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Overview

Timeline Barriers
* Project start date: 10/1/2019 » To develop critical-material-free cell
. Project end date: 9/30/2025 chemistries for high-energy-density

Li-ion batteries.

» To develop thick electrodes and
improve their utilizations.

* Percent complete: 33%

Budget
. Funding for FY 2020: $500,000 Partners

. Funding for FY 2021: $500,000  ° NREL(lead)
« Argonne National Laboratory (ANL)

« |daho National Laboratory (INL).
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Relevance and Objectives

* Objective: To develop critical-material-free battery chemistries that enable safe,
long-term operations for behind-the-meter storage (BTMS) applications.

« VTO battery program has enabled infrastructure, capabilities, and
materials development to tackle major technical barriers such as
high cost, low energy density, and short battery life. =

« BTMS Materials Development Project aims to: Qe
— Reduce battery costs
— Create a sustainable materials supply
— Develop high-energy-density batteries
— Extend battery life.

» Successful development of BTMS batteries could deal with electric
vehicle (EV) fast-charging loads in commercial buildings.
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Approach

« Design considerations for BTMS batteries

— Critical-material-free chemistry: sustainability and low cost H{SraphiteS) e _Lumo
— Long service life H(LTO/Al)
— High-energy cell: electrode engineering, high-temp operation
— Safety: electrolyte screening — testing cyclic carbonate electrolytes e | H(LMO/AI)
« LiMn,0,Li,Ti;O,, (LMO/LTO) as a starting cell chemistry HOMO L u(LNMOJ/AI)

— NREL screens electrolytes and evaluates electrochemical performance
in small cell formats

— ANL'’s Cell Analysis, Modeling, and Prototyping (CAMP) facility
fabricates high-loading electrodes and tests electrochemical properties
in large cell formats.

* FY21 Q4 milestone
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Source: G.G. Eshetu et al. “In-depth safety-focused analysis of solvents used in electrolytes for large
scale lithium ion batteries.” Phys. Chem. Chem. Phys. 15 (2013): 9145-9155.
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Technical Accomplishments and Progress

LTO/LMO Cells with 100% Cyclic Carbonate Electrolytes

1 M LiPFg in EC vs. 1 M LiPF; in PC at 45°C
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Technical Accomplishments and Progress

Degradation Mode Analysis

« Symmetric cell tests show that the major degradation modes of LTO are losses of “Li inventory” (LLI) and/or
“active material” (LAM). For the cathode, the cell impedance increase due to degradations of active
materials and/or electrolyte should be the major issue.

« The dQ/dV results indicate that the anode degradation is dominant, but the exact origin needs to be

unveiled.
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LTO/LMO Cells with Extra Li Inventories

Initial vs. Final Cycles at C/10
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To distinguish LLI and LAM, 1, extra Li
was added to LTO by electrochemical
prelithiation.

The prelithiated LTO/LMO cells do not
show the dQ/dV peak degradation,
suggesting that the LLI is the major
degradation mode.

During the 1C rate cycling, the prelith-EC
cell shows 98% capacity retention after
1,000 cycles and 99.99% coulombic
efficiency; the prelith-PC cell shows
significant impedance rise.

Technical Accomplishments and Progress
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Validation of the LLI Model

(a) Reassembled PC LTO
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« PC LTO electrode shows no
degradation; LMO electrode shows a
higher state of charge.

* Prelith-PC LTO shows smaller first
lithiation capacity—remaining Li
amount of 0.19 mAh/cm? (vs. 0.42
mAh/cm?); LMO electrode is in a fully
discharged state.

— Confirms that the LTO/LMOQO cell
degradation arises from LLI.

« Both cells exhibit negligible loss of
cathode active material (~2%—-3%)

Technical Accomplishments and Progress

Continuous electrolyte decomposition at
the LTO electrode and LLI causes the
failure of LTO/LMO cells.
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Technical Accomplishments and Progress

X-Ray Photoelectron Spectra of the Cycled LTO Electrodes
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TOF-SIMS Depth Profiles and 3D Tomography Images
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TOF-SIMS: time-of-flight secondary-ion mass spectrometry

Thicker, CH-rich surface layer
formation with the PC electrolyte

Whereas the maximum Mn* signal
intensity is higher in the EC
electrolyte samples, PC electrolyte
samples show broader, sparse Mn*
distribution.
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Charge Capacity, (mAh/g;1o)

Thick Electrode Development — LTO Anode

Technical Accomplishments and Progress

« Several LTO samples from different vendors have been used for thick electrode fabrication
« LTO electrodes >130 ym thick (>3 mAh/cm? loading) show poor performance at 2C in coin
cells with Li-metal counter electrode.

200
180 -+
160 |
140 |
120 +

=80 um
_ —T78 um
=88 um
" =—2 um
[~ =08 um
- =—102a pm
- =—102b um
[ ——120pm

60 +

100
80

40
20

123a pm
123b pm

| =———130a pm
- ———130b pm
- =—136pm
- ——157pm
|- m— 182 pm
[ ——214pm

Average, 20 SD
30°C,1.0to 2.0V

100 200
Current (mA/g)

300

Charge Capacity, (mAh/cm?)

50 ¢
45 |
4.0 +
35
3.0 |
25 |
2.0
15 |
1.0 +

- Average, 20 SD

0.5 | 30°c,1.0t02.0V

0.0 - ‘ | | 0.0 -

0 100

—_— 80 um —_—78 um
— 88 um —92 ym
——98 um ——102apum
——102bpm ——120pm
——123apum 123b pm
——130apm ——130bpum
— 136 um ——157 um
—182 um =——214pum

Charge Capacity, (mAh/cm?)

200
Current (mA/g)

300

Vendor Y

50 ¢

—18um

10 &

Average, 20 SD
30°C,1.0to 2.0V

05 I

100

200 300

Current (mA/g)

Capacity utilization (delithiation; full-cell discharge) as a function of electrode thickness under various delithiation
rates for LTO versus Li metal in coin cells (Gen2 electrolyte, 30°C, 1.0-2.0 V).
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Discharge Capacity, (mAh/g uo)

Technical Accomplishments and

Thick Electrode Development — LMO Cathode

« Several LMO samples from different vendors have been used for thick electrode fabrication.
* Vendor T LMO shows better performance at higher rates (power) but has ~15 mAh/g less
capacity at slower rates (energy) than the vendor Y LMO.
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Technical Accomplishments and Progress

Pouch Cell Evaluation of Thick LTO/LMO Electrodes

» xx3450 full pouch cells were made with thick LTO and LMO electrodes.
« Reasonable cycle performance was achieved with up to ~3 mAh/cm? loading electrodes.
« >4 mAh/cm? loading is too thick to fully utilize the electrode during 1C cycling at 45°C.
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Technical Accomplishments and Progress

Ragone Plots of LTO/LMO Cells: Loading and Temperature

By loading:
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Thick electrodes show less
electrode utilization at higher
C-rates, but the higher
operating temperature can
improve the kinetics.
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Technical Accomplishments and Progress

Evaluation of No-/Low-Co Layered Cathodes
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Cycle Number cells using carbonate-based electrolytes for behind-the-meter
storage applications.” Energy Storage Mater. 38 (2021): 581-589.
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Technical Accomplishments and Progress

Electrolyte Screening and Voltage Window Tuning

LiNig gMn, 4O,/LTO Cell Chemistry
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Several fluorinated cyclic and/or linear » Electrochemical cycling with lower upper cut-off
carbonate solvents were evaluated to voltages (UCVs) demonstrates the improved
enhance electrochemical stability, transport capacity retention, possibly due to less electrolyte
properties, and safety. decomposition and preserved structure.
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Remaining Challenges and Barriers

Electrochemical utilization of thick LTO and LMO electrodes at higher C-rates is limited, likely
due to electrolyte limitations.

The gas evolution from LTO is still a major issue for long-term safe cell operation.
The energy density of LMO is still low.

Local salt concentration profiles Gas evolution from LTO/Li half cells after 1-day rest
at 2C and 45°C at the end of discharge -
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Proposed Future Research

« Test gas evolution from LTO anode and find ways to mitigate the outgassing issue

« Test new electrolyte systems (e.g., localized high-concentration electrolytes — Xiaolin Li at
Pacific Northwest National Laboratory)

« Test chemical prelithiation of LTO to mitigate the LLI issue
« Test N/P ratio effect on the LMO/LTO cell performance

« Test alternative cathode materials (layered transition metal oxide cathode) for higher energy
densities

« Prepare critical-material-free batteries (2 Ah) and put them on test using BTMS protocols
(FY21 Q4 milestone).
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Any proposed future work is subject to change based on funding levels.
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Summary

 LTO/LMO cell chemistry has been evaluated using 100% cyclic carbonate (EC, PC)

electrolytes
100% EC and PC electrolytes have high Li* conductivities and low viscosities at 45°C

O
o The major capacity fade originates from continuous electrolyte decomposition at the anode
o By creating a “good” surface layer with EC electrolyte and supplying additional Li source by prelithiating

the LTO electrode, LTO/LMO cycle performance can be greatly enhanced.

» Thick electrode development shows promises and limitations

Maximum 214-um-thick LTO electrode was coated, and >130-um-thick LTO electrodes (>3-mAh/cm?
loading) show kinetic limitations at 30°C

o A higher cycling temperature is beneficial to increase rate capability

2C rate is maximum current density to achieve a reasonable rate capability with a thick electrode.

©)

O
 Low-/no-Co layered cathode materials have been evaluated

Higher energy densities and thinner cathode composite coating are beneficial

O
Long-term cycling performance is reasonable, and it could be enhanced by fluorinated electrolytes.

O
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Rate Capability Tests with Pouch Full Cells
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