/PAN ink — bias
voltage 9 kV, distance to collector 9.4 cm, flowrate 0.25 mi/h and (ii) Si/PAA ink — bias voltage 8 kV, distance
to collector 7.5 cm, flowrate 0.85 ml/h. Electrospinning was carried out in a controlled environment chamber
at a relative humidity of 30% and a temperature of 24°C. Only the central section of the mat, where the two
fiber types were uniformly deposited and well mixed, was used for further processing. The selected mat
section was pressed for 60 sec at 10 MPa followed by 30 min exposure to MeOH and then 30 min exposure to
DMF (these steps were performed to increase the fiber volume fraction and to create interfiber welds). The mat
was dried in a vacuum oven at 70°C for 1 hour and then at 110°C overnight. The final anode mat composition
was as follows: 70 wt.% Si/PAA (50/50 weight ratio) fibers and 30 wt.% C/PAN fibers (63/37 weight ratio).
The Si areal loading in the dual fiber mat was 0.70 mg/cm?. A coin cell was assembled as in previous
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experiments with a Li metal anode and an electrolyte of 1.2 M LiPFs in a mixture of ethylene carbonate and
diethyl carbonate (3/7 by volume, BASF Corp.) with 30 wt. % fluoroethylene carbonate (BASF Corp.).

Scanning electron microscope surface images of a dual fiber mat, at various levels of magnification are shown
in Figure 11-401. Thinner C/PAN fibers can be clearly distinguished from the much thicker Si/PAA fibers. The
C/PAN fibers appear to be well formed, whereas some droplets (with an average diameter 20 um) and beading
can be observed in the Si/PAA fibers. Although the overall fiber mat quality is far from ideal, the Si
nanoparticles are well distributed within the PAA fibers and intra-fiber pores can be detected in these fibers
(the inter-fiber volumetric porosity was estimated to be 50%).
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Figure 1I-401. SEM image of the surface of the electrospun dual fiber mat containing 70 wt.% of Si/PAA (50/50) and 30
wt.% of C/PAN (63/37) fibers.

A charge/discharge cycling plot for a half-cell with a dual fiber anode is shown in Figure 11-402. Capacity data
were collected by first cycling the cell at 0.1C for 35 cycles and then cycling the same cell at 1.3C for 50
cycles. At 0.1C, the capacity retention after 35 cycles was 87.4%. The theoretical capacity calculated from the
electrospinning ink composition and flowrate was 1311 mAh/g, which is very close to the recorded first cycle
charging capacity. The coulombic efficiency was above 98% during 0.1C cycling. After 50 cycles at 1.3C, the
gravimetric capacity was 671 mAh/g (a capacity retention of 93.4%) with a coulombic efficiency of 99.4%.
This capacity exceeds the 500 mAh/g Year 3 Go/No-Go target for this project. The excellent capacity and
capacity retention is attributed to the use of PAN for the carbon fibers, improved intermixing of the Si/PAA
and C/PAN fibers in a dual fiber mat, and the use of the Cu foil current collector (depositing fibers directly
onto the Cu foil may be providing additional mechanical strength to the anode mat). Cycling experiments at
high C-rates were also performed; for 50 cycles at 3C, the gravimetric capacity was essentially constant at

533 mAh/g, with a coulombic efficiency of 99.6%. The results clearly show that the C/PAN fibers are acting as
electrically conducting pathways in the Si/PAA fiber mat, with electrons migrating between the two fiber types
during electrode charging and discharging.

Examination of a New Crosslinkable Binder for a Si + C Anode

A new polymeric crosslinkable binder based on blends of poly(vinyl alcohol-co-ethylene) (PVAE) and PAA
was investigated. In preliminary solution cast thin film experiments, it was found that PVAE/PAA mixtures
could be thermally crosslinked (via ester formation) at 110°C, i.e., a thermally treated film did not dissolve in
the casting solution solvent. Initial attempts to electrospin a Si/C/PVVAE-PAA ink to make a single fiber mat
anode, however, were unsuccessful. Nevertheless, an electrosprayed droplet anode was produced directly on a
Cu foil current collector, where the Si/C/PVAE-PAA content was 40/25/35. This sprayed film was thermally
crosslinked (110°C for ca. 12 hours) and then tested as the anode in a CR2032 half-cell cycling experiment.

SEM micrographs of the anode surface after overnight annealing are shown in Figure 11-403. A uniformly
porous structure is observed with no significant Si or C nanoparticle clustering. The results of a coin cell
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cycling experiment are shown in Figure 11-404. The first charging capacity at 0.1C was 1508 mAh/g, which is
close to the expected value of 1515 mAh/g (assuming 3600 mAh/g for Si and 300 mAh/g for carbon).
Charge/discharge cycling at 0.1C was continued for 10 cycles (to stabilize the SEI) and then the
charge/discharge rate was increased to 1.3C. At this higher C-rate, the initial capacity was 1003 mAh/g, which
decreased to 815 mAh/g after 50 cycles (the capacity retention was 81.3%), with a final coulombic efficiency
of 98.9%. When the C-rate was further increased to 3C, the gravimetric capacity decreased from 623 mAh/g at
cycle 2 to 574 mAh/g at cycle 50 (a capacity retention of 92%, with a coulombic efficiency of 99.5% at cycle
50). It is not known if the excellent cycling stability of this sprayed electrode, as compared to a single fiber
Si/C/PAA anode, is due to the new binder or to the sprayed droplet morphology. We will continue to
investigate PVAE-PAA binders next quarter, in an effort to answer this important question.
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Figure 1-402. Cycling results of an anode fabricated from electrospun dual fiber mat containing 70 wt.% of Si/PAA (50/50)
and 30 wt.% of C/PAN (63/37) fibers.
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Figure II-403. SEM image of the surface of the electrosprayed Si/C/PVAE-PAA 40/25/35 anode annealed at 110°C and
supported on Cu foil.
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Figure II-404. Cycling results of an anode fabricated from electrosprayed ink containing new PVAE-PAA crosslinkable binder.

Conclusions

A new dual fiber electrospun anode mat was created and successfully tested, with separate fibers for Li storage
(Si/PAA fibers) and for electrical conduction (C/PAN fibers), where PAA denotes poly(acrylic acid) and PAN
denotes poly(acrylonitrile). Good charge/discharge behavior was observed (essentially complete utilization of
Si during the first cycle). The results show that: (i) 33% carbon fibers in a dual fiber mat is sufficient for good
electron conduction and (ii) there are sufficient contact points between Si/PAA fibers and C/PAN fibers in a
dual fiber mat for isotropic electron flow throughout the dual fiber anode mat, with good electrolyte infusion
between fibers. The gravimetric capacity retention was excellent (87.4% after 35 cycles at 0.1C and 81.8%
retention after 50 cycles at 1.3C).

A new thermally crosslinkable blended polymer binder was utilized in an electrosprayed droplet morphology
anode, where the binder was a blend of poly(vinyl alcohol-co-ethylene) and PAA. The anode composition
was 40/25/35 (Si/C/binder weight ratio). At 1.3C, the anode exhibited a high initial gravimetric capacity of
1003 mAh/g and excellent cycling stability, with a capacity retention of 81.8% after 50 cycles.
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Project Introduction

New, experimental materials are being constantly invented to improve the safety, energy density, cycle, and
calendar life of lithium ion batteries for HEV and PHEV applications. These materials are typically
synthesized in discovery laboratories in small batches providing amounts sufficient only for limited basic
evaluation but not in quantities required for full scale validation and prototyping. In addition, bench-scale
processes are often un-optimized, not validated, and generate materials with inconsistent purity and yield. The
project is aim to assist battery community by enabling access to larger quantities of high quality innovative
materials.

Objectives

The objective of this project is to conduct research toward scaling up production of advanced materials for Li-
ion batteries originally created in small quantities by discovery scientist. Scaling up the original route used by
discovery scientists requires sometimes extensive modification of the bench-scale chemistry and scientific-
based process R&D to allow for safe and cost effective production, development of an engineering flow
diagram, design of a mini-scale system layout, construction of the experimental system, and validation of the
optimized process. The experimental system will be assembled and the materials will be manufactured in
quantities sufficient for full scale industrial evaluation. The materials produced by the program will be fully
characterized to confirm chemical identity and purity. Analytical methods will be developed for quality
control. The electrochemical performance of the materials will be validated to confirm that the properties
match the original sample generated by the discovery scientist. Sample of the materials produced by the project
will be available to LIBs community to support basic research and large scale performance validation.

Approach

A comprehensive, systematic approach to scale-up of advanced battery materials has been defined. This
approach starts with the original route the new material was first made in the discovery lab and initial
electrochemical evaluation. This determines if the material is to be added to the inventory database, ranked,
prioritized and selected for scale up. MERF prioritize new materials based on level of interest, validated
performance and scale up feasibility. The new candidate materials for scale up are discuss with DOE for final
approval. MERF evaluates several approaches, including new emerging manufacturing technologies, to
determine the best approach to scale up each particular material. One of such technology is Continuous Flow
Chemical Reactor that enables the continuous synthesis of materials from discovery through process
development and production scale. Continuous flow reactor can be used for rapid screening of reaction
condition to better understand fundamentals of process kinetic and thermodynamic. The technology offers
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cost-effective alternative to traditional batch processes by improving material and energy usage and minimize
environmental impact of the manufacturing operation.

At this point, the scale-up process begins with a feasibility study, followed by proof of concept testing, 1st
stage scale-up and final 2nd scale scale-up. Several Go/No Go decisions are located after feasibility
determination and electrochemical validation testing.

For each material, we will develop a scalable manufacturing process, analytical methods and quality control
procedures. We will also prepare a “technology transfer package” which includes detailed procedure of the
revised process for material synthesis, materials balance, analytical methods and results (Certificate of
Analysis) and SDS for the material. The detailed process description allows for preliminary estimates of
production cost, an important factor for decision making in industry.

We apply the newly developed process to make kilogram quantities of the material. We will fully characterize
chemically each material and make samples available for industrial evaluation and to the research community.
We will also provide feedback to discovery chemist helping guide future research.

Results
1. Binder for Advanced Anode

MERF contributes to the Advanced Anode Program by developing binary polymeric systems able to in-situ
crosslinking during the process of electrode laminate manufacturing. The two components of the system need
to be stable and non-reactive during aqueous slurry preparation process to allow for casting but should undergo
rapid thermally induced crosslinking during laminate drying. The selection of proper components for the
binary system needs to take under consideration several criteria required for binder for LIBs electrode. The
components of the binary system need to be soluble or forming stable emulsion in water, the cross- linked
polymer needs to be chemically compatible with electrolyte and other electrode materials and
electrochemically stable during cycling of the batteries. The polymer needs to be characterized by good
adhesion to the current collector and good cohesion between particles of the composite anode.

The intra- and extra-molecular crosslinking will result in a flexible 3D mesh holding silicon and graphite
particles together preventing loss of electrical contact and mechanical degradation of the electrode during
cycling (Figure 11-405). Interaction of the backbone polymer with Si surface may further strengthen the
structure and improve performance.

M 4
Figure 1-405. Schematic of 3D mesh formation by in-situ cross-linking offunctionalized backbone polymer and
small molecules.
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Figure 1-406. Poly(ethylene-alt-maleic anhydride) and poly(methyl vinyl ether-alt-maleic anhydride)
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We selected inexpensive, commercially available poly(ethylene-alt-maleic anhydride) and poly(methyl vinyl
ether-alt-maleic anhydride) as starting materials for syntheses of backbone polymers (Figure 11-406).

The anhydride moiety in the starting materials were hydrolyzed to the corresponding poly(ethylene-alt-maleic
acid) and poly(methyl vinyl ether-alt-maleic acid), respectively. Both backbone polymers containing maleic
acid moieties were used in model cross-linking reactions with the following bi-functional small molecules:
triethylene glycol, PEG400, PEG1000, 1,4-butanediol, and 4-aminobutan-1-ol.
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Figure 1-407. FT-IR of poly(ethylene-alt-maleic acid) and material cross-linked with 20% molar of triethylene glycol.
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FTIR analyses of the resulting materials revealed, in each case, formation of the expected crosslinks as evident
by presence of ester or/and amide bonds (Figure 11-407). Small amount of anhydride in the product was also
observed.

2. Scale up of Trifluoromethyl Sulfone Solvents

Ethyl and propyl trifluoromethyl sulfones (Figure 11-408) are promising solvents for high voltage LIBs
electrolyte.

O O

F,.C-8 F,.C-$
8 5\

Figure 1-408. Ethyl and propyl trifluoromethyl sulfones

The materials although known (12 references for Et and 4 references for Pr in SciFinder including patents for
electrolyte formulations [1-2]) are purely described in the literature. There are only a very few references to the
synthesis of the compounds [3]. (See Figure 11-409.)

o
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Figure 1-409. Published synthesis of ethyl trifluoromethyl sulfone

The above reaction run at MERF at various conditions did not provide the desired product in an appreciable
amount. Xu et al., [4] described multi-step synthesis procedure in 2002 publication without providing any
experimental details. The synthesis route described by Argonne researches [5] utilizes Grignard reagent and
trifluoromethanesulfonic anhydride (triflic anhydride). (See Figure 11-410.)

F3C\§9 O\S/CF?,
dioxan g 9 b o
R-Mg-R + MgBr, >  F,C-5-R  R=ethyl, propyl

R-MgBr

ether

Figure 1-410. Published synthesis of ethyl and propyl trifluoromethyl sulfones

The reported yield is low (~40%) and isolation of the desired product in a pure form is difficult due to
complexity of the post-reaction mixture. Additionaly, the process involves centrifugal separation of moisture
sensitive intermediate (diethyl or dipropylmagnesium) that makes it impractical in a larger scale production.

MERF run several experiments in an attempt to simplify the process, enhance material purity and to improve
overall yield (for example using organozinc instead of organomagnesium compound and copper catalysis).

We found out that the process can be reduced to one-step (Grignard equilibrium shift by addition of dioxane is
not necessary) if chloromagnesium instead of bromomagnesium Grignard compound is used. (See
Figure 11-411.)
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Figure II-411. Improved synthesis of ethyl and propyl trifluoromethyl sulfones

Although small amount of the materials can be made in batches, the current process that is extremely
exothermic is not suitable for larger scale production. We currently investigate continuous flow reactor process
as a technology platform to manufacture ethyl and propyl trifluoromethyl sulfones.

3. Scale-up of Pre-Lithiation Compounds - LisFeOs and LisCoOa.

Scaled-up synthesis of LisFeO4 and LisC0QO4 is completed. The material, a pre-lithiation additive was
developed and requested by Argonne’s CSE Division (Chris Johnson). The material is made via solid state
synthesis by step-wise heating following grinding in temp range from r.t. to 450 to 600°C to 800°C. The entire
process needs to be done in a moisture free atmosphere. Several reactions (muffle furnace and tube furnace,
outside and inside glovebox) have been run to optimize condition and validate reproducibility. The quality of
the material seems not be scale-dependent (3g, 11g and 35g all appear the same if the process is run in muffler
furnace that was located inside glovebox) and it material is phase pure (XRD). Several samples of LisFeO4
were provided to Argonne’s CSE researchers for electrochemical evaluation. Lithium cobalt oxide (LisC0Q4)
were scaled up to 12 g and the material was forwarded to CSE researchers.

4. Novel silicon-containing carbonate solvents with improved safety profile.

In the quest for materials that offer improved safety without sacrificing performance we synthesized and
investigated series of electrolyte carbonate solvents containing silicon atoms. Single literature reference [6]
suggested potential flame retardant ability of methyl (trimethylsilyl)methyl carbonate (MTMSMC). The above
reference did not disclosure source or technique used to obtain the material.

o base 0 '
Nei N multiple
Si” ~OH + +
] )J\ o T \Si/\oJ\o/ by-products
cl- o -

Figure 1-412. Standard method for synthesis of unsymmetrical carbonates
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Figure 1-413. Transesterification method for synthesis of unsymmetrical carbonates

Standard reaction procedure (Figure 11-412) for synthesis of MTMSMC failed to produce battery grade
materials. The reaction produced multiple by-product difficult to separate from the desired material.

Transesterification of dimethyl carbonate with (trimethylsilyl)methanol (Figure 11-413) was proposed as
an attractive alternative and possible candidate for a continuous flow manufacturing process.

Screening of several catalysts and various reaction conditions in batch and continuous flow mode
revealed that the material can be made in continuous flow reactor in more feasible manner than in batch.
The reaction has been successfully scaled up in continuous mode to work out 250 mL reactants in 4 mL
solid catalyst reactor in several hours. The product (MTMSMC) has been isolated by simple distillation
with excellent yield and purity greater than 99.8%.
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Several other silicon-containing carbonate solvents have been invented and synthesized at MERF
(Figure 11-414, compounds 2,3,4,5 and 6). Sample of the new materials are available to research
community for further evaluation.
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Figure 1-414. Structures of some novel silicon-containing carbonates invented and produced by MERF

Preliminary investigations of electrochemical performance of ethyl (trimethylsilyl)methyl carbonate
(ETMSMC) revealed that replacement of up to 20% EMC with ETMSMC in Gen2 electrolyte formulation
does not decrease performance of the cell. (See Figure 11-415.)
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Figure 11-415. 5, 10, 20% w/w ETMSMC in Gen2, graphite//NCM523, 3.0 - 4.4 V cycling (Ch/DCh at C/3), 30°C.

Sample of selected electrolyte formulations containing the new materials were provided to Argonne’s CAMP
facility for throughout evaluation. Materials (electrolyte formulations) with acceptable electrochemical
performance will be used to manufacture larger cell formats for safety and abuse tolerance tests.

Conclusions

MERF's experimental materials scale-up program assists the battery research community and allows for a
comprehensive evaluation of new materials by industrial laboratories as well as supports basic research.

In FY17 the program provided several new, not commercially available materials. Sample of high, uniform
quality materials were distributed for further evaluation and research. Over 130 samples, ranging from grams
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to hundreds of grams of experimental battery materials have been provided to researches since the program
inception.

MERF contributes to Advanced Anode Program by designing, synthesizing, and evaluating new class of
binder for silicon-graphite composite anodes. MERF's ability for rapid synthesis and evaluation of large
number of materials permits for developing structure - properties database. Such a database allows for better
understanding of binder’s performance requirements and assists in science-based rationale design of a new
materials.

MERF successfully investigated scale up process for making two sacrificial lithium source additives for
cathode materials. Several samples of the two materials, lithium iron oxide and lithium cobalt oxide, were
produced and provided to researches for electrochemical evaluation.

MERF invented and synthesized series of silicon-containing carbonate solvents. The materials have
significantly higher flash point than solvents commonly used to formulate LIBs electrolytes. Preliminary
electrochemical evaluation revealed that the materials can improve safety of LIBs without performance
degradation.

Evaluate emerging manufacturing technologies such as continuous flow reactors, microwave assisted reactions
or reactive distillations to improve product quality while lowering manufacturing costs are all under
consideration. MERF utilized recently acquired customized Syrris ASIA320 flow reactor to develop expedient
manufacturing processes for new electrolyte solvents by improving safety, minimize waste stream and lower
material and energy cost.
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Project Introduction

The “valley of death” is a phrase often used to describe the path a new discovery must traverse to become a
commercial product. This is especially true for novel battery materials invented in research laboratories around
the world. Often researchers are resource limited and are only able to make gram quantities of their new
material. The CAMP Facility is appropriately sized to enable the design, fabrication, and characterization of
high-quality prototype cells using just a few hundred grams of the latest discoveries involving high energy
battery materials. Prototype cells made in the CAMP Facility generally have near 400-mAh capacity, which
straddles the gap between coin cells and industrially-sized cells nicely — two orders of magnitude from each
end point. Thus, a realistic and consistent evaluation of candidate chemistries is enabled in a time-effective
manner with practical quantities of novel materials in cell formats commonly used in industry.

The CAMP Facility is an integrated team effort designed to support the production of prototype electrodes and
cells, and includes activities in materials validation (benchmarking), modeling, and diagnostics. It is not the
aim of this facility to become a small battery manufacturer, but instead to be a laboratory research facility with
cell production capabilities that adequately evaluate the merits and limitations of new lithium-ion chemistries
in a close-to-realistic industrial format. The source of these materials (anodes, cathodes, electrolytes, additives,
separators, and binders) may originate from the ABR and BMR Programs, as well as from other domestic and
foreign organizations such as universities, national labs, and industrial vendors. Electrochemical couples with
high power and energy density are given extra priority. Lately efforts have focused on silicon-based anodes,
and nickel-manganese-cobalt (NMC) cathodes that are high in nickel and operating at higher potentials.

The CAMP Facility has the capability to make three prototype cell formats in their 45 m2 dry room: pouch
cells (xx3450 format, with capacity around 0.5 Ah; and xx6395, with capacity around 2 Ah) and 18650 cells
(with capacity around 2 Ah). Pouch cells are generally easier to assemble, but they may suffer from bulging if
gases are evolved during cell aging and cycling. 18650s, which are rigid containers, may be used if the pouch
cell format is deemed unreliable due to gassing. Central to this effort is a pilot-scale coating machine that
operates with slurry sizes that range from 20 grams to a couple kilograms. This is a key feature of the CAMP
Facility that enables a professional evaluation of small quantities of novel materials. If needed, the Materials
Engineering Research Facility (MERF) is available for scaling up materials for these prototype cell-builds.
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Objectives

The objective of this core-funded effort is to design, fabricate, and characterize high-quality prototype
electrodes and cells that are based on the latest discoveries involving high energy anode and cathode battery
materials. Using this multi-disciplined facility, analytical diagnostic results can be correlated with the
electrochemical performance of advanced lithium-ion battery technologies for plugin electric vehicle (PEV)
applications.

o Link experimental efforts through electrochemical modeling studies.
o Identify performance limitations and aging mechanisms.

e Support lithium-ion battery projects within the DOE-EERE-VTO

Approach

The general approach used in this effort is to start small and grow large in terms of cell size and amount of
resources devoted to each novel battery material. At various points in the development process, decisions are
made to either advance, modify, or terminate studies to maximize utilization of available resources.

Coin cells (2032 size) are used for materials validation purposes with initial studies performed at room
temperature or 30°C. After formation cycles, the coin cells go through rate capability testing, HPPC testing,
and limited cycle life testing. Additional temperatures and test conditions are employed if warranted.

Using the results obtained by the materials validation of promising materials, single-sided electrodes are
fabricated on the larger dry-room coater for diagnostic study. The new cell chemistries are studied in detail
using advanced electrochemical and analytical techniques, including the employment of micro-reference
electrode cells. Factors are identified that determine cell performance and performance degradation (capacity
fade, impedance rise) on storage and on extensive deep-discharge cycling. The results of these tests are used to
formulate data-driven recommendations to improve the electrochemical performance/life of materials and
electrodes that will be incorporated in the prototype cells that are later fabricated in the dry room. This
information also lays the foundation for electrochemical modeling focused on correlating the electrochemical
and analytical studies, in order to identify performance limitations and aging mechanisms.

If the results from diagnostics and modeling still look promising, full cell-builds are conducted using double-
sided electrodes. The electrodes are then either punched in the case of pouch cells, or slit in the case of 18650
cells and assembled into full cells in the dry room using semi-automated cell assembly equipment. Formation
procedures are conducted on the cells to encourage electrolyte wetting and uniform solid-electrolyte-interface
(SEI) formation. These cells undergo rigorous electrochemical evaluation and aging studies under the
combined effort of the CAMP Facility team, and Argonne’s Electrochemical Analysis and Diagnostic
Laboratory (EADL) and Post-Test Facility. After testing, select cells are destructively examined by the Post-
Test Facility to elucidate failure mechanisms. This information is then used to further improve the new
chemistry, as well as future electrode and cell-builds.

Results

The CAMP Facility is designed to work closely with materials researchers across the many electrochemical
energy storage programs throughout the DOE-EERE-VTO. In addition to its own yearly R&D tasks, it actively
coordinates its efforts to provide support to other national lab teams such as: the High-Energy High-Voltage
deep dive, the Next Generation Anodes deep dive, and the CAEBAT programs. The Materials Benchmarking
Activities (Section 1V.B.2) is a segment of the CAMP Facility. The CAMP Facility also complements the
capabilities of other DOE support facilities such as: the Materials Engineering Research Facility (MERF -
ANL), the Post-Test Facility (PTF - ANL), the Battery Abuse Testing Lab (BATLab - SNL), and the Battery
Manufacturing Facility (BMF - ORNL).
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In particular, key deliverables that were met in FY17 for these programs include:

e Over 20 meters of advanced double-sided anode and cathode matching electrodes were produced and
delivered for the SilLion SBIR Phase Il project.

o Over 10 meters of alumina-coated NMC532 single-sided electrodes were produced and distributed to the
"High Energy/High Voltage" project

o 30 pouch cells with >400 mAh capacity using Si-Graphite anode and NMC cathode for NREL CAEBAT
studies were fabricated and delivered

More information about these projects can be found in the relevant chapters and sections of this annual report.
The remainder of this CAMP Facility section will discuss the results of the remaining CAMP Facility
deliverables for FY17, and include results of related topics.

Deliverable: Deliver to "Next Generation Anodes" Project at Least 10 meters of Single-Sided Negative
Electrode Based on 30% Silicon-Graphite with ~ 2 mAh/cm?2 Loading for FY17 Baseline

Using our knowledge of the challenges that silicon can present for slurry making and coating, we have
implemented effective strategies to help mitigate dispersion issues. New preparation processes were developed
for the fabrication of both the 15 wt.% Si electrode (15 wt.% silicon, 73 wt.% graphite, 2 wt.% carbon black,
and 10 wt.% LiPAA in H,0) and the 30 wt.% Si electrode (30 wt.% silicon, 58 wt.% graphite, 2 wt.% carbon
black, and 10 wt.% LiPAA in H2O) in this section from silicon suppliers: Nanostructured and Amorphous
Materials, Inc. from Houston, TX and Paraclete Energy from Chelsea, M.

The initial observations of pressure building during the aqueous slurry processing add to the challenges that
silicon already has on the electrochemical front. Gas generation suggests there is an uncontrolled reaction
changing the chemistry and properties of the silicon material. Gas generation during slurry processing is not
typical in NMP+PVDF-based slurries or H;O+CMC+SBR (no Si)-based slurries. To demonstrate the gas
generation of slurries containing silicon, we sealed pouch laminate foil with a pocket for slurry contents. This
laminate serves only as a container and is not an actual electrochemically active pouch cell. We observed that
high surface area silicon (30-50 nm particles), when combined with the binder solution LiPAA in H>O

(pH ~6), produced a significantly higher amount of gas generation than the other combinations. H,O with
silicon and H,O+PAA with silicon showed minimal gas generation. All pouches using NMP as the solvent,
either alone or in solution with PAA, showed no signs of gas generation. LiPAA does not dissolve in NMP,
therefore this was not part of the test matrix. A baseline of LiPAA in H20O (pH ~6) with graphite and carbon
additives showed no gassing.

Early 15 wt.% silicon coatings using the larger 70 to 130 nm silicon from NanoAmor showed a reappearance
of coating brittleness and stresses on the copper foil as the electrode dried that plagued early development
silicon electrodes. These undesirable properties were somewhat apparent in coatings at ~2 mAh/cmz, but
calendering helped improve the flexibility and avoidance of electrode cracking to extent that made them
acceptable for the Electrode Library. However, achieving >3 mAh/cm? with 15 wt.% silicon proved to be very
challenging with this material, which prevented this material from being fully adopted as the new baseline.
SEM images revealed that the previously used 50-70 nm silicon had a smooth spherical grown shape
morphology with secondary particles measuring around 50-70 nm, while the 70-130 nm powder showed
jagged edges that appeared to be milled resulting in a more broad particle size distribution with some
secondary particles micron sized. This result demonstrated that switching silicon particle size and morphology
can have drastic changes in coating behavior and can slow the development of obtaining high quality, flexible,
and robust electrodes.

A variety of coatings were made with different electrode compositions, solvent blends, and mixing procedures.
NMP produced a high quality electrode but showed a decrease in mAh/g compared to the aqueous produced
electrode. The NMP made electrode also took more cycles to reach the coulombic efficiency of ~99.5% that a
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typical aqueous electrode achieves. For this reason, it was decided to use the slurry process based on aqueous
LiPAA. The efforts in experimental coatings of 70-130 nm silicon from NanoAmor eventually resulted in
coating a single-sided high-quality 30 wt.% Si electrode at ~2 mAh/cm? (A-A011). This electrode (see

Figure 11-416) was entered into the CAMP Facility Electrode Library and also provided to the Next Generation
Anodes Project (Silicon Deep Dive).

Anode: A-A011

58 wt.% Hitachi MagE3 graphite

30 wt.% NanoAmor Silicon (70-130nm)
2 wt.% Timcal C45 carbon

10 wt.% LiPAA (H20), LiOH titrated

“SS” = single sided, target is for Electrode Library ->
Electrode ID: LN3107-72-5

Cu Foil: 10 microns

Total Electrode Thickness: 26 um (SS)
Coating Thickness: 16 um (SS)
Porosity: 41.0 %

Total SS Coating Loading: 1.94 mg/cm?
Total SS Coating Density: 1.21 g/cm3

Made by CAMP Facility

Figure 1-416. Electrode information for A-AO11 containing 30 wt.% 70-130 nm silicon from NanoAmor.

Efforts were also expended to develop 15 wt.% Si electrodes using silicon from Paraclete Energy, which is
their non-surface-modified silicon metal powder with oxide on the surface. These electrodes had better
physical properties than the 70-130 nm Si from NanoAmor and was capable of making electrodes with

> 3 mAh/cmz. This Paraclete Si was then used in a study to better understanding the impact n:p ratio may have
for the silicon-graphite composite electrode system. Two electrodes were made with 15 wt.% Si: one with a
n:p ratio near 1.5 [electrode A-A012], and one with a n:p ratio near 1.15 [electrode A-A013]. Full cells were
then made using these new baseline materials paired against the same cathode [A-C013A] using the Silicon
Deep Dive Protocol to evaluate the cycling performance. These results are shown in Figure 11-417. The higher
n:p ratio cell couple has a slight advantage over the lower n:p ratio cell, most likely because the Si in the
higher n:p ratio is not cycled as deeply. Based on the results of using the Si material from Paraclete Energy, it
was decided to use this Si material as the baseline Si going forward.

II.G.1 CAMP Facility Research Activities (ANL) 713



Batteries

160

——New Baseline 1 [A-A012]
140 -
New Baseline 2 [A-A013]

120 |

2

£

<

E

- ,

= -

g 100

o C

(-} B

O 80 +

an - A-A013 cycling still

5 60 in progress...

= B

a i

'6 40 —E

(] - 30°C,3.0to 4.1V

&P 20 | 2oSDerrorbars

§ | Weight of NMC 532

< 0 B | | | : ! ! ! !
0 50 100

Cycle #

Figure 1I-417. Full-cell coin-cell results showing cycle number vs. average discharge capacity of the new Silicon Deep Dive
baseline electrodes (Paraclete Energy silicon) vs. NMC532 [A-CO13A]. Data shows the average values based on 4 coin cells
for each electrode pair. The capacity values are normalized to the weight of NMC532.

Deliverable: Developing Techniques for In-Operando Detection of Lithium Plating During Fast Charging

A major effort is underway to enable fast charging of lithium-ion battery cells at rates greater than 6C, i.e.,
complete battery charging in 10 minutes or less. A key limitation at high charge rates is the plating of lithium
on the graphite-based negative electrodes used in conventional, high-energy lithium-ion battery cells. This
plating has consequences that include the following: (2) the plated lithium reacts with the electrolyte, reducing
the inventory of lithium-ions and electrolyte, and causing a rapid decline in cell life; and (b) the plated lithium
may form dendrites, which create short-circuits in the cell resulting in hazardous outcomes such as cell fires
and/or explosions. We have been exploring various techniques to detect lithium plating during cell cycling.
These techniques are under various stages of development and include (a) reference electrode cells that provide
reliable data during high-rate cycling, (b) operando energy dispersive X-ray diffraction, and (c) operando
radiography and tomography techniques.

As mentioned above, various techniques to detect lithium plating during cell cycling are under development.
The reference electrode cells provide information on the positive and electrode potentials; lithium-plating
becomes likely when the graphite-based negative electrode potential goes below 0.0 V vs. Li/Li+. Our typical
setup includes a Li-metal reference electrode (RE) that is external to the electrode stack; the electrode
potentials measured by this arrangement are affected by the distance of the RE from the electrodes, and are not
reliable at high cycling currents. We are examining alternative approaches, including the use of an RE that is
placed within the electrode stack; initial results are promising and more details will be provided in future
reports. The operando energy dispersive X-ray diffraction (XRD) measurements are conducted with a
conventional 2032-type coin cells at the 6BM-A beamline of Argonne’s Advanced Photon Source (APS). The
high-energy X-ray from the synchrotron source penetrates the stainless casing of the coin cell to allow for the
operando measurements. Initial experiments show that lithium-metal foil can be identified in the XRD spectra
collected on the coin cells. Future experiments will identify the cycling conditions (cell voltage, nature of the
electrode, electrolytes, etc.) under which lithium-plating on graphite becomes most likely. For the operando
micro-tomography work, a custom cell has been designed and fabricated to image dendrite formation during
electrochemical cycling. Tomographic scans collected on symmetric lithium-lithium cells during a recent study
indicate that lithium dendrites can be imaged in operando. Future experiments will include the study of lithium
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plating on graphite electrodes; further modification of the cell and data acquisition conditions may be needed
to achieve this challenging goal.

Deliverable: Determine Effect of Cycle Life/Calendar Life/Cell Pressure on Silicon-Graphite vs. NMC532
Pouch Cells

Silicon particles in lithium-ion batteries are known to grow up to 300% of their original size when lithiated.
The current standard negative electrode active material, graphite, will expand only around 10%. While silicon-
containing electrodes volumetrically expand when lithiated (full cell charging), they also deflate to a thickness
above the original thickness when de-lithiated (full cell discharging). The destructive nature of the significant
expansion and contraction during each charge and discharge cycle that silicon-containing electrodes exhibit is
thought to be one cause of the poor cycle life performance. In FY 2017, we evaluated the effects of applied
pressure on the cell stack for silicon-graphite composite and graphite-only electrodes. The CAMP Facility
fabricated xx3450 pouch cells with silicon-containing and baseline graphite negative electrodes against the
same NMC532 positive electrode and evaluated the formation, rate, impedance, and cycling performance
under a relatively low stack pressure (2 psi) and a high stack pressure (76 psi). Two additional pressures will
be selected in the second round of testing depending on these results.

Anode: Si-Gr Anode: Gr Cathode: NMC532

15 wt% NanoAmor Silicon (70-130nm) | 91.83 wt% Hitachi MagE3 90 wt% Toda NMC5B32

73 wtd% Hitachi MagE3 2 wt% Timcal C45 5 wt% Timcal C45

5 wt% Timcal C45 6 wt% Kuresha 9300 PVDF 5 wt% Solvay 5130 PVDF

10 wt% LiPAA 0.17 wt¥% oxalic acid

Matched for 4.1V full cell cyeling Matched for 4.1V full cell eyeling Matched for 4.1V full cell eyeling

Cu Foil Thickness: 10 pm Cu Foil Thickness: 10 pm Al Foil Thickness: 20 um

Total DS Electrode Thickness: 94 um Total DS Electrode Thickness: 130 pm Total DS Electrode Thickness: 136 pm

S5 Coating Thickness: 42 ym S5 Coating Thickness: 60 um SS Coating Thickness: 58 pm

Porosity: 44.0% Porosity: 32.0 % Porosity: 33.6 %

Total Coating Loading: 4.80 mg/cm? Total Coating Loading: 8.85 mg/cm? Total Coating Loading: 15.64 mg/cm?

Total Coating Density: 1.14 g/cm?® Total Coating Density: 1.47 g/cm? Total Coating Density: 2.70 g/cm?®

Estimated Capacity: 2.85 mAh/cm? Estimated Capacity: 2.73 mAh/em? Estimated Capacity: 2.27 mAh/cm?
(0.050 to 1.5V vs. Li metal, C/10) (0.000 to 1.5V vs. Li metal, C/10) (3.0to 4.2V vs. Li metal, C/10)

Figure 1-418. Electrode design for Si-Gr//NMC532 and Gr//NMC532 xx3450 pressure study pouch cells. “SS” = single
side, “DS” = double side. All electrodes were fabricated at the CAMP Facility and designed for 3.0 to 4.1V full-cell cycling.

Details of the fabricated electrodes are provided in Figure 11-418. Single and double side electrodes were made
to enable multilayer pouch cell stacking. The coating loadings targeted were based on each of the electrode
active materials’ half-cell 1%t cycle performance, reversible C/10 capacity, and reversible 1C capacity, the n:p
ratios for the Si-Gr//NMC532 and Gr//NMC532 cells were calculated to be 1.10-1.19 and 1.15-1.17,
respectively, for cycling from 3.0 to 4.1 V in a full cell. Weight normalization of the data within this section is
based on the total active material weight in the cathode (namely NMC532). The xx3450 cells each contain
2.779 grams of NMC532 per pouch cell.

The electrodes were calendered, stamped to xx3450 electrode pouch cell dimensions, and z-fold wound with
15 total layers (7 double-sided anode, 6 double-sided cathode, and 2 single-sided cathode for the outside
layers). Celgard 2325 PP/PE/PP was used as the separator. Area normalization of the data within this section is
based on the total cathode area in a cell. Each xx3450 cell has a total cathode area of 197.4 cmz. After the cells
completed assembly, all cells were filled with 3.0 mL of 90 wt.% (1.2 M LiPFs in EC:EMC 3:7 wt.%, “Gen2”,
Tomiyama) + 10 wt.% (FEC, Solvay) electrolyte and vacuum sealed. The electrolyte volume to available pore
volume (anode, cathode, and separator porosities) factor was calculated to be ~2.8 for all the cells. The cells
were then placed in rigid fixtures for electrochemical testing. The chosen stack pressures per pouch cells of

2 psi and 76 psi are examples of a modest stack pressure and relatively extreme stack pressure, respectively.
Stack pressure per cell was calculated by accounting for the number of cells per layer, cell dimensions, spring
constant, length of spring before and after compression, number of springs, and weight of the top steel plate
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above the cells. Four cells were put on test for each of the four variables based on the anode and pressure
applied to each cell: (Si-Gr, 2 psi), (Si-Gr, 76 psi), (Gr, 2 psi), and (Gr, 76 psi).
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Figure 1-419. Representative individual cycle voltage (a,b) and dQ/dV (c,d) profiles of Si-Gr//NMC532 pouch cells at 2 psi

per cell (blue), 76 psi per cell (red), and Gr//NMC532 pouch cells at 2 psi per cell (green), 76 psi per cell (black) of the 1st

(a,c) and 3 (b,d) cycles during formation. (The green and black curves are often on top of each other, as are the blue and
red - indicating little influence of pressure during formation.)

The 1t and 3" cycles for each of the cell-builds and corresponding stack pressures are shown in Figure 11-419.
The initial charge and discharge capacities are similar to each other, however as seen previously, the lower cell
voltage (and hysteresis) upon silicon delithiation is visible in these full cell discharge curves. The 3 cycle
plots show the early stages of capacity loss and a lower charge energy in the first 50% state of charge for the
Si-Gr//INMC532 cells. While the impact of silicon in the system has been highlighted thus far, the low and high
stack pressures placed on the cells had minimal impact on the formation process for both the Si-Gr//NMC532
and Gr//NMC532 cell-builds. The cells were then removed from their testing fixtures, degassed, vacuum
sealed, and put back on the testing fixtures to move on to the rate performance study.
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Figure 1-420. Average rate study performance of Si-Gr//NMC532 pouch cells at 2 psi per cell (blue), 76 psi per cell (red),
and Gr//NMC532 pouch cells at 2 psi per cell (green), 76 psi per cell (black) specific discharge capacities as a function of
current, mA/g (left) and mA (right). The cells were cycled at 30°C between 3.0 and 4.1 V. The plots show the discharge
performance from the 2nd cycle at C/20 and 3d cycle at C/10, C/5, C/2, 1C, and 2C rates.The error bars represent 20
standard deviation.

The cells underwent identical rate testing in the following order: 2 cycles at C/20, 3 cycles at C/10, 3 cycles at
C/5, 3 cycles at C/3 charge and C/2 discharge, 3 cycles at C/3 charge and 1C discharge, and 3 cycles at C/3
charge and 2C discharge. The rate performance of the 4 test variables is shown in Figure 11-420. The Si-
Gr//INMC532 have slightly lower capacities at slower rates but converge with the Gr/NMC532 capacities at
the faster rates. Similar to the formation performance, the low and high stack pressures do not appear to have
an impact on the rate capabilities for either of the cell chemistries.

The Hybrid Pulse Power Characterization (HPPC) testing protocol was then performed on these cells with 10 s
discharge pulses at a 5C rate (1.75 A, 629.7 mA/g, 8.87 mA/cm?) and 10 s charge pulses at a 3.75C rate (1.31
A, 472.3 mA/g, 6.45 mA/cm?). The differences between the Si-Gr//NMC532 and Gr//NMC532 systems are
again seen in this initial HPPC test (Figure 11-421). While the overall Area Specific (ASI) values are on
average slightly higher for the Si-Gr//NMC532 cells, the operating voltages extend 300 mV lower than the
Gr//INMC532 cells. In addition, the right side of Figure 11-421 shows that ~50 % of the ASI occurs in the
beginning of the pulse. Consistent with the formation and rate performance, the HPPC results suggest there are
minimal differences in the ASI results between the low and high stack pressures.

Figure 11-422 shows the cycle life performance of the cells, which consisted of a repeating loop: a slow rate
cycle (C/20), HPPC, then cycling 48 cycles with C/3 charging (C/5 trickle charge) and C/2 discharging testing
at 30°C. The Si-Gr//NMC532 cells perform consistent to previous 15 wt.% silicon-containing cell-builds, that
is, short cycle life to 80 % capacity retention, while the Gr//NMC532 cells perform as expected with having
minimal capacity fade. Low or high stack pressure on either of the cell-builds does not seem to change the
performance. The Gr//NMC532 cells are still under test at the time of this writing.
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Figure II-421. Average initial discharge interpolated ASI as a function of open circuit voltage (left) and individual ASI
discharge pulse voltages at 10, 50, and 90 % depth of discharge (right) as a function of pulse time for Si-Gr//NMC532
pouch cells at 2 psi per cell (blue), 76 psi per cell (red), and Gr//NMC532 pouch cells at 2 psi per cell (green), 76 psi per
cell (black) from initial HPPC testing at 30°C. The error bars represent 20 standard deviation.
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Figure II-422. Average cycle life plots showing discharge capacity (a), specific discharge capacity (b), specific discharge
energy (c) and average voltage (d) performance (solid line = discharge, dashed line = charge) for Si-Gr//NMC532 pouch
cells at 2 psi per cell (blue), 76 psi per cell (red), and Gr//NMC532 pouch cells at 2 psi per cell (green), 76 psi per cell
(black). The error bars represent 2o standard deviation.
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The continual theme in our stack pressure study evaluation of formation, rate characterization, HPPC
impedance, and cycling life testing suggests there are minimal differences in electrochemical performance
between 2 psi and 76 psi per cell for either of the cell-build chemistry systems. The results imply that using
linear physical extreme stack pressure does not improve electrochemical performance for electrodes that
contain silicon. Potential further studies may include post-mortem analytical analysis of the disassembled
pouch cells to see if there are obvious differences in electrode appearance that the high pressure influenced on
the relentless silicon expansion and contraction.

Deliverable: Fabricate Pouch Cells with at Least 1 Ah Capacity Based on Latest Improvements to
Composite Negative Electrode Developed in CAMP and High-Nickel NMC Positive Electrode

In FY17, the CAMP Facility acquired the ability to wind z-fold pouch cells in both the xx3450 and xx6395
formats with state-of-the-art equipment from MEDIA TECH Co., Ltd. The term xx3450 refers to the nominal
pouch cell dimensions of a 34 mm width, 50 mm length, and varying “xx” thickness based on the number of
layers in the pouch stack. The xx3450 has been a dependable format for the CAMP Facility that is well suited
when limited quantities of novel active materials are provided. However, while the xx3450 format
demonstrates a large capacity increase over a coin cell, the dimensions limit the capacity range to ~0.5 to

1.0 Ah. In addition, the original CAMP Facility winding equipment used an older method of winding the cell
starting at the center and building outward. Z-fold winding is today’s current industry standard method for
stacked pouch cell assembly. Depending on the requirements for a project, capacities on the order of 2 Ah
could be needed. 18650 cells reach this capacity range, however, they have their limitations that could be
critical for evaluating R&D materials (such as easily identifying gassing issues, controllable stack pressure,
high impedance without additional tabbing, etc.). Thus, having xx6395 formats enables us to achieve larger
capacities while still having the inherent advantages of being a pouch cell (Figure 11-423).

Figure 1-423. Images of xx3450 and xx6395 partially assembled before pouching (left), and before electrolyte filling (right).

To demonstrate the xx6395 pouch cell format, we decided to evaluate the cells against xx3450 pouch cells
using the same z-fold winding equipment, electrode couples, electrolyte, separator, width of tabbing/welding,
and number of layers inside the cell. Our aim was to create two sets of cells with the only difference being the
planar electrode dimensions and evaluate the formation, rate capability, impedance (HPPC), and cycle life
performance between the two builds.

Electrode properties are provided in Figure 11-424. The materials used for this study are frequently used at the
CAMP Facility and were thus chosen to evaluate the impact of cell geometry without compounded
complexities that novel chemistries may introduce. The electrode slurries were prepared via traditional NMP
methods with each of their specific stepwise mixing processes to achieve the desired dispersion and
rheological properties for high quality coatings. With the exception of slurry preparation, all processing steps
took place in the CAMP Facility dry room. Single and double side cathode electrodes were made to enable
multilayer pouch cell stacking. The coating loadings targeted were based on each of the active materials half-
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cell 1t cycle performance, reversible C/10 rate, and reversible 1C rate. The n:p ratio for these
graphite//NMC532 cells is calculated to be 1.13-1.25 for a full-cell cycling window of 3.0to 4.1 V.

Anode: Graphite Cathode: NMC532

91.83 wt% Hitachi MagE 90 wi% Toda NMC532

2 wt% Timcal C45 5 wt% Timcal C45

6 wt% Kureha 9300 PVDF 5 wtl% Solvay 5130 PVDF

0.17 wi% oxalic acid

Matched for 4.1V full cell cycling Matched for 4.1V full cell cycling

Cu Foil Thickness: 10 pm Al Foil Thickness: 20 pym

Total DS Electrode Thickness: 162 pm | Total DS Electrode Thickness: 176 um

S8 Coating Thickness: 76 pm S8 Coating Thickness: 78 pm

Porosity: 31.2 % Porosity: 33.4 %

Total Coating Loading: 11.33 mg/cm? | Total Coating Loading: 21.10 mg/cm?

Total Coating Density: 1.49 g/cm? Total Coating Density: 2.71 g/cm?

Estimated Capacity: 3.50 mAh/cm? Estimated Capacity: 2.98 mAh/cm?
(0.000 to 1.5V vs. Li metal, C/10) (3.0 to 4.2V vs. Li metal, C/10)

Figure 1-424. Electrode design for xx6395 and xx3450 graphite//NMC532 pouch cells. “SS” = single side, “DS” = double
side. All electrodes were fabricated at the CAMP Facility.

Following the electrode fabrication, the electrodes were calendered to their respective calculated porosities in
Figure 11-424. The electrodes were cut into sheets and stamped to xx3450 and xx6395 pouch cell dimensions
using steel rule dies and cleaned to remove any loose coating along the edges and tabbing area. The xx3450
stamped cathode and anode dimensions are 31.3 mm by 45.0 mm and 32.4 mm by 46.0 mm, respectively. The
xx6395 stamped cathode and anode dimensions are 55.5 mm by 83.5 mm and 57.45 by 85.45 mm,
respectively. The xx3450 and xx6395 anodes are dimensionally larger than the cathodes by 5.8 % and 6.0 %,
respectively. Area normalization of proceeding data referred to in this section is based on the total cathode area
in a cell. Each xx3450 cell has a total cathode area of 169.2 cm?. Each xx6395 cell has a total cathode area of
555.6 cm2. The punched electrodes were then wound with Celgard 2325 PP/PE/PP separator using the z-fold
winder to 13 total layers per cell (6 double-sided anode, 5 double-sided cathode, and 2 single-sided cathode for
the outside layers). The xx3450 cells were wound using 48 mm wide separator. The xx6395 cells were wound
using 90 mm wide separator.

After the cells completed assembly, they were vacuumed dried and filled with electrolyte. The xx3450 and
xx6395 cells were filled with 3.11 mL and 10.20 mL, respectively, of 1.2 M LiPFs in EC:EMC 3:7 wt.%
“Gen2” (Tomiyama) electrolyte and vacuum sealed. The electrolyte volume to available pore volume factor for
each cell-build were calculated to be 2.77 for all the cells. The cells were then placed in stainless steel fixtures
for electrochemical testing. For all cells, 2 psi was chosen to be the stack pressure per pouch cell. Four cells
were put on test for each of the cell sizes, for a total of eight cells, and are referred to as xx6395 and xx3450 in
the plots below. Weight normalization of the data within this section is based on the total active material
weight in the cathode (namely NMC532). The xx3450 cells each contain 3.213 grams of NMC532, and each
xx6395 cell contained 10.551 grams of NMC532.

The xx6395 and xx3450 cells underwent identical formation, rate characterization, impedance (HPPC), and
cycle life testing with appropriately scaled current values with respect to the capacity of the cell-builds. All of
the cells underwent an initial tap charge limited to 1.5 V, held there for 15 minutes, and then left open circuit
for 24 hours to allow for electrolyte wetting of the electrode. They were then cycled between 3.0t0 4.1V ata
C/10 rate for 3 cycles, followed by 3 cycles at a C/3 rate, and finally left in an open circuit to observe any
voltage changes that could indicate soft shorting. The formation protocol listed above is a typical process used
by the CAMP Facility. Initial results suggest that no added modifications to the formation protocol would
likely be needed for the xx6395 cells as the current protocol over estimates the time and break-in features
needed for proper electrode wetting for these size cells.
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Figure I-425. Representative individual cycle voltage (a,b) and dQ/dV (c,d) profiles of graphite//NMC532 xx6395 (blue)
and xx3450 (red) pouch cells of the 1st (a,c) and 3 (b,d) cycles during formation. Individual formation discharge capacity
performance (e). Average discharge specific capacity and coulombic efficiency performance (f). The cells were cycled
between 3.0 and 4.1V at 30°C. The error bars represent 20 standard deviation.

The 1t and 3" cycles for the xx6395 and xx3450 cell-builds, seen here in Figure 11-425a-h, show very similar
individual charge and discharge voltage profiles. The corresponding similar capacities seen in Figure 11-425,
demonstrate that the different cell geometries are performing similar to one another. The cell capacity in mAh
is shown in Figure 11-425¢, which highlights the size differences.
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Figure 1-426. Average rate study performance of graphite//NMC532 xx6395 (blue) and xx3450 (red) with specific
discharge capacities as a function of current, mA/g (left) and mA (right). The cells were cycled at 30°C between 3.0 and
4.1 V. The plots show the discharge performance from the 2nd cycle at C/20 and 3rd cycle at C/10, C/5, C/2, 1C, and 2C

rates. The error bars represent 2o standard deviation.

The rate study consisted of the following conditions: 2 cycles at C/20, 3 cycles at C/10, 3 cycles at C/5,

3 cycles at C/3 charge and C/2 discharge, 3 cycles at C/3 charge and 1C discharge, and 3 cycles at C/3 charge
and 2C discharge. The rate performance of the two cell sizes is shown in Figure 11-426. In the rate study, the
xx3450 cells have consistently slightly lower capacities (2 or 3 mAh/g) than the xx6395 cells. These
encouraging results suggest that the rate performance, even up to 2C discharge, is very similar between the
xx6395 and xx3450 cell formats.
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Figure II-427. Average interpolated discharge (left) and charge (right) ASI performance for graphite//NMC532 xx6395
(blue) and xx3450 (red) from initial HPPC testing at 30°C. The error bars represent 20 standard deviation.

The HPPC protocol was performed by charging the cells to 4.1 V, then discharging in 10% capacity
increments while collecting voltage information during pulsing at each 10% DOD. The discharge pulses were
10 seconds at 3C (4.5 A, 426.5 mA/g, 8.1 mA/cm? for xx6395 and 1.35 A, 420.2 mA/g, 8.0 mA/cm? for
xx3450) and charge pulse were 10 seconds at 2.25C (3.375 A, 319.9 mA/g, 6.1 mA/cm? for xx6395 and
1.0125 A, 315.1 mA/g, 6.0 mA/cm? for xx3450). The HPPC protocol was modified to use 3C discharge and
2.25C charge pulses due to the 5 A per channel limit of the MACCOR Series 4000 Test System. The ASI
curves follow a similar trend to one another (Figure 11-427), with slightly lower values obtained from the
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xx3450 cells. This result further demonstrates that the xx6395 and xx3450 cells are similar in terms of capacity
and impedance over the initial 150 cycles tested so far.
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Figure 1-428. Average cycle life plots showing discharge capacity (a), specific discharge capacity (b), specific discharge
energy (c) and average voltage (d) performance (solid line = discharge, dashed line = charge) graphite//NMC532 xx6395
(blue) and xx3450 (red) from cycle life testing. The error bars represent 20 standard deviation.

Figure 11-428 shows the cycle life performance of these cells, which consists of a repeating loop: a slow rate
cycle (C/20), HPPC, then cycling 48 cycles with C/3 charging (C/5 trickle charge) and C/2 discharging testing
at 30°C. The xx3450 and xx6395 cells perform consistent to previous graphite//NMC532 cell-builds with
relatively stable capacity during cycling in the 3.0 to 4.1 V window. The size difference of these cells does not
appear to change the specific capacities, capacity retention, and average operating voltages.

Thus far our evaluation of the formation, rate characterization, HPPC impedance, and initial 100 life cycles
suggests there are minimal differences in electrochemical performance between our xx6395 and xx3450 pouch
cells under the tested conditions. The performance similarities between the xx6395 and xx3450 also gives us
an even higher degree of confidence that our xx3450 (~0.5 Ah) format offers high quality and relevant results
when only small amounts of novel material quantities are provided to the CAMP Facility for cell-building,
which would otherwise inhibit the fabrication of xx6395 (~2 Ah) cells.

Deliverable: Summary of Electrode Library Activities

Table 11-19 shows the distribution of electrodes from the Electrode Library, which is maintained by the CAMP
Facility. In FY17, 1548 sheets of electrode were fabricated and distributed by the CAMP Facility, which is 38
square meters of electrodes. Many of these electrode were supplied by the CAMP Facility in support of DOE’s
High-Energy High-Voltage Program as well as the Next Generation Anodes Program, among others. Since
these programs are consortiums of the various national laboratories, the CAMP Facility is supplying all of the
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baseline electrodes for these DOE programs. In addition to the electrodes, the CAMP Facility has distributed
16 kg of active materials, carbon additives, binders, and electrolytes.

Table 1-19: Summary of Electrode Library distributions

Electrodes Delivered FY14 FY15 FY16 FY17
Argonne 116 13% 206 12% 174 8% 142 9%
Other National Labs 213 24 % 373 22 % 726 36 % 172 11%
Universities 119 14 % 83 5% 117 6% 151 10 %
Industry 423 49 % 1028 61 % 1004 50 % 1083 70 %
Total: 871 1690 2021 1548

Examining Effect of Moisture on Performance of Lithium-Containing Layered Oxide Electrodes

In recent years there has been a shift to processing of electrodes using aqueous slurries containing water-based
polymer binders. The technological drivers that necessitate reliance on aqueous processing include the use of
electrophoretic methods and the application of protective coatings, which frequently involve using aqueous
solutions or water vapor as a reagent during atomic layer deposition. All these methods expose the layered
oxides to gaseous and/or liquid water, which can potentially have adverse effects on cell operation. We have
studied the electrochemical performance of cells exposed to moist air (100% humidity) at 30 °C, for time
periods of up to two months. These data were complemented by results from X-ray diffraction, X-ray
photoelectron spectroscopy, and electron microscopy measurements to examine the relationships between
oxide structure changes and electrochemical performance.

The effects of moisture were studied on CAMP-made electrodes containing 90 wt.% NMC532 oxide, 5 wt.%
Timcal C45 carbon black and 5 wt.% PVdF binder on a 20 um thick aluminum foil. Electrochemical
performance data were collected on these electrodes in 2032-type coin cells using Li foil as the counter
electrode and in an electrolyte solution with 1.2 M LiPFs in a 3:7 w/w EC:EMC mixture. In Figure 11-429a we
compare the first cycle capacity-voltage profiles, from half cells assembled using the pristine electrode and two
humid-air exposed electrodes, obtained on cycling with a ~11 mA/g (~C/18) current between 3.0 and 4.5V at
30°C. The pristine electrode shows the expected cycling behavior, displaying charge and discharge capacities
of 219 mAh/goxice and 198 mAh/goxide, respectively. Cells with the humid-air exposed electrodes show
behaviors that are distinctly different from that of the pristine electrode cell. The charge and discharge
capacities are 191 mAh/goxice and 166 mAh/goxice respectively, for the 1-month exposure electrode and

179 mAh/goxide and 155 mAh/goxige respectively, for the 2-month exposure electrode. The voltage profiles of
both electrodes indicate the effects of moisture exposure; the higher charge voltages, suggest the presence of
species at the oxide particle surfaces that impedes the motion of Li* ions. The lower charge capacities, and the
uneven rise in voltage on further removal of Li* ions, indicate changes within the oxide bulk. An example of
these changes is shown in Figure 11-429b, which is a scanning transmission electron microscopy (STEM)
image of the two-month exposure electrode. The thin amorphous coating observed on the particle surface is
either Li,COs (or LiIHCOs3), which was suggested by the X-ray photoelectron spectroscopy (XPS) data. Crystal
structure changes are observed at the particle surface, which indicates the presence of a new phase that extends
from 5-20 nm into the oxide bulk. From an analysis of high-resolution synchrotron X-ray diffraction data we
concluded that this new cubic phase has a rock salt structure in which some of the transition metal (TM) ions
are substituted by lighter ions such as protons and/or TM vacancies, which will both contract the unit cell.
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Figure 11-429. Effects of moisture exposure on (a) electrochemical performance and (b) oxide structure, imaged by scanning
transmission electron microscopy (high angle annular diffraction mode).

Separator Study

A variety of commercial separator products are available that are designed with unique safety functions. This
study explores the impact separator choice can have on cell performance at the higher voltages and rates
sought by the HEHV program and battery developers. For high voltage, high energy density battery systems,
the goal is to have a separator that is thin, flexible, highly porous, thermodynamically stable, temperature
resistant, mechanically strong, and inexpensive. Each material currently on the market has some but not all of
these properties. Polyethylene (PE) is inexpensive, but has a lower melting point, and may have trouble
withstanding higher voltages. Polypropylene (PP) has a slightly higher melting point, is mechanically strong,
and is also fairly inexpensive. When PP is paired with PE to make a trilayer microporous membrane,
PP:PE:PP, the separator has a more robust exterior, while the interior has the ability to melt before thermal
runaway occurs. However, with a little extra heat, the PP will also melt and the electrodes will touch. Since,
the PP isn’t fully protective, another avenue had been approached - ceramic and polyolefin combinations have
been created to provide that extra thermodynamic stability. Ceramics can withstand high voltages and
temperature, and can be chemically inert and porous - but they are more difficult to incorporate into a thin
flexible separator.

For initial testing, nine different separators from five different suppliers were chosen and tested in NMC532
half-cells: 3 monolayer polyolefins at various thicknesses (16, 20, 25um), 3 trilayer PP:PE:PP at various
thicknesses (16, 20, 25um), one single-sided ceramic-coated polypropylene, one double-sided ceramic-coated
polyethylene, and one Al,O3 embedded into a nonwoven polyethylene terephthalate (PET). (See Table 11-20.)

In preparation for the half cell-builds, all the separators were punched with a 5/8” diameter punch and dried at
60°C. Eight cells per separator configuration were assembled using a 1.54 cm? NMC532 electrode disk (90
wt.% active material, 5 wt.% Timcal C45, 5 wt.% Solvay 5130 PVVDF binder) from the CAMP Electrode
Library with a 11.32 mg/cm? loading, which was paired against a 1.91 cm? Li metal electrode disk. Each cell
was flooded with 9 drops of 1.2 M LiPFs in EC:EMC (3:7 wt.%) during assembly. After which, each cell went
through a Formation and a Rate testing protocol. Formation consisted of 3 cycles with a C/10 charge and
discharge. The Rate Study started with 2 cycles of C/20 charge and discharge and with 3 cycles of C/10 charge
and discharge. It then continued with 12 C/5 charges, where every three cycles had the discharge rate
increasing (C/5 to C/2 to 1C to 2C). Each separator configuration had four cells tested at a 3.0-4.3 V window
to see its standard performance, and had four cells tested at a 3.0-4.7 V window to see how it performs in a
high voltage window.
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Table 1I-20: Commercial separators used in this study

Total Air
Separator Thickness Porosity Permeability
Supplier ID Name (um) Separator Material (%) (Gurley)
Microporous Membrane Category
v 20pum_UHMW PE 20 UHMW PE (Microporous Monolayer Membrane) 83 1.4 5/50mL
11 16um_PP 16 PP (micraporous Monolayer Membrane) 50 125 5/100cc
1 25um_PP 25 PP (Microporous Monolayer Membrane) 41 620 (s) JIS
T 16um_PP:PE:PP 16 PP/PE/PP (Microporous Trilayer Membrane) 44 250 (s) JIs
T 20pm_PP:PE:PP 20 PP/PE/PP (Microparous Trilayer Membrane) 45 320 (s) JIs
1 25um_PP:PE:PP 25 PP/PE/PP (Microporous Trilayer Membrane) 39 620 (s) JIS
C ic Category
11 3um_SS5_Ceramic_on_l16um_PP 19 Single Side Ceramic Coated on 16um PP < 145 s/100cc
111 4um_DS_AI203_on_12um_PE 16 Double Sided Al,O, Coating on 12um PE 40 unknown
v 28um_AlI203 Embedded in PET 28 AlLO, Embedded in PET - Non woven 46 22s

When discussing single-sided ceramic-coated separators, the question arises as to which electrode the ceramic
side should be facing: anode or cathode? In pursuit of this question, the single-sided separator with 4-um thick
ceramic-coating on 16-um thick PP was tested where 8 cells had the ceramic side facing the anode and 8 cells
had the ceramic facing the cathode. These cells were also tested in the 3-4.3 V and 3-4.7 VV windows.

After the initial 3-4.3 V formation cycles, one separator stood out against all the rest. All four cells with the
Al;O3 embedded in PET (non-woven) separator failed their formation cycles. This was surprising, since this
separator was used previously in full cells without a problem. It was decided to retry this separator in half cells,
but to increase the drying temperature to 150°C. Eight more cells were assembled, 4 cells tested with the

3-4.3 V window, and 4 cells tested at the 3-4.7 V. All eight of these new cells also failed their formation tests.
This suggests that this separator system could not withstand the reductive potential of lithium metal. No further
testing was done with this separator system (it is not shown in the summary graph below).

The rate performance study of the remaining (non-PET) half cells indicated there was no significant statistical
difference in 3-4.3 VV window for any of the separators regardless of the discharge rate (up to 2C). Advancing
on to the 3.0-4.7 V rate study, some of the separators began to show differences in performance. In particular,
for the 3.0-4.7 V high voltage tests, the NMC532 half-cells using the Ultra High Molecular Weight
Polyethylene (UHMW PE) separator underwent a sudden and significant loss of capacity at the discharge rate
of C/5. This suggests that UHMW PE separators may suffer from eventual oxidation at higher potentials. The
three trilayer PP:PE:PP and the two monolayer PP separator cells, on the other hand, showed no significant
differences in the 3.0-4.7 V rate study.

Aside from the Al,O3; embedded in PET separator and the UHMW PE separator, there was no significant
difference in the formation and rate performance of the remaining separators (see Figure 11-430). This result is
regardless of separator thickness, trilayer vs. monolayer PP, ceramic coating, and orientation of the ceramic
coating. This is also true for the double-sided ceramic-coated monolayer PE separators. Full cells will be tested
in FY'18 using the aggressive HEHV testing protocol to see if there might be any further problem areas when
using certain separators. It is anticipated that the performance of some of the various separators will
differentiate from each other based on cycle life and HPPC ASI.
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Figure 1-430. Summary of the rate capabilities for the separators in this study in the 3.0-4.3 V and 3.0-4.7 V voltage
windows. The data for the Al20s embedded in PET separator were omitted in this plot.

High Voltage Evaluation of Industrially Applied ALD of Al203 Coating on NMC532 Powder

The CAMP Facility was tasked with providing an evaluation of Al,O3 coated onto NMC532 powders via
Atomic Layer Deposition (ALD). We partnered with Forge Nano (Louisville, CO), who provided ANL with
four samples of Al,O3 ALD coated on Toda NMC532. These samples were: Pristine, Sample A (2 ALD
cycles), Sample B (4 ALD cycles) and Sample C (8 ALD cycles). Electrodes were made of each powder with a
90 wt.% active material (NMC532), 5 wt.% Timcal C45 carbon black, and 5 wt.% Solvay 5130 PVDF binder
composition with a target total electrode loading of 10.9 mg/cm?. In this testing, we focused on the 3-4.5 V
(half-cell) and 3-4.4 V (full-cell) performance.

Half-cells (vs. Li metal) were assembled using the above electrodes and tested in the 3-4.5 V window via a
Formation Protocol and Rate Study Protocol. The formation protocol consists of three cycles at a C/10 rate.
Four coin cells were made from each electrode, which used a 14 mm diameter cathode electrode and a

15.6 mm diameter lithium metal disk. The separator used in the coin cells was Celgard 2325 and the electrolyte
used was 1.2 M LiPFg in EC:EMC (3:7 wt.%). From the half cell data, we were able to design new cathode
electrodes that would match to a graphite anode (A-A002A - Phillips 66 CPG-A12 graphite) that was in the
Electrode Library. The new cathodes that were produced also had the 90/5/5 composition and their loadings
were as follows; Pristine = 8.98 mg/cm?, Sample A = 9.26 mg/cm?, Sample B = 9.15 mg/cm?, and Sample C =
9.17 mg/cm?. Each of these electrodes were matched to the selected anode (A-A002A) resulting in an n:p ratio
of ~1.1-1.2. Four CR2032 full-cell coin-cells were made with each of the above electrodes, and a total of

25 microliters of 1.2 M LiPFs in EC:EMC (3:7 wt.%) electrolyte was used for each cell. These full-cell coin-
cells went through Formation, Rate Study, HPPC, and Cycle Life Testing.

There was little change in the first charge capacity between all the coated samples and the pristine material.
Following the Formation and Rate Study testing, Cycle Life testing was performed. Literature [1] has
suggested that coatings of Al,O3can improve cycle life and rate performance of cells at various voltages. Two
sets of coin cells were used to evaluate two slightly different cycle life conditions: Set 1 of cells went through
the following Cycle Life Protocol: 1 cycle at C/20, 47 cycles at C/3 charge and C/3 discharge, and HPPC with
3C discharge and 2.25C charge; this was looped 10 times to give approximately 500 cycles on the cells. Set 2
of cells went through the following Cycle Life Protocol: 1 cycle at C/20, 47 cycles at C/3 charge and 1C
discharge, and HPPC with 3C discharge and 2.25C charge; this was looped 10 times to give approximately
500 cycles on the cells. By doing this testing we were looking to see if the ALD coatings would have any
performance improvements under typical cycling conditions (C/3) at high voltage as well at higher current
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discharge rates (1C) at high voltages. Since similar conclusions were reached with both sets, only Set 1 results
will be discussed below.
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Figure 1-431. Cycle life plot of Set 1 full-cell coin-cells - C/3 Charge and C/3 Discharge cycling.

As seen in Figure 11-431, the Pristine, Sample A, and Sample B full cells all started with approximately the
same capacity. Sample C full cells, in both cases, started at a lower capacity. The C/3 cycling data (Set 1)
suggest that there was minimal statistical difference in the performance of the Pristine, Sample A and Sample
B cells. They all ended at 500 cycles with a capacity retention around 61 % capacity and were within the error
bars of each other. Sample C did show worse cycling performance than the other samples and was outside the
error bars of the other cells. To further analyze these cells during the cycle life testing, we have charted the
HPPC data as a function of the Depth of Discharge to monitor the change in impedance (ASI) as the cells age.

Figure 11-432 summarizes the HPPC data that was collected every 50 cycles during the cycle life testing for the
Set 1 C/3 cycling cells. The starting ASI for the Pristine material was around 25 ohm-cm?, while the ALD
coated samples had slightly higher initial ASI of around 35 ohm-cm?. Sample A cells had the lowest ASl rise,
going from ~35 to 55 ohm-cm?. The Pristine cells had the next lowest rise; Sample B and Sample C had the
highest rise of these samples. This impedance rise correlates with the capacity fade for Sample C cells. We
postulate that the Al,O3 coating on the NMC532 particles reached a thickness that inhibited efficient lithium
ion transport and/or decreased the electrical conductivity of the particle.

Future investigations may include analyzing the coated materials and cycled cells under spectroscopic, as well
as other analytical techniques to better understand these observations. We may additionally repeat this study
with NMC622 and NMC811 materials to probe the electrochemistry of ALD coated samples. Literature [1] has
shown that these higher nickel content materials are more influenced by coatings then the NMC532.
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Figure 1-432. Full cell HPPC ASI (averaged discharge) data for full cells of graphite vs. Pristine, Sample A, Sample B, and

Sample Cin Set 1 (C/3 C: C/3 D).

Conclusions

The CAMP Facility has had another very productive year in the R&D of advanced lithium-ion electrochemical
energy storage systems. We were also critical to the support of other numerous DOE-EERE programs, much of
which was performed through the CAMP Facility’s Electrode Library. A summary of some of the key
successes in FY17 are as follows:

The influence of stack pressure on silicon-graphite//NMC532 and baseline graphite/NMC532 pouch
cells was determined to not be a significant factor. It was previously hoped that the extra high pressure
(~76 psi) would help minimize the damage to the electrode structure caused by the excessive expansion
of silicon during lithiation.

We now have the capability to make multi-stack pouch cells in a Z-fold separator configuration with two
cell sizes: xx3450 and xx6395. This enable the fabrication of cells with capacities from 20 mAh to over
2 Ah. A direct comparison of these two cell sizes determined that nearly identical results are obtained
from either cell size.

Single-sided negative electrode based on 30% silicon-graphite with ~ 2 mAh/cm? loading were
developed as a FY17 baseline. Even higher loadings of silicon will be explored in FY 18 with the idea to
extend the cycle life of silicon systems by using shallower levels of lithiation. This should limit the
drastic volume expansion of silicon, which occurs during full lithiation. In addition, a new source of
domestic silicon powder was identified (Paraclete Energy), which is now the preferred silicon material
going forward.

We have shown that the lithiated layered NMC oxides undergo changes, when they are stored in humid
air or exposed to moisture, that adversely affect their electrochemical performance. By using a
combination of X-ray diffraction, electron microscopy, and X-ray photoelectron spectroscopy
measurements we identified the chemical mechanisms which cause these changes. We suggest that the
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proton — lithium exchange that occurs during the moisture exposure trigger these transformations. We
show that such an exchange provides a simple, comprehensive rationale for our observations, which
include contraction of the c-axis (unit cell) lattice parameter, rock salt phase formation in the subsurface
regions, presence of amorphous surface films, and the partial recovery of oxide capacity during
electrochemical relithiation. The detrimental effects of water exposure need to be mitigated before
aqueous processing of the positive electrode can find widespread adoption during cell manufacturing.

Techniques to enable for detection of lithium-plating during cell cycling after under development. The
most promising advances are in the area of reference electrode cell measurements. X-ray techniques to
detect lithium metal show promise and efforts are underway to improve resolution and accuracy of the
measurements.

Al;O3 ALD coatings on the NMC532 powder did not show any significant performance improvements
over the pristine material when tested in the 3-4.4 V window. It was observed that the performance of
this material is highly dependent on the ALD coating thickness. The trend suggests there is a negative
performance impact as the thickness of Al,O3 layer approaches ~1nm.

Preliminary study of commercial separators indicate that trial studies are warranted when developing

new electrochemical systems with high reductive power (e.g., lithium metal) or high oxidative power
(e.g., high voltage). Under normal conditions, many separators have nearly identical rate performance
(up to 2C).
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Project Introduction

High energy density electrode materials are required in order to achieve the 40-mile all electric range within
the weight and volume constraints established by DOE and the USABC. One would need a combination of
anode and cathode materials that provide 420mAh/g and 220mAh/g, respectively, as predicted by Argonne’s
battery design model (BatPac), if one uses a 20% margin for energy fade over the life of the battery assuming
an average cell voltage of 3.6 volts. Therefore, the search for new high energy density materials is the focus of
this material benchmarking project. In addition to electrode materials, other cell components, such as
separators, binders, current collectors, etc., are evaluated to establish their impact on electrochemical
performance, thermal abuse, and cost.

This benchmarking effort is conducted as part of the Cell Analysis, Modeling, and Prototyping (CAMP)
Facility (Refer to I1V.B.1) to identify and support promising new materials and components across the “valley
of death”, which happens when pushing a new discovery towards a commercial product. The CAMP Facility is
appropriately sized to enable the design, fabrication, and characterization of high-quality prototype cells,
which can enable a realistic and consistent evaluation of candidate chemistries in a time-effective manner.

However, the CAMP Facility is more than an arrangement of equipment, it is an integrated team effort
designed to support the production of prototypes electrodes and cells. In order to utilize the facility more
efficiently and economically, cell chemistries are validated internally using coin type cells to determine if they
warrant further consideration.

Objectives
e The primary objective is to identify and evaluate low-cost materials and cell chemistries that can
simultaneously meet the life, performance, and abuse tolerance goals for batteries used in PHEV and EV
applications.

e A secondary objective is to enhance the understanding of the impact of advanced cell components and
their processing on the electrochemical performance and safety of lithium-ion batteries.

e To support the CAMP Facility for prototyping cell and electrode library development, also the MERF
facility for material scale up.
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Approach

Under materials benchmarking activities, we constantly reach out to material developers to seek opportunities
to test their advanced or newly released products. By leveraging ANL’s expertise in electrode design and cell
testing, we can provide not only a subjective third opinion to material suppliers, but also deeper understanding
on their materials, which can aid their material development. This deep understanding becomes even more
important when the material developers are small companies or new players, who often overlook overall
requirements of battery materials.

In addition to industrial partners, we also work closely with scientists from various research institute, such as
universities and research laboratories. They often come up with novel materials with advanced electrochemical
performance, but small quantities, which is only enough for validation purpose. These test results help us to
determine how much effort should be expanded to explore the material potential.

For any potential cell material, which has impact on the cell performance, we validate its performance, mainly
in terms of electrochemical performance, electrode optimization, and thermal stability. The electrochemical
performance is the centerpiece of the materials benchmarking activities, which will be tested using 2032 coin
type cells under test protocol derived from USABC PHEV 40 requirements [Battery Test Manual For Plug-In
Hybrid Electric Vehicles, Idaho National Laboratory]. In general, three formation cycles are tested at a C/10
rate. After the formation cycles, the cells are then tested for the rate performance. For the rate test, the charging
rate is set at C/5, while the discharge rate varies from C/5, C/3, C/2, 1C to 2C. Three cycles are performed for
each discharge rate. After the rate test, the cells then undergo cycling test at C/3 rate. During the cycling test,
we change the current rate to C/10 every 10" cycle to check the rate effect. Also, Hybrid Pulse Power
Characterization (HPPC) is conducted every 10" cycle. Area Specific Impedance (ASI) can be calculated from
HPPC test.

This fiscal year, electrochemical characterization of nickel-rich high energy cathode materials were carried out.
Two LiNiosMng3C00.202 (NMC532) materials were received from Guizhou ZhenHua E-Chem Co. LTD.
Those two NMC532 possess difference morphologies, whose effect on electrochemical performance was
investigated.

Furthermore, we studied coating effect on NMC532. It has been well reported that Al,O3 coating will generally
improve the electrochemical performance of cathode materials. In this work, we studied Al,O3 coated
NMC532 using two different coating approaches, wet method and atomic layer deposition (ALD). The Al;Os
coated NMC532 using wet method is presented in this work. The test results for Al,O3 coated NMC532 using
ALD method can be seen in the previous section: 1V.B.1.

Continued from previous year’s work on conductive additive, we investigated Carbon Nano Tube (CNT) as an
additive. Other cell components, such as silicon and metal alloy materials, electrolytes and additives,
separators, binders, etc. have also been investigated. These test results have been shared with material
providers, but not included in this report.

Results

Nickel-Rich High Energy Cathode Materials (NMC)

Nickel-rich LiNixMnyCo0,0, (NMC) is gaining momentum as high energy cathode materials for electric vehicle
applications. NMC532 is penetrating the market due to its balance of good electrochemical performance, low
cost, and reasonable thermal safety. Compared to LiCoO,, NMC particles consist of small primary particles,
which tend to separate from each other during cycling. Meanwhile, the secondary particles have less
mechanical strength, which can results in particle cracks during the calendering process.

We received two different commercial available NMC532 samples with different morphologies from Guizhou
ZhenHua E-Chem Co. LTD. SEM images were taken for these two NMC532 samples (S1 and S2) and are
shown in Figure 11-433. As you can see from Figure 11-433, sample 1 is a typical secondary NMC particle
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consisting of small primary particles with voids between primary particles. As for sample 2, the primary
particle is larger than that of sample 1. In addition, the primary particle of sample 2 appears to be very smooth.

Figure II-433. SEM images of NMC523 sample 1 (S1) and sample 2 (S2). The right two figures are enlarged views of S1
and S2

These two cathode materials were made into laminates with 90 wt.% active material, 5 wt. % PVDF binder and
5 wt.% carbon black. The 2032 coin type cells were fabricated and electrochemically tested between 3.0 V and
4.5 V. The voltage profiles of half cells (vs. lithium metal) of these two samples during the third formation
cycle are shown in Figure 11-434. The similar voltage profiles suggest that these two NMC532 materials have
almost the same chemistry. However, less capacity was obtained from samples 2, which can be attributed to
the larger over-potential resulting from the larger primary particle size of sample 2.
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Figure II-434. Voltage profiles of NMC532: sample 1 (black) and sample 2 (red)
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After 3 formation cycles and 15 rate cycles, the half cells were cycled under C/3 rate for 50 cycles. The
specific capacity as a function of cycle number is shown in Figure 11-435 for a total of 68 cycles. Clearly, the
specific capacity of sample 2 is less than that of sample 1. However, better capacity retention was obtained for
sample 2.
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Figure 1-435. Specific capacity as a function cycle number: sample 1 (black) and sample 2 (red)

Coating Effect on NMC Cathode Material

Surface modification on cathode materials is generally considered an effective approach to prevent the
parasitic reaction between the active material and electrolyte, especially when high voltage is applied on the
cathode to improve the energy density of LIBs. However, the coating effect is sensitive to the chemistries of
transition metal oxides. Previous studies show various coating effects, especially when the coating is applied to
NMC cathode materials. At Argonne, a wet coating process was developed, which can mitigate the process
effect on transition metal oxides.

Pristine . : coated
NMC532 NMC532

Figure 1-436. SEM image of pristine NMC532 (left) and coated NMC532 (right). The insets are the EDS for two particle.

In this work, as low as 0.5% Al,O3 was coated on NMC532 (Toda, Japan). SEM images for both pristine and

coated NMC532 powders are shown in Figure 11-436. There is no clear morphology change observed between
the pristine and 0.5 % Al,Os NMC532. Also, a small aluminum signal was observed from EDS results, which

suggests that Al.O3 was coated on the NMC532 particles.
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Figure 1-437. Differential capacity plots of pristine (black) and coated (blue) NMC532.

Similar to the above electrochemical characterization experiment, the pristine and coated NMC532 powders
were made into laminates and the 2032 coin type cells were fabricated and electrochemically tested.

Figure 11-437 shows the differential capacity plot of the NMC532 with and without coating. No difference in
redox reaction for these two materials was obtained, indicating no chemical and structural change after coating.
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Figure 11-438. Specific capacity of NMC532 versus cycle number for half cell (left) and full cell (right)

Figure 11-438 shows the specific capacity of pristine and coated NMC532 as a function cycles in both half cells
(left) and full cells (right). The cycle numbers include a total of 3 formation, 15 rate test, and 50 life cycles.
Surprisingly, as high as 199 mAh/g specific capacity was observed for coated NMC532 from the half cell test,
which is higher than 192 mAh/g of pristine NMC532 according to 3" formation cycle. Furthermore, the
capacity retention in half cells is also improved for coated NMC532 from 93% to 96% between cycle

number 67 and 21. Similarly, the higher specific capacity and better capacity retention were also obtained from
the graphite/NMC532 full cells.

The better performance of coated NMC532 could be attributed the lower impedance of coated NMC532
electrode as shown in Figure 11-439. Figure 7 shows the ASI change of pristine (left) and coated (right)
NMCS532. Firstly, ASI values of pristine NMC532 increase with cycles. However, the ASI increase is very
minor for coated NMC532. Secondly, the ASI value of the full cell with coated NMC532 is lower. Al,Os
coating is generally considered an insulating material. The lower impedance for the cells with coated NMC532
can be attributed to the better ionic conductivity. This improved ionic conductivity was also observed for
Al;O3 coated separator due to its better wettability. Another possibility is that the coating on NMC532 could
prevent the side reaction between cathode material and electrolyte, leading to less transition metal dissolution
and solid electrolyte interphase (SEI) formation.
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Figure 11-439. ASI of full cells with pristine (left) and coated (right) NMC532
Conclusions

In this fiscal year, materials benchmarking activities focus on high energy nickel-rich nickel manganese cobalt
oxide cathode materials. The morphology effect on the electrochemical performance was observed. Also,
improved high voltage performance was obtained for wet-coated NMC532.

In the future, we will continue to work on the high energy nickel rich cathode materials. We will also work on
high capacity anode materials, such as silicon and other metal alloys. We will continue to work closely with
research institutions and industrial suppliers to enable the LIB technology for EV applications.
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Project Introduction

Battery technologies are routinely characterized by measuring the initial electrochemical performance and how
it changes with age and use. These characterization methods and tests provide valuable information, from
which degradation mechanisms can be inferred by modeling or curve fitting. However, these results do not
have the benefit of direct, experimental observation of the underlying causes of the change in electrochemical
behavior. There is much still left to be learned by the systematic investigation of the effects of manufacturing
variables on the materials changes in the cell responsible for aging. Because of the serious hazardous
consequences of overcharge, particularly in modular systems where failure can propagate from cell to cell,
understanding the physical and chemical changes of overcharging the cell is extremely important for the
development of safe batteries that can be used in an EV. With a materials level understanding of these changes,
the abuse response may be mitigated by the development of new strategies that may lead to mass-produced,
long-lived cells with minimal abuse response. Additionally, this information would be valuable in confirming
that the mechanistic hypotheses employed to develop these strategies corresponds to the actual aging processes
at operation.

With this information, battery developers may be able to improve the life and performance of batteries.
Improved performance and life would be important to accelerate consumer acceptance of electrified vehicles.
In turn, with more electrified vehicles on US roads, electricity generated from both renewable and domestic
fossil fuel sources would lessen the importance of imported oil as a source of energy for transportation,
contributing to the nation’s energy independence. Additionally, a decrease in air pollution due to automobile
exhaust would be a direct result.
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Objectives

e The main objective of this project is to understand the materials-level effects of overcharging and
overheating on the chemistry and physical properties of the cell components in small (~1.5 Ah) lithium-
ion cells.

o Other objectives include characterizing the impact of electrode processing conditions on the performance
and abuse response of lithium-ion cells.

Approach

Cell components harvested from abuse-tested cells will be characterized to determine the changes produced by
differences in cell chemistry and processing variables. The characterization data will be compared to pristine
materials to help delineate changes. The materials will be characterized, at first, by many techniques to
determine which ones yield data that responds to the given perturbation of the system. Those techniques will
then be the first ones used thereafter to track changes. The techniques available include EIS, SEM, XPS, XRD,
NMR, Raman, FT-IR and HPLC methods.

Results
Effect of binder on overcharge response

Argonne, ORNL, and SNL are collaborating to understand the physical and chemical changes on and in the
electrodes that occur during cell abuse. Characterization of cells after overcharging would be very useful from
the safety view point. The information gained may help mitigate the consequences of overcharge by telling us
the nature of the SEI, how it changes during overcharge, and, possibly, how to increase its robustness. Two
sets of 1.5-Ah pouch cells, which contained NMC532/graphite chemistry, were fabricated at ORNL. PVVDF
(NMP-processed) was the binder in one set of cells; and CMC (aqueous processed), in the other. After
formation, the cells were sent to SNL for overcharging. The cells were charged to 100, 120, 140, 160, 180 and
failure (250 and 270% SOC). Argonne then characterized the abused cells after they were discharged to 3.0 V.

Figure 11-440 shows images of the two sets of cells upon disassembly in an argon-atmosphere glove box.
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Figure 1-440. Images of the anodes from the overcharged cells. The rectangular-shaped voids in some of the images are
from sampling for microscopy.
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In the SOC range of 140 to 180%, there was more damage to the anode laminate in the NMP-processed cells
than in the aqueous-process ones. There was clearly a loss of adhesion of the active material to the copper foil.

Elemental analyses, given in Figure 11-441 and Figure 11-442 for NMP- and aqueous-processed electrodes,
respectively, show the trends in transition metals and phosphorus from anode materials. The concentration of
the transition metals increase with increasing %SOC, but stay in the original stoichiometric ratio, 5:3:2.
Comparing the values given in Figure 11-441 to those in Figure 11-442 shows that the concentrations of the
elements depends on the binder and processing conditions. At SOCs greater than 160%, the concentrations are
greater in the electrodes processed using NMP than those processed using aqueous binders.

NMP Processing
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Figure II-441. Concentration of metals and phosphorus vs. %SOC for NMP-processed electrodes.
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Figure 1-442. Concentration of metals and phosphorus vs. %SOC for aqueous-processed electrodes.
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Figure II-443. SEM images of the surface of anodes from overcharged cells, NMP processing. The numbers shown in the
grey boxes indicate the %SOC that the cell experienced during the overcharge experiment.

Other trends are seen on the surface, for example, of overcharged anodes. Figure 11-443 and Figure 11-444
show images of the surfaces of overcharged anodes from NMP and aqueous process, respectively. As seen
from the figures, the surfaces of the electrodes changes in %SOC and with the binder/processing used.
Examining the surfaces shows, for example, that the concentration of dendrite-like structures tends to increase
with SOC. Additionally, the formation of dendrite-like structures is more severe and occurs at lower SOC in
the NMP processed anodes than those from aqueous processing.

Figure I-444. SEM images of the surface of anodes from overcharged cells, aqueous processing. The numbers shown in
the grey boxes indicate the %SOC that the cell experienced during the overcharge experiment.

In the XPS results from the anode, many SOC- and processing-dependent trends were seen. For example,
Figure 11-445 shows the Lils region of two overcharged anodes. In the SOC range of 100 to 180%, the
quantity of Li.O-like material tends to increase with SOC. There was more Li»O-like material on the anode
surface in the NMP-processed example than on that in the aqueous-processed one. It is possible that this
material influenced the morphology of the dendrite-like materials seen in Figure 11-443 and Figure 11-444.
Similar trends were seen in the 3d binding-energy regions for the respective transition metals.
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Figure 1-445. XPS results from two anode materials (right) image from the NMP-processed material (left) image from the
aqueous processed material.

On the cathode side of the cell, significant differences in the XPS spectra were seen. For example, in the O1s
binding energy region, as shown in Figure 11-446 a and 7D, the strength of the signal in the metal oxide (MOx)
region decreases markedly when the binder was changed from PVDF to CMC. This indicates that the film on
the cathode surface is thinner on the latter than on the former.
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Figure 1-446. (a) Concentration vs. binding energy in the O1s energy region from the NMP-processed cathodes.
(b) Concentration vs. binding energy in the O1s energy region from the aqueous-processed cathodes.

In the F1s binding energy region of the spectrum, other changes were seen which correlated with the binder.
From Figure 11-447a and Figure 11-447b, NMP- and aqueous-processed, respectively, there is a shift to higher
binding energy when the binder was changed from PVDF to CMC. Here, the fluorine changed from being
bound to a molecule similar to LixPFy to being in a compound analogous to LiPFs. No other significant
changes were seen in the XPS data from the cathode.
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Figure 11-447. (a) Concentration vs. binding energy in the F1s energy region from the NMP-processed cathodes.
(b) Concentration vs. binding energy in the F1s energy region from the aqueous-processed cathodes.
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Conclusions

The binder/processing conditions play an important role in the abuse response of the NMC532/graphite cells.
The binder alters the rate of, presumably, transition metal dissolution and transport to the anode. The
concentrations of transition metals and phosphorus depend not only on SOC but also on the binder. The
morphology and, perhaps, concentration of species on the surface of the electrodes also depend on it.
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