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Overview

Timeline

e Start: October 1, 2012
e End: Sept. 30, 2014

e Percentcomplete: 75%

Budget
* Voltage Fade project

Barriers

Development of a PHEV and EV
batteries that meet or exceed
DOE/USABC goals.

Partners
e ORNL

e NREL
e ARL
e JPL
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Project Objectives - Relevance

Voltage Fade in lithium and manganese rich (LMR-NMC)

oxides reduces energy density of lithium-ion cells on

calendar-life and cycle-life aging

* Mitigating voltage fade will enable the use of these high—energy
NMC composite oxides {xLi,MnO; ¢(1-x)LiMO, (M=Ni, Mn, Co)} for
PHEV and EV applications

Milestones

* Elimination of proton insertion as a structural cause for voltage fade
(complete)

 Electrochemicalcharacterization of LMR-NMC cathode materials with fully
lithium-6 enriched cells (enriched electrolyte, Li-metal and cathode) and
quantitative high resolution 6Li MAS NMR experiments on the enriched
pristine and cycled materials (complete)

* Correlation of local structure changes with electrochemical hysteresis (data
collection complete, analysis near completion)

* Quantitative correlation of structural changes with voltagefade (complete)

* Full realization of voltage fade mechanism (near completion) ;




Potential, V

Approach: Investigation of possible structural causes for the fade in
voltage using NMR spectroscopy
= Loss of local ordering/Formation of new ordering in Li and TM layers for Li and

transition metals contributions to energy
— TM migration loss after 20 cycles

= Oxygen loss mechanism and formation of defect sites

= Materialsloss of the ability of hosting Li in TM layer octahedral
sites, i.e. occupancy in tetrahedral Li sites
— Defects/Vacancies ?

= Tiedto all points above: Formation of a spinel-like structure ?
= Effect of domainsand domainsize ?
= H*insertion into the lattice ?
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Progress and Major Technical Accomplishments

* Elimination of proton insertion hypothesis as a structural cause for voltage fade

 Electrochemical characterization of LMR-NMC cathode materials with fully
lithium-6 enriched cells (enriched electrolyte, enriched Li-metal and enriched
cathode)

* Quantitative high resolution 6Li MAS NMR experiments on the enriched pristine and
cycled materials at states of charge of interest over multiple cycles and compositions

* Resolution and detail in detected Li-local structures by this NMR methodology is
unprecedented in literature. Such work is only possible due to collaborative effort of the
Voltage Fade Team.

* Correlation of local structure changes with electrochemical hysteresis
* Quantitative correlation of structural changes with voltage fade

* Spectroscopic evidence of transition metal migration

* Quantitative NMR data deconvolutionsare in progress...

* Theory assisted NMR shift calculationsare in progress...



Cathode materials examined

= HE5050 (Toda)and Li rich NM

— (0.5Li,Mn03¢0.5LiNig 375Mng 375C0q ,50,) or Liy 5[Nig 15Mng 55C0q 10]0,

— Li;,Mng4Co4 40,

— Synthesis: hydroxide co-precipitation and oxalate precursor co-precipitation
= Li,MnO;

— Synthesis: Li,MnO; calcined at 850°C
= Half-cell configurationsvs. 95% enriched éLi metal

— 1.0 M (95% enriched) ®LiPF in EC/DMC (1:1wt.) and 1.0 M LiPF, in 95%

Deuterated EC/DMC (1:1 wt.) in 2032 coin cells

— All cycling data using “voltage fade protocol” (2.0V — 4.7V, 10mA/g 15t cycle
then 20mA/g subsequent cycles with current interrupts to measure
impedance contributionand calculate Avg. V — iR corrected)

= NMR Characterization
— 1.3mm Magic Angle Spinning Bruker probes with Avance Ill spectrometers
(spinning speeds up to 67kHz using 11.7 and 7.02 Tesla fields)

— 2H and bLi nuclei of interest

Argonne National Laboratory
Chemical Sciences and Engineering
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Li local structures in LMR-NMCs ;|
layers (262 integral total)

°Li MASNMR 67 kHz at 7.02 T f
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Li; o[Lio.2Nig.15MNg 55C0_10] Lo
O, - What happens in first . '”;L; layers - °Li MAS NMR 67 kHz at
few coordination shells of ! 5 \ 7.02T
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dQ/dV
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dQ/dV

4.7/3.22

T T T
2.0 2.5 3.0 3.5
Voltage

e ¥ L/\\//\ Vs
VY- 4 VY
\_l/\,\_//
YR,

Shifts larger than 1480ppm
only possible by an additional
TM coordination to Li(Mn)g

A IR O A
e

N
Liq o[Lig.2Nig 4Mng 4]O; -

Electrochemical Hysteresis
and Structure Change

Li layer Changes upon relithiation

A\

Transition Metal
migration (via

tetrahedral sites)

detected !

[ .,’ A
MWJV»M&. o W

e
Al "‘V'Af'«“nx"“\",

TM layer

|

> (post-activation) rrom ES 194

0.5Li;MnO.+0.5LiNi Mn, O,
1 1 i '“kx,\.
Fofa

E i'r[)s Lexesia

dQ/dV

T Shavderd 4.7V
k i \]o\‘lﬂ‘xx’_ Tadt 41V
37V

| T Capraly e

20 25 30 35 40 4.5‘5‘0
Cell Voltage (V)

I |
1500

1000

500 0 ppm -500

Fulya Dogan and Brandon Long, Baris Key, Ma halingam Balasubramanian, Kevin Gallagher, Jason Croy, in preparation, 2014 10



—— NMR4
— NMR5
— NMR7
—— NMR8

4.7/3.6)
4.1/3.986) pocha,

4.38c) :
4.7/3.986)

Li1 .O[LiO.ZNiO.4MnO.4]02 = PIHPOIntIng
Hysteresis effect in local structure

o — —

Electrochemical hysteresis can
be followed directly via NMR by
different Li site occupancies at
hysteresis pointsin dQ/dV plot

Li layer

2.8

SRR

ch 4.7, disch. 3.986; NMR8
ch 4.38; NMR7
ch. 4.1, disch. 3.986; NMR5

ch. 4.7, disch.

I ' I ' I ' I ' I ' I
2000 1500 1000 500 0 ppm -500

Fulya Dogan and Brandon Long, Baris Key, Mahalingam Balasubramanian, Kevin Gallagher, Jason Crovy, in preparation, 2014



dQ/dV
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= Transition metal migration slows down by 11t cycle
= Subtle shifts observed for Li layer resonances
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After 1 cycle - Deconvolution of Li Local Structures

°Li MASNMR 67 kHz at 7.02 T

Shiftin ppm
Integral value

" Only 7.1% goes back in Li in transition metal layers

3000

* indicates spinning sidebands due to MAS

Fulya Dogan, Brandon Long, Jason Croy, Michael Slater, Hakim Iddir, Roy Benedek, Martin Bettge, John Vaughey, Baris Key, in preparation, 2014
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After 1 cycle - Deconvolution of Li Local Structures

°Li MASNMR 67 kHz at 7.02 T
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" Only 7.1% goes back in Li in transition metal layers
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After 1 cycle - Deconvolution of Li Local Structures

" Only 58.4% of Liisin Li . in

Shiftin ppm
Integral value

" Only 7.1% goes back in Li in transition metal layers
= 34.5% of Li appears to be in a new disordered environ
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Fulya Dogan, Brandon Long, Jason Croy, Michael Slater, Hakim Iddir, Roy Benedek, Martin Bettge, John Vaughey, Baris Key, in preparation, 2014
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After 10 cycles - Deconvolution of Li Local Structures

= laurentzian peak intensities and shifts remain constant
= ONLY MAJOR CHANGE in SPECTRA betweenh cycle #1-10:
— The new Gaussian resonance shifts by 122 ppm to lower frequency !
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Fulya Dogan, Brandon Long, Jason Croy, Michael Slater, Hakim Iddir, Roy Benedek, Martin Bettge, John Vaughey, Baris Key, in preparation, 2014
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Basis of new Li environment assignments
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e Grey., 2009
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Shiftinppm
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Ab initio Molecular Dynamics calculations on
50% delithiated Li,MnO, show ~40% of Li from  § - \ <"
TM layers migrate to the Lilayersand ~34% S . . 8 Y adm alsosee
of Li’s occupy tetrahedralsites in Li layers. [ Q! - : £S193
Additional Li inserted into such a lattice (i.e.
fully discharged stage post activation) is ) /af : NS ' N
expected to have lower average voltage.

J
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.
Changes in Li environment and correlation to Voltage Fade rates
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Insights into extended cycle structure - Li environments

Experimental LIC002/Li;Mn0; 718
5Li MAS NMR . -~
Predlcted NMR i I Undercoordinated Li, |
— Li-OCN=3
500 cycle (usinga full cell) shifts from Fll 284
40 cycles i . e
os | simulated local g |
e ‘““%J \ structures
n’wﬁ‘«w’wnm*‘*"{‘ ""?WM MWMMW
I 1500 10‘00 500 0 -500 p;;m 1600 1400 1200 1000 800 600 400 200 0
th ppm
" Beyond 40™ cycle, local structure Oxygen vacancy containing Li-rich Mn-Co
gets locked in place and becomes composite delithiated MD+DFT simulations
more order when 500 cycles are suggest lower frequency shifts (~270ppm)
reached are due to undercoordinated Li.., (CN<4)

= Peaks do not show resemblance of
full conversion to typical spinel
phases

= Complementary XRD data (500
cycles) suggests retention of
layered composite lattice and did

R R . Fulya Dogan, Brandon Long, Jason Croy, Michael Slater, Hakim Iddir,
nOt |nd|Cate any |Ong ra nge Sp'”EI RoyBenedek, Martin Bettge, John Vaughey, Baris Key, in preparation,

2014
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Summary of NMR analysis

Proposed hysteresis and voltage fade configurations are directly correlated with
(de)lithiation phenomena from specific local Li arrangements
— Hysteresis configuration is associated with Li,,, activity or lack thereof (high voltages)
— Voltage fade configuration is associated with TM activity (3.0-3.3V)

Post activation, Li content in formal sites in TM layers is 7.1% (down from 16.7%)

%34.5 of Liis now in new sites (tentatively assigned to extensive Li..; and defect sites in TM
layers) and remaining %58.4 is in Li, sites in Li layers. Material is less Li-rich and closer to
Li, o (estimated Li; ; from e-chem)

Disordered peak shifts to lower frequency by 122ppm ! This coordination must be changing
from cycles 1-5-10 where change slows down from 10-40. Possible causes under
investigation:

— TM migration, Voltage Fade configuration: Role of Mn in the shift change

— Vacancies (oxygen and TM) within the 15tand 2" coordination shell of these Li

Excess Li hosted in this new environment, when followed carefully by dQ/dV plots, is the
environment that changes incrementally every time Li is being removed. The effect seen in
electrochemistry is voltage fade. The structural change is synchronous to hysteresis
phenomenon (see ES194 and ES 188)

A new Li local structure starts to emerge at 270ppm beyond 40 cycles (i.e. indicating new
order resembling a new tetrahedral motif, possibly due to undercoordinated Li..;) Does not
appear to gain long range order

These local structure changes correlate quantitatively with the amount of voltage fade and
require further detailed analyses to narrow down the specific phenomena.

Fulya Dogan, Brandon Long, Jason Croy, Michael Slater, Hakim Iddir, Roy Benedek, Martin Bettge, John Vaughey, Baris Key, in preparation, 2014
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Future work planned

= Study activation and 1% discharge processes

= EPR studiesto monitor tetrahedral paramagnetic transition
metals directly (ongoing...)

= Deconvolutions and further analysis of NMR datasets for
realization of complete VF mechanism

" Provide local structural probe support to synthetic team led
by C. Johnson (ES190) to help mitigate or delay VF mechanism

21
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