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Exploring Interactions between Electrodes in
Li[NixMn,Co;.y ]O,/Graphite Cells through Electrode/Electrolyte

Interfaces Analysis

Lénaic Madec® %% and Leah D. Ellis"*

“Department of Physics and Atmospheric Science, Dalhousie University, Halifax, Nova Scotia B3H 4R2, Canada
bDepartment of Chemistry, Dalhousie University, Halifax, Nova Scotia B3H 4R2, Canada

Interactions occurring between positive and negative electrodes during constant current-constant voltage cycling in
Li[NixMnyCo1_xy]O2/graphite pouch cells at various upper cutoff voltages was investigated. Below 4.3 'V, good capacity reten-
tion, high/stable coulombic efficiency (CE) and low gas production were observed. At 4.5 V, however, extensive capacity loss,
dramatic/unstable CE and large gas generation were observed due to extensive electrolyte degradation at the NMC electrodes. XPS
experiments highlighted that solvents (-CO containing species) and salt (mostly LiF) degradation products including gas and NMC
dissolution products are produced at the NMC electrodes then migrate to the graphite electrodes surface where they are either reduced
or simply deposited. Although these phenomena were greatly accelerated at high voltage, the dominant failure mechanism was the
formation of a Li-ion insulator/electron conductor surface layer (maybe rock salt) due to irreversible structural change of the NMC
particles surface. At low voltage, the failure mechanism was explained by accumulation of SEI at the graphite electrode surface that
hinder the ionic transport through the electrode porosity. Overall, both failure mechanisms are driven by oxidative parasitic reactions
at the positive electrode and interaction with the negative electrode. Passivation of the positive electrode appears therefore crucial to

promote long lifetime of Li-ion cells.
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High energy density Li-ion cells can in theory be made if positive
electrode materials such as Li[NiyMnyCo;.,,]O, (NMC) operate to
4.7 V.! Severe electrolyte degradation occurs, however, at the positive
electrolyte/electrode interfaces above 4.3 V vs. Li/Lit which leads
to large cell impedance and short lifetime®™ thus greatly limiting the
practical use of such material at high voltage. To overcome this limita-
tion, electrolyte additives are widely used as they offer so far the most
simple, economical and effective approach.>° Electrolyte additives are
well known to modify and stabilize the Solid Electrolyte Interphase
(SEI)’ therefore hindering unwanted parasitic reactions. Among elec-
trolyte additives, vinylene carbonate (VC)® is likely the most used
as it allows significant improvements of cycle/calendar life and ther-
mal stability of numerous Li-ion systems.”'> The main drawback
remains, however, the extensive electrolyte degradation occuring for
VC-containing cells at high potentials'® and high temperatures'” that
leads to capacity losses, impedance rise and gas evolution. To bypass
this issue, sulfur-containing additives have been recently proposed to
enable the use of high voltage Li-ion cells. So far, methylene methane
disulfonate (MMDS)'®-2* and prop-1-ene-1,3-sultone (PES)>-? are
probably the most promising ones. For instance, PES produced sig-
nificantly lower gas during long term cycling and storage at 60°C
compared to identical cells containing VC.25-*° These results can be
explained by the formation of more protective and stable SEI films
at both graphite and positive electrode surfaces as observed by XPS
experiments,>”?%3! due to the preferential reaction of PES at both
electrode surfaces.*

More generally, the effect of the electrolyte composition as func-
tion of various upper cutoff voltages and Li-ion cell chemistries
is increasingly investigated. For instance, some studies focused
on the impact of<the upper cutoff voltage on the electrochemical
performance*33 with interestingly a recent growing use of aggres-
sive constant courant-constant voltage (CC-CV) cycling.’>3 Also,
fundamental studies on the electrode/electrolyte interfaces using sur-
face analysis by X-ray photoelectron spectroscopy (XPS) are now
widespread even after storage’’ and long term cycling.’%° In par-
ticular, phosphorus enrichment of SEI films have been observed for
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various high voltage materials using LiPFs-based electrolytes, high-
lighting a Li-salt decomposition as function of the voltage*’ which
recently motivated the use of LiPFg hydrolysis products.as electrolyte
additives to stabilize the positive electrode at high voltage.*' Recently,
the use of electrochemical impedance spectroscopy (EIS) on symmet-
ric cells has received great interests as it allows to distinguished from
which electrode.thesimpedance grow. arises during cycling.**** For
instance, EIS‘on symmetric cells extracted from NMC442/graphite
pouch cells showed that the impedance growth above 4.4 V was
dominated by contributions from the NMC442 electrode while the
contribution of the graphite electrode does not depend on the upper
cutoff voltage.** Similarly, three-electrode impedance spectroscopy
also showed that the impedance growth during cycling of automotive
LiNig Coy.15Alg 050,/graphite battery originated from rising R, and
Rggr at the positive electrode.** Theoretical simulation of EIS spectra
further confirmed that experimental high voltage impedance growth is
primarily due to increases in charge transfer and SEI resistances at the
positive electrode.* Recent transmission electron microscopy (TEM)
studies pointed out that structural change (rock salt formation) of the
LiNiygCoy.15Al 05O, and Li[Ni,Mn,Co,_, ]O, material surface upon
cycling is more likely the main cause of the impedance growth at the
electrode/electrolyte interface at high voltage as well as the first-cycle
coulombic inefficiency.***® This hypothesis is supported by a recent
report of Buchberger et al.* that showed using XRD analysis that the
lithium content in LixNi;;3sMn;;3Co4/30; is about 0.8 after 230 cycles
at 4.6 V stopped in discharge while the capacity retention is about
35% which means that the NMC electrode contains unused cyclable
lithium and that the total capacity loss is mainly due to kinetic limi-
tation rather than a Li inventory loss. Nelson et al.** also confirmed
this kinetic limitation phenomena as after 80 CC-CV cycles at various
high voltages, NMC/graphite pouch cells could deliver discharge ca-
pacities very close to their initial ones when sufficiently slow cycling
(C/50) was selected.

Moreover, the stability of the inactive component of positive elec-
trodes such as conductive carbons have recently been proved to partic-
ipate in the electrolyte degradation at high voltage’*>! using GC-MS
analysis for instance.’>~>* Despite such plethora of studies, interactions
between positive and negative electrodes that occur through diffusion
of electrolyte degradation products are, however, not well identified
while observed by different groups®>-8. Therefore, still little is known
about positive-negative interaction while they might be critical to a
certain extent to the formation and growing of the SEI films at both
electrodes, thus critical to the resulting lifetime of Li-ion cells. The
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most known interaction is the dissolution of positive active materials
at high voltage that results in the deposition of metal-based species
at the negative electrodes surface.®* Recently, Metzger et al.%' stud-
ied possible interactions between electrodes using a two-compartment
cell connected to on-line electrochemical mass spectrometry (OEMS).
Positive and negative electrodes were either not separated or separated
by a Li*-ion Al-sealed conducting glass blocking any other diffusion.
They showed that in NMC/graphite cells, the generation of H, was
drastically increased at high voltage and high temperature due to dif-
fusion of protic electrolyte oxidation species (R-H™) from the NMC to
the graphite electrodes where they were reduced to H,. Xiong et al.%?
showed that H, was generated during storage at 60°C in charged
NMC/graphite pouch cells at high voltage while it was not for pouch
bag containing either the lithiated graphite or the delithiated NMC
electrode plus the electrolyte highlighting again that H, results from
species created at the NMC electrode that diffuse to the graphite elec-
trode to be reduced to H,. Moreover, they showed that during storage
at 60°C, charged NMC/graphite pouch cells at high voltage produced
small amount of gas while for the pouch bag containing either lithi-
ated graphite or delithiated NMC electrodes plus electrolyte, no gas
and large amount of gas were produced, respectively®>®*. This phe-
nomena was associated with a large impedance increase of the NMC
electrodes from the pouch bags compared to the NMC electrodes from
the pouch cell which further confirms the occurrence of interactions
between electrodes for the full cell with the gas produced at the NMC
electrodes reduced at the graphite electrodes. Interestingly, using EIS
on symmetric cells and XPS analysis, Petibon et al.* showed that even
in NMC/graphite held at only 3.9 V or 4.2 V, the graphite electrodes
surface drastically changed despite that only the NMC electrode po-
tential changed. Again, this phenomena was attributed to diffusion of
oxidative products from the NMC to the graphite electrodes.

The aim of this work is to investigate interactions occur-
ring between positive and negative electrodes upon cycling in
NMC/graphite pouch cells operating at different upper cutoff volt-
ages. To do so, we used Li[Ni;3Mn;;3Co0,3]0, (NMC111)/graphite
and Li[Nig4Mng4,C0g16]0, (NMC442)/graphite pouch cells bal-
anced for 4.2 or 4.7 V and 4.5 and 4.7 V operation, respectively.
For each batch of NMC pouch cells, two different cutoff voltages
were selected so that only the potential of the NMC electrodes was
changed while the potential of the graphite electrodes remained con-
stant (on the last plateau) as validated using a differential potential
analysis software previously developed at Dalhousie University®> PES
was selected as electrolyte additive based on our previous detailed
electrochemical®®3?, XPS3'%¢, GC-MS?*"+%7 and theoretical®? analy-
sis. Aggressive CC-CV cycling at 40°C was used to accelerate the
ageing of the cells. EIS experiments and gas volume were measured
upon cycling to follow the impact of degradation phenomena upon the
CC-CV cycling. The resulted electrode/electrolyte interphases were
investigated by thorough XPS analysis of the<SEI films formed at
both NMC and graphite electrodes surface after the CC-CV cycling
at different upper cutoff voltages.

Experimental

Cell preparation.—Machine made 240 mAh
LiNi;3Mn;;;Coy;305/graphite pouch  cells balanced for 4.2 V
(NMC111-4.2) or 4.7 V. (NMC111-4.7) as well as 240 mAh
LiNig4Mn 4,Cog 1602/graphite. pouch cells balanced for 4.5 V
(NMC442-4.5) or 4.7V (NMC442-4.7) were obtained dry (vacuum-
sealed with no electrolyte) from Li-Fun Technology (Xinma Industry
Zone, Golden Dragon Road, Tianyuan District, Zhuzhou City, Hunan
Province, PRC, 412000). The electrolyte was 1 M LiPF¢ (BASF,
purity 99.94, water content <20 ppm) in EC:EMC (3:7 by weight,
BASF, water content <20 ppm) to which 2 wt% PES (Lianchuang
Medicinal Chemistry Co., 98.2%) was added. After heating to 80°C
under vacuum for 12 h to remove residual water, the pouch cells
were filled with 0.9 g of electrolyte in an argon-filled glove box then
vacuum-sealed at —94 kPa (relative to atmospheric pressure) using a
compact vacuum sealer (MSK-115A, MTI Corp.). For each of the

following electrochemical experiments, two identical pouch cells
were prepared for reproducibility.

Cell formation and cycling protocols.—Cells were formed and
cycled using a Maccor 4000 series battery cycler and a home-made
temperature-controlled box at 40. £ 0.1°C.

Formation.—Cells were first held at 1.5 V for 24 h (for com-
pletion of wetting) then charged to 3.8 V at C/20. Cells were then
cut open in an argon-filled glove box to release any gas generated
and vacuum sealed again. Cells were then charged at C/20 either
to 4.2 V (NMC111-4.2) or 4.5 V (NMC111-4.7, NMC442-4.5 and
NMC442-4.7) and the degassing procedure was repeated except for
NMC111-4.2. Cells were then partially discharged to 3.8 V at C/20
where impedance spectra were measured followed by a complete dis-
charge to 2.8 V at C/20. An additional cycle was then performed at
C/20 as follow. NMC111-4.2 cells were charged to either 3.9 V or
4.2V while NMC111-4.7, NMC442-4.5 and NMC442-4.7 cells were
charged to either 4.3 V or 4.5 V. Then, all cells were discharged to
2.8 V.

Constant current-constant voltage cycling (CC-CV).—One cycle
of charge-hold-discharge protocol consisted of a constant current
charge at C/5 to 3.9 or 4.2 V for NMC111-4.2 cells and to 4.3 or
4.5 V for NMC111-4.7, NMC442-4.5 and NMC442-4.7 cells, fol-
lowed by a constant voltage step at the top of charge for 24 h, then a
constant current discharge to 2.8 V at C/5. Additionally, every 10 cy-
cles, cells underwent a slow C/20 constant.current cycle during which
the impedance spectra were measured at 3.8 V. during charge. Before
to be used for XPS analysis, all cells were held at 2.8 V at the end
of the last discharge at C/20 until the measured current decreased to
0.005C so that electrodes were in electrochemical equilibrium.

Electrochemical impedance spectroscopy (EIS) measurements.—
To measure the impedance spectra at 3.8 V during formation and cy-
cling, cells were moved to a 10. £ 0.1°C temperature box. Impedance
spectra were then collected using a Biologic VMP-3 with ten points
per decade from 100 kHz to 10 mHz and a signal amplitude of 10 mV.

Gas measurements.—Gas evolution measurements based on
Archimedes’ principle were performed before and after each forma-
tion step as well as after the charge-hold-discharge (CC-CV) cycling
by weighing cells submerged in de-ionized nanopure water (18 M) at
20 = 1°C as described elswhere.®

X-ray Photoelectron spectroscopy (XPS).—Sample
preparation.—At the end of the CC-CV cycling procedure (i.e.
30 CC-CV cycles) at 2.8 V after discharge, pouch cells were
disassembled in an argon-filled glove box within the first 12 h
following the end of the electrochemical process. Graphite and NMC
electrodes were cut from the pouch cell electrodes with a precision
punch and washed twice by immersion into 0.8 mL of EMC solvent
(BASF) in a clean and dry glass vial with a mild manual agitation
for 10 s to remove the LiPFg salt. Air sensitive samples were then
mounted onto a molybdenum holder using a copper conductive tape
(3M) under argon and placed into a special transfer system.%® The
latter was then put under vacuum at approx. 103 mbar for 1 h and
then connected to the spectrometer where samples were loaded under
a pressure of ~1073 mbar. All samples were kept at 10~ mbar
for one night before analysis to ensure a strictly identical vacuum
procedure.

Data acquisition and treatment.—XPS was performed on a SPECS
spectrometer equipped with a Phoibos 150 hemispherical energy an-
alyzer and using Mg Ka radiation (hv = 1253.6 eV). The analyzed
sample area was ~2 x 3 mm? which gave results representative of
the whole electrode. Core spectra were recorded in the fixed analyser
transmission (FAT) mode with pass energy of 20 eV at an operat-
ing pressure <2 x 10 mbar. First, short acquisition time spectra
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Figure 1. a) Discharge capacity and coulombic efficiency as function of cycle number, b) Nyquist plots after 10 and 30 cycles as well as c¢) volume of gas formed
after 30 cycles for NMC111-4.2, NMC111-4.7 and NMC442-4.7 pouch cells with 2% PES electrolyte that underwent the charge-hold-discharge (CC-CV, C/5
CC-24h CV) cycling at 40. £ 0.1°C between 2.8 and various upper cutoff voltages as indicated. Note that the scales for impedance spectra and gas volume change

as soon as pouch cells underwent the CC-CV procedure between 2.8 and 4.5 V.

were recorded as references to follow any possible degradation upon
analysis. Data treatment was performed using CasaXPS software and
the binding energy scale was calibrated from the Cls peak at 285
eV (C-C/C-H) and the Ols peak at 529.6 eV (O>~ anion from the
NMC) for the graphite and NMC electrodes, respectively. A nonlin-
ear Shirley-type background’® was used for core peaks analysis while
70% Gaussian - 30% Lorentzian Voigt peak shapes and full width at
half-maximum (FWHM) constraint ranges were selected to optimize
areas and peak positions.

Results and Discussion

Long term cycling, impedance and gas analysis.—Figure la
shows the discharge capacity and coulombic efficiency (CE) as
function of cycle number for the NMC111-4.2, NMC111-4.7 and
NMC442-4.7 pouch cells with 2% PES electrolyte that underwent

the charge-hold-discharge (CC-CV, C/5 CC-24h CV) cycling at 40.
=+ 0.1°C between 2.8 and various upper cutoff voltages as indicated.
Considering the severe CC-CV cycling, NMC/graphite pouch cells
showed good capacity retention up to 4.3 V except for NMC111 bal-
anced for 4.7 V. NMC/graphite pouch cells cycled at 4.5 V showed,
however, extensive capacity losses. These results are associated to
high and stable CE up to 4.3 V and dramatic and unstable CEs at
4.5 V. Note that after the C/20 cycle performed every 10 CC-CV, all
cells showed a CE drop followed by an increase. This is more likely
due to the dynamics behavior of the SEI and would need dedicated
studies to be fully understood. Figure 1b shows the evolution of the
Nyquist plots for the same NMC/graphite pouch cells between 10
and 30 CC-CV cycles. NMC/graphite pouch cells cycled up to 4.3 V
showed very stable impedances. When cycled at 4.5 V, however, large
impedance increases were observed as highlighted by the significant
scales change. Figure 1c shows the volume of gas formed in the same
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NMC/graphite pouch cells after the CC-CV cycling. For reference,
the initial volumes of the pouch cells is 2.2 mL. NMC/graphite pouch
cells cycled up to 4.3 V produced relatively low amount of gas (<0.05
mL). When cycled at 4.5 V, however, large volume of gas (0.2-0.5 mL)
were generated. This is explained by extensive electrolyte degradation
occurring at the NMC electrodes as soon as the cells are exposed for
too much time at potentials above 4.3 V, in good agreement with the
low coulombic efficiency observed at 4.5 V (Figure 1).

As a whole, it is believed that NMC/graphite pouch cells cycled
at 4.5 V form either unstable or inefficient (i.e. not passivating) SEI
layers at the NMC electrodes surface resulting in extensive electrolyte
degradation that agrees well with the low CE and large volume of gas
observed. Moreover, considering that the SEI films formed at the NMC
electrodes surface cannot hinder severe parasitic reactions to occur at
4.5V, an increase of the SEI resistance is thus unlikely. Therefore,
charge transfer resistance increase at the NMC particles surface at 4.5
V is considered as the main cause for the large impedance rises and the
resulting extensive capacity losses observed, in agreement with pre-
vious reports. #4371 Accordingly, despite that the severe electrolyte
degradation observed at 4.5 V probably results in Li inventory loss,
this phenomena has certainly a limited effect on the total capacity
losses. Indeed, when similar NMC/graphite pouch cells underwent a
sufficiently slow cycling (C/50) after 80 CC-CV cycles at 4.4, 4.45
or 4.5V, discharge capacities very close to their first cycle ones were
observed.** Finally, the origin of the charge transfer resistance increase
at4.5 V can be explained by irreversible structural change of the NMC
particles surface upon cycling similarly to previous observations.*6~8
Such new surface layer would therefore be inactive toward Li inter-
calation but its formation/properties would remain ineffective toward
electrolyte degradation.

XPS analysis.—The effects of the upper cutoff voltage on both
the graphite and NMC electrode/electrolyte interfaces was then in-
vestigated by XPS after the CC-CV cycling procedure (i.e. 30 CC-
CV cycles) at 2.8 V after discharge. In the following Figures, core
level spectra for a given element were normalized to show the rela-
tive intensity/amount of the given element between samples. To do
so, the following procedure was used: considering that for a given
peak, its FWHM was very close (<0.1 eV) from one sample to an-
other, it is therefore possible to use the height (i.e. intensity) of the
given peak to directly represent atomic percentage from one sam-
ple to another. Then, for each elements, the sample having the given
peak with the highest atomic percentage was maximized in the Fig-
ure. Finally, core level spectra for other samples were normalized
relatively.

At this point, it is important to clarify the following: considering
that XPS analysis was performed after strictly identical cycle number,
one may want to explain any difference obseryved in XPS between
low and high voltages by a longer cycling time. However, NMC111-
4.2 cells cycled about 10% more time at4.2 V compared.to 3.9 V,
NMCI111-4.7 cycled similar time and NMC442-4.7 cycled about 10%
less time at 4.5 V compared to 4.3 V. This is due to the large impedance
(i.e. polarization) increase obseryed at 4.5V that led to lower capacity
retention and concomitant lower cycling time (Figure 1). Therefore,
any difference observed in XPS for the three sets of NMC/graphite
cells between low and high veltages can only be explained by a voltage
dependence.

Carbon 1s.—The Carbon 1s XPS core spectra of both graphite
and NMC electrodes as taken from the different NMC/graphite pouch
cells after the CC-CV cycling procedure (i.e. 30 CC-CV cycles) at 2.8
V after discharge are shown on Figures 2 and 3, respectively. Typical
Carbon 1s XPS core spectra of fresh graphite and NMC electrodes
are also showed for comparison. The C s spectrum of fresh graphite
electrode showed five components at 284.1 (C=C), 286.9 (-CO), 288.6
(-CO,), 290.8 eV (“’shake up’’ satellite) from the graphite and 285.0
eV (C-C/C-H) from the SBR binder’? and graphite’>’* (Figure 2). The
C 1s spectrum of the fresh NMC electrode showed five peaks at 284.6
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Figure 2. Carbon 1s XPS core spectra of graphite electrodes as taken from
the different NMC/graphite pouch cells after the CC-CV cycling procedure
(1 2, 30 CC CV cycles) at 2. 8 V after dlscharge Fypieal-CarbontsXPS—eore

(C=0C), 286.9 (-CO), 288.9 eV (-CO,) from the carbon black’>’* and
285.9 (C-C/C-H), 290.7 eV from the PVdF binder (Figure 3).7?

After the CC-CV cycling, no graphite peak was observed except for
the cells cycled at 3.9 V (Figure 2). This indicates, in good agreement
with the coulombic efficiencies (Figure 1a), that SEI films formed at
the graphite electrodes surface are thinner than the 5-10 nm analyzed
by XPS when cycled to 3.9 V and thicker than the 5-10 nm analyzed
by XPS when cycled at higher voltages. A thin SEI film at 3.9 V is,
however, unexpected considering the use of aggressive CC-CV cy-
cling which emphasizes a very low rate of parasitic reactions at 3.9
V. The Carbon 1s XPS core spectra of the NMC electrodes (Figure
3) revealed that after the CC-CV cycling, the intensity of the carbon
black peak at 284.6 eV slightly decreased for all pouch cells which
means that relatively thin SEI films are formed at the carbon black
surface of the positive electrodes upon cycling. Note that such phe-
nomenon has never been reported until very recently’*>* as carbon
blacks were generally believed to be inert in positive electrodes. This
phenomenon was, however, more pronounced as the cycling voltage
increased indicating that thicker SEI films are formed at the carbon
black surface, especially at 4.5 V.
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Figure 3. Carbon 1s XPS core spectra of NMC electrodes as taken from the
different NMC/graphite pouch cells after the CC-CV cycling procedure (i.e. 30
CC-CV cycles) at 2.8 V after discharge. Fypieal-CarbontsXPS-eere-speetra

Oxygen 1s.—The Oxygen 1s XPS core spectra of both graphite
and NMC electrodes as taken from the different NMC/graphite pouch
cells after the CC-CV cycling procedure (i.e. 30 CC-CV cycles) at 2.8
V after discharge are shown on Figures 4 and 5, respectively. Typical
Oxygen 1s XPS core spectra of fresh graphite and NMC electrodes are
also showed for comparison. The O'1s spectrumof the fresh graphite
electrode showed two components at-531.6 and 533.4 eV from the
CMC binder (Figure 4).”> The O 1s spectrum of the fresh NMC
electrode showed three peaks assigned to O>~ anions from the lattice
oxygen of the NMC at 529.5 eV and oxygen anions with deficient
coordination at the NMC surface’? and/or -CO,-like oxygen from the
carbon black’>"* (referred to as surface oxygens) (Figure 5).

After the CC-CV cycling, the intensity of the 529.5 eV peak from
NMC decreased more significantly (Figure 5) compared to what was
observed for the carbon black peak at 284.6 eV (Figure 3). This re-
sult means that SEI films formed at the NMC active material surface
are more likely thicker than at the carbon black surface. While this
result may originate from different catalytic electrolyte degradation
effects at the NMC surface compared to the carbon black surface,
possible exchange of SEI species between the active NMC particles
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Figure 4. Oxygen 1s XPS core spectra of graphite electrodes as taken from
the different NMC/graphite pouch cells after the CC-CV cycling procedure
(i.e. 30 CC-CV cycles) at 2.8 V after discharge. Fypieal-OxygentsXPS-core

and the carbon black have also to be considered.” More interestingly,
between 3.9 V and 4.2 V, the intensity of the NMC peak at 529.5
eV was decreased while between 4.3 V and 4.5 V, the intensity of
this peak increased. This result is thus unexpected if one consider
that the higher electrolyte degradation observed at 4.5 V (Figure 1)
should lead to higher degradation products deposited at the NMC
electrodes surface. This suggests that the parasitic reactions occurring
at 4.5 V lead to species that can migrate to the graphite electrode
instead of being deposited at the NMC electrodes. Therefore, consid-
ering the large impedance increase observed after CC-CV cycling at
4.5 V (Figure 1b), it is believed that the oxidized species are gen-
erated together with electrons and that these electrons can somehow
reacts at the NMC electrodes surface to form a new surface layer that
would be inactive toward Li intercalation (i.e. greatly increased the
charge transfer resistance) but remain ineffective toward electrolyte
degradation.

After the CC-CV cycling, the two main O 1s components of both
the fresh graphite and NMC electrodes were replaced by two main
peaks (Figures 4 and 5), in agreement with the formation of carbona-
ceous species from the solvents at the surface of both electrodes. The
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Figure 5. Oxygen 1s XPS core spectra of NMC electrodes as taken from the
different NMC/graphite pouch cells after the CC-CV cycling procedure (i.e. 30
CC-CV cycles) at 2.8 V after discharge. Fypteal-OxygentsXPS-eore-speetra

peak at 533.8-533.5 eV is attributed to -CO bonds from ROCO,Li
and/or ether derivatives.”®”” The peak at 532-531.7 eV is assigned to
-CO, oxygen from lithium alkyl carbonates (ROCO,Li)’®7 as well as
to additional O contribution of sulfite species (RSQj3) from PES.3!-6¢
Additional weak peaks were also observed at ~530.7 and ~528.3
eV for the graphite-electrodes, especially for low upper cutoff volt-
ages, due to formation of lithium alkoxide (ROLi)**%! and lithium
oxide (Li,0)%*%, respectively:As a whole, the chemical nature of the
oxygen-containing compounds at both the graphite and NMC elec-
trodes surface changes with the upper cutoff voltage. The ratio of
oxygen in a -CO environment at 533.8-533.5 eV to a -CO, environ-
ment at 532-531.7 eV increased from 3.9 to 4.2 V and increased even
more significantly from 4.3 to 4.5 V in good agreement with the in-
crease of the carbon in a -CO environment at 286.9-287 eV (Figures
2 and 3). At this point, it has to be consider that: (i) this phenomenon
is much more pronounced at the graphite electrodes surface while the
graphite electrode potential is identical between low and high upper
cutoff voltages; (ii) at 4.5 V, the SEI films thickness decreased at the
NMC electrodes surface while the electrolyte degradation occurs at
the NMC electrodes. Therefore, the additional -CO containing species

has to be generated at the NMC electrodes surface then diffuse to the
graphite electrodes where they are either reduced or simply deposited.
At this point, it is reminded that such SEI films enrichment of -CO
containing species already occurred between 3.9 and 4.2 V while less
pronounced. It therefore indicates a similar reactivity between low
and high voltages, which is here more likely catalyzed by the voltage
increase. Note that it was also reported to be catalyzed by an increase
of temperature.’

Fluorine 1s, Phosphorus 2 p and 7540 eV region.—Figure 6
shows a) the Fluorine 1s, b) Phosphorus 2p and c) 75-40 eV
XPS core spectra of graphite electrodes as taken from the different
NMC/graphite pouch cells after the CC-CV cycling procedure (i.e.
30 CC-CV cycles) at 2.8 V after discharge. The F 1s spectra (Figure
6a) showed two peaks at about 685 and 687.1 eV due to the for-
mation of LiF*®"" as well as LiyPOyF,* and/or remaining Li,PF,,%
respectively. The P 2p spectra (Figure 6b) showed three components
at 137.4, 134.8 and 133.5 eV attributed to Li,PO,F,’*, Li,PF,%
and phosphates (P,O,)">%*, respectively. As a whole, when the upper
cutoff voltage increased, higher LiF and phosphates/fluorophosphates
contents were observed with, however, a more pronounced effect in
the case of LiF in agreement with previous reports®®®. It is‘reminded
that the potential of the graphite electrode is identical‘between the
low and high upper cutoff voltages and that the electrolyte degrada-
tion occurs at the NMC electrodes. Therefore, at high voltage, the
enrichment of LiF and P-based species of the graphite SEI films can
have two explanations: (i) a higher reactivity of LiPFg at the NMC
electrodes followed by the migration of the salt degradation products
to the graphite electrode or (ii) a higher reactivity of LiPFs with sol-
vent degradation products produced at the NMC electrodes. In that
case, the reaction(s) between the solvent degradation products and
LiPFs may occurred eitherat the NMC electrodes or at the graphite
electrodes after their migration and/or after their migration and reduc-
tion. Finally, salts degradation products are either reduced or simply
deposited at the graphite electrode.

The careful analysis of the 75—40 eV spectra of the graphite elec-
trodes showed that only lithium (originated from SEI species) was
detected for cells cycled at 3.9 and 4.2 V (Figure 6¢). As soon as cells
were cycled at 4.3 V, Mn was also detected followed by Ni and Co
at4.5 V due to the dissolution of the NMC material surface in good
agreement with the literature.®® Note, however, that the Mn, Ni and
Co content at the graphite electrodes surface were below 1% each
so. that the dissolution of the NMC would rather be low. Note also
that negligible amounts of LiF, Phosphate and fluorophosphates were
also observed at the NMC electrodes surface after the CC-CV cycling
with, however, no trend.

Sulfur 1s after CC-CV cycling.—Figure 7 shows the Sulfur 2p XPS
core spectra of both a) graphite and b) NMC electrodes as taken from
the different NMC/graphite pouch cells after the CC-CV cycling pro-
cedure (i.e. 30 CC-CV cycles) at 2.8 V after discharge. Depending
on the potential, S 2p spectra of both graphite and NMC electrodes
showed three components at 169.0-168.6, 167.0-166.5 eV and 163.8
eV assigned to organic sulfite species (RSO3) such as RSO;Li and/or
ROSO,Li,* inorganic Li; SOz ¥ as well as RSSOs such as Li;S,05%8
and/or -S- species®” from the degradation of the PES additive, respec-
tively. Importantly, for cells cycled to 3.9 V, only RSO;Li and Li,SO3
was detected at the graphite electrodes surface while only RSO;Li was
observed at the NMC electrodes surface in agreement with our previ-
ous results>"*%_ For cells cycled to 4.2 V and higher voltage, however,
RSOsLi as well as reduced Li,SO; and -S- species were observed at
both graphite and NMC electrodes surfaces. Note that these additional
sulfur species have never been observed using less aggressive cycling
conditions®"% which emphasises the need of CC-CV procedure to
greatly accelerate ageing phenomena. The appearance of these new
sulfur species is assigned to further reaction of relatively unstable sul-
fite species formed initially. Most importantly, it is rather unexpected
to observed the appearance of Li,SO; and -S- species at the NMC
electrodes surface while these species can only result from reduction.
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Figure 6. a) Fluorine 1s, b) Phosphorus 2p and c) 75-40 eV XPS core spectra of graphite electrodes as taken from the different NMC/graphite pouch cells after

the CC-CV cycling procedure (i.e. 30 CC-CV cycles) at 2.8 V after discharge.

At first, it may appear that these reduced sulfur species are formed at
the graphite electrodes then partially migrate to the NMC electrodes
where they are deposited. However, as the graphite electrode potential
is identical between low and high upper cutoff voltages, these reduced
sulfur species would also be formed at 3.9 V which is not the case.
Therefore, these reduced sulfur species might be formed somehow at
the NMC electrodes surface by the electrons generated during oxida-
tion processes. The exact phenomenon remains, however, unclear at
this time. The large decrease of the total amount of sulfur species at
the graphite electrodes surface between 4.3 and 4.5 V is explained by
the large covering of the additional -CO containing species generated
at the NMC electrodes at high voltage (Figures 4 and 5).

a) Sulfur 2p - Graphite
low voltage high voltage

Conclusions

Interactions occurring between positive and negative elec-
trodes during CC-CV cyclingin Li[Ni;;3Mn;3Co,,3]0,/graphite and
Li[Nig4,Mng 4,Co0y 16]0,/graphite (NMC/graphite) pouch cells oper-
ating at different upper cutoff voltages have been thoroughly investi-
gated. When'cycled to 3.9, 4.2 and 4.3 V, NMC/graphite pouch cells
showed good capacity retention, high and stable CE as well as low gas
production while at 4.5V, however, extensive capacity loss, dramatic
and unstable CE as well as large gas generation were observed due
to extensive electrolyte degradation at the NMC electrodes as soon
as the cells are exposed for too much time at potentials above 4.3 V.
XPS experiments showed that: (i) the thickness of the SEI films at
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Figure 7. Sulfur 2p XPS core spectra of both a) graphite and b) NMC electrodes as taken from the different NMC/graphite pouch cells after the CC-CV cycling

procedure (i.e. 30 CC-CV cycles) at 2.8 V after discharge.
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Figure 8. Schematic model of the two main failure mechanisms of Li-ion
cells explained by interactions between positive and negative electrodes and
corresponding capacity profile vs. time.

the NMC electrodes surface decreased between 4.3 and 4.5 V; (ii) an
enrichment of -CO containing species occurred at the NMC electrodes
surface and more importantly at the graphite electrodes surface as the
cycling voltage increased, even between 3.9 and 4.2 V but especially
at 4.5 V; (iii) an enrichment of LiF and P-based species occurred at
the graphite electrodes surface as the cycling voltage increased; (iv)
the successive appearance at the graphite electrodes surface of Mn
then Ni and Co as soon as 4.3 V indicates the multistep dissolution
of the NMC material at high voltage with, however, a limited extent;
(v) additional reduced sulfur species were detected at both graphite
and NMC electrodes surface as soon as cells were cycled to 4.2V due
to the further reaction of relatively unstable sulfite species. All these
extensive parasitic reactions occurring at 4.5 V at the NMC electrodes
lead to the formation of solvents and salt degradation products in-
cluding gas as well as metallic species from the dissolution of NMC
that migrate to the graphite electrodes surface where they are either
reduced or simply deposited.

Considering the<literature reports and experimental results dis-
cussed here, two main failure mechanism of Li-ion cells during cy-
cling are proposed as illustrated in Figure 8. First, at low voltage (i.e.
<4.3 V, Figure 8a), electrolyte degradation products are created at the
positive electrode with ata relatively slow rate then migrate to the neg-
ative electrode where they are either reduced and/or deposited which
implies that the graphite SEI film is not electronically insulating. Af-
ter sufficient time, the accumulation of unwanted solid products at the
graphite electrode surface results in the large hindrance of the elec-
trode porosity (i.e. the ionic transport) and concomitant rapid capacity
rollover’®® . Note that if the loss of active lithium inventory and/or
large impedance increase occur at low voltage, a common gradual ca-
pacity loss will occur before the cell can suffer from the rapid rollover
effect. Second, at high voltage (>4.3 V, Figure 8b), extensive elec-
trolyte degradation products are created at the positive electrode at a

relatively high rate then migrate to the negative electrode where they
are either reduced and/or deposited. However, the dramatic charge
transfer resistance increase (i.e. kinetic hindrance) at the NMC par-
ticles surface is the dominant failure mechanism at high voltage an
occur through the formation of a surface layer (maybe rock salt) in-
active toward Li intercalation (Li-ion insulator) but ineffective toward
electrolyte degradation (electron conductor) due to irreversible struc-
tural change of the NMC particles surface during cycling. Overall,
both failure mechanisms are driven by oxidative parasitic reactions at
the positive electrode surface which means that the passivation of the
positive electrode would be the key for long lifetime of Li-ion cells.

Finally, this study clearly demonstrated that a better understanding
of the interactions occurring between the positive and negative elec-
trodes and their impacts on the SEI films formation and evolution is a
crucial point if one want to further optimize cell performance, lifetime
and safety of Li-ion cells, especially at high voltage. To do so, how-
ever, the study of half cells with lithium as negative electrode should
necessarily be coupled to full cell investigation if relevant results want
to be gathered. Last but not least, aggressive CC-CV cycling should
also be preferred to accelerate ageing phenomena compared to the
commonly used CC cycling that mislead the reality of commercial
cells use especially at high rate.
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