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Mechanism of Action of Ethylene Sulfite and Vinylene Carbonate
Electrolyte Additives in LiNi;;3sMn;/3C0,/30,/graphite Pouch Cells:
Electrochemical, GC-MS and XPS analysis.

L. Madec?, R. Petibon®, K. TasakiS, J. Xia?, J.-P. Sun?, I. G. Hill? and J. R. Dahn®?*

The role of ethylene sulfite used either alone or in combination with VC in LiNiy;sMn1/3C01/302 (NMC)/graphite pouch cells
was studied by correlating data from differential capacity (dQ/dV) analysis, gas chromatography/mass spectroscopy
(GC-MS), theoretical calculations, ultrahigh precision coulometry, storage experiments and X-ray photoelectron
spectroscopy. For cells containing VC alone, the electrochemical performance and gas production were greatly improved,
compared to cells without VC, due to the formation of more stable and protective SEl films at both electrode surfaces by a
polymer of VC. For cells with ES alone, a vigorous reactivity was observed due to preferential reduction that also generated
large amounts of gas during formation. The dramatic decrease in electrochemical performance as well as the continuous
production of gas during cycling in cells with ES was explained by the formation of a very thin and ineffective SEI film at the
NMC surface. The suppression of the vigorous reaction of ES in cells with both ES and VC occurred because the solvation
energy of Li* by VC is smaller than that of EC so VC is reduced first during formation. During charge-discharge cycling, a
slow consumption of ES occurred and different sulfur species were observed on the electrodes when VC was combined
with ES. SEI film formation processes and SEI composition were therefore dominated by VC and the electrochemical

performance of cells with both VC and ES were similar compared to those of cells with VC alone.

1. Introduction

Extending the life time of Li-ion cells to several decades, for
vehicle and grid storage applications, is one of the most
challenging problems for battery researchers. The main factor
that impacts the cell lifetime of Li-ion cells is the degradation
of electrolyte solvents and/or salts that can occur during
cycling and storage. The degradation results in the formation
of very complex organic- and inorganic-based surface films at
the electrolyte/electrode interfaces, referred to as the solid
electrolyte interphases (SEl).! To address this issue, electrolyte
additives are commonly used as a simple, economical and
effective approach to improve both cycle and calendar life as
well as the rate capability of Li-ion batteries.23 The main role
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of electrolyte additives is therefore to prevent or hinder such
unwanted parasitic reactions by modifying the SEl films.
Although the chemical nature and morphology of those films
have been carefully analysed during the last decade, most
studies have been on common electrolytes with no additives
(e.g. a mixture of carbonate solvents with LiPFs as the salt).
Therefore, despite increasing numbers of studies on
electrolyte additives, their exact impact on the chemistry and
morphology of the SEI still remain poorly understood.

Vinylene carbonate or 1,3-Dioxol-2-one (VC, Figure 1) is
probably the most used and known electrolyte additive for Li-
ion cells#>67 since the time it was proposed by SAFT.8 VC has
been found to improve the electrochemical performance and
thermal stability of different Li-ion systems210111213  |n
addition to the beneficial impact of VC on the negative
electrode, VC has also been shown to cause major beneficial
effects on positive electrodes.>7:1012 For instance, high
precision coulometry!* and storage experiments!> have
recently shown that VC decreases the rate of electrolyte
oxidation at the positive LiCoO; ¢ and LiNiy3sMni/3C01/30, 17
electrodes. Performance degradation and/or gas evolution of
VC-containing cells appear, however, at very high volatges!®
and high temperatures!® due to extensive electrolyte
degradation. The reactivity of VC is greatly influenced by its
polymerizable vinyl group. So far, various mechanisms have
been proposed to explain the formation of different VC
polymerization products as well as nonpolymeric species.5>20.21
Based on XPS analysis and theoretical simulations, OQuatani et

J. Name., 2013, 00, 1-3 | 1



Physical-Chemistry ChemicalPhysics

al.22 have, however, found that a radical polymerization
mechanism of VC is more likely the main reaction pathway at
the surface of both electrodes of a LiCoO,/graphite cell. They
also proved that during the reaction of VC, no interaction
occurred between the negative and positive electrodes (e.g.
exchange of chemical species from one electrode to the other)
as during the first charge of a LiFePOs/graphite cell, the
polymeric product of VC was found only at the surface of the
graphite> while it is observed at both electrodes for a
LiCoO,/graphite cell?2. More recently, Madec et al. 24 also
reported the formation of an oligomer of VC at the surface of
both electrodes of LiNiisMni/3C01/302(NMC)/graphite pouch
cells when VC was used either alone or in combination with a
sulfate additive.

Sulfur-containing compounds have also been proposed as SEI
film  forming electrolyte additives with  promising
performance.25:26.27.28,29 Ethylene sulfite or 1,3,2-Dioxathiolan-
2-oxide (ES, Figure 1) has been widely used as film forming
additive to prevent and even suppress exfoliation of graphite
in propylene carbonate (PC) based electrolytes.30:31,32,33,34,35
Based on theoretical calculations, Xing et al.3¢ proposed a one-
electron reduction mechanism of ES in PC-containing
electrolyte with LiOSO; and ROSO,Li as the main species
formed on the SEI film at the graphite electrode. Leggesse et
al.3” also investigated the reductive decomposition of ES in PC-
based electrolyte with a theoretical approach. They suggested
that ES can react through both one- and two-electron
reduction to give (CH,0SO.lLi);, other ROSO.Li species,
CH3CH(OSO,Li)CH,0CO,Li and Li;SOs as major products with
inorganic products being more favorably formed in the two-
electron reaction pathway. Bhatt et al.38 also showed that in
PC electrolyte, from both the first and second electron
reduction energies, ES is preferentially reduced compared to
VC. A study by Ota et al.3° reports an experimental analysis of
the sulfur component formed on both electrodes of
graphite/LiCoO; cells with ES as additive in PC solvent by using
X-ray absorption fine structure (XAFS), X-ray photoelectron
spectroscopy (XPS) and time-of-flight—secondary ion mass
spectrometry (TOF-SIMS). By comparison with standard sulfur
compounds, they found that the SEI film on graphite contained
mainly sulfite compounds such as inorganic Li,SOs, organic
ROSO,Li as well as some organic alkyl sulfide species such as R-
S-S-R and/or R-S-R while for the LiCoO, electrodes, only alkyl
sulfide species were present. More recently, Xia et al.*° studied
the effect of ES either singly or in combination with VC on
LiNi1;sMn1/3Co1/3(NMC)/graphite pouch cells. Using storage
experiments and Ultra High Precision Coulometry (UHPC)41.42
they showed that ES used alone is not a competitive additive
due to extensive voltage drop during storage and large charge
end point capacity slippage during cycling that results in high
coulombic inefficiency (1 — coulombic efficiency = CIE).
Significant gas formation during cycling as well as impedance
increase were main issues for long term cycling. However,
when ES was combined with VC, they found a similar CIE,
charge end point capacity slippage and voltage drop as 2% VC
used singly with several benefits to the cell performance, such
as virtually no gas production during formation and cycling as

2| J. Name., 2012, 00, 1-3

well as greatly lower impedance of the cell after cycling (by
about 50%) mainly due to the graphite electrode contribution.
They concluded that VC stabilizes the issues arising from ES at
the NMC electrode while ES reduces the high impedance
created by VC at the graphite electrode.

In the present study, the role of ES additives used singly or in
combination with VC on the electrochemical performances
and the resulting lifetime of
LiNi1;sMny/3C01/302(NMC)/graphite  pouch cells has been
investigated. Gas chromatography coupled with electron
impact mass spectroscopy (GC-MS) measurements have been
performed to follow the consumption of the additives and
understand the dQ/dV vs. V plots recorded during the early
stages of the formation cycle. Theoretical calculations were
used to investigate the reactivity of ES and VC alone or in
combination and the results were used to understand the
experimental reactivity observed from the dQ/dV plots. GC-MS
was also used to analyze the different gases generated in the
pouch cells with the different electrolytes during the formation
cycle. Ultra high precision coulometry and storage experiments
have been performed to highlight the differences of CIE,
charge end point capacity slippage and voltage drop during
storage between the different electrolytes. SEl films formed at
the surface of both negative and positive electrodes during
formation and after cycling have been thoroughly analysed by
X-ray photoelectron spectroscopy (XPS) and correlations to the
electrochemical differences observed between electrolytes has
been proposed.

2. Experimental

The materials and methods used in this study are fully
described in the supplementary information section and
identical to those described in Madec et al.?* For the Gas
chromatography coupled with impact mass
spectroscopy (GC-MS) study, fully described procedures can
also be found in reference 24 and 43.

electron

For the computational study, the geometries of isolated
solvent (EC and EMC) and electrolyte additive (VC and ES)
molecules and their clusters including a lithium ion were
optimized at the level of B3LYP/6-311+G(2d,p) in the gas
phase. A total solvation number of four was assumed to build
the clusters.

o O o. 0

\T// \S/
Vinylene carbonate or Ethylene sulfite or

1.3.2-Dioxathiolan-2-oxide
(ES)

1.3-Dioxol-2-one
(VC)

Figure 1. Molecular formula and structural information for VC and ES.

The solvation energies (in kcal mol!) were calculated at the
MP2/6-311+G(2d,p) level as follows:
AEsow = Eelec [L|+(S)4] = Eelec [L|+] —4 Eelec [S] (1)
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where Eeec [Li*(S)a]l, Eelec [Li*] and Eeec [S] represent the
electronic energies for Li*(S)a4, Li* and S (S = EC, EMC, VC or ES),
respectively.

The solvent reduction energies (in kcal mol) without or with
Li were calculated at the MP2/6-311+G(2d,p) level as follows:
AEred = Eelec [S-] = Eelec [S] (2)
AEreq b= Eelec [LiS] = Eelec [Li+5] (3)
where Eejec [S] and Eepec [Li* S] are the electronic energies for S
and Li*S before reduction, and Egjec [ST] and Eerc [LiS] are the
corresponding electronic energies after reduction,
respectively.

For the schematic representations of the SEI films, the SEI
thicknesses were estimated using the relative intensity of the
active material features, i.e. the lithiated graphite C 1s and the
NMC O 1s features at [1282.6 eV and 529.5 eV, respectively.
The relative intensity was defined as:

Irel = at. % (sample) / at. % (fresh) (4)
Where at. % (sample) and at. % (fresh) are the atomic
percentages for the active material feature of a given sample
and for the fresh electrode, respectively, as determined from
XPS quantification. Assuming a simple model where the SEI
layer was considered as homogenous in thickness (d) with no
porosity and with an average composition, the SEI thickness
was then estimated as:

Irel = e_d/)\ (5)
where the inelastic mean free path (IMFP), A, was estimated
by averaging values for polyacetylene, LiF and
polyethylene.*44> This procedure yields A = 2.7 nm and 2.1 nm
for photoelectron kinetic energies of (11000 eV (C 1s) and
[1700 eV (O 1s) used in this study.

3. Results and discussion
3.1 Reactivity of the additives

In this section, the reactivity of ES and VC alone or in
combination during the early stage of the formation cycle was
investigated by combining dQ/dV vs. V and GC-MS analysis as
well as theoretical calculations.

Figure 2a shows the differential capacity (dQ/dV) vs. V curves
of NMC/graphite pouch cells between 1.6 and 3.5 V of the
formation cycle for control, VC and ES-containing electrolytes.
These plots allow a better determination at which cell terminal
voltage the additives initially react with the partially lithiated
graphite. Control cells showed a pronounced peak at 2.75 V
(graphite at [(10.8 V vs. Li/Li*) attributed to the reduction of EC
at the surface of the graphite electrode.*647

When 2% VC was added, this peak was almost suppressed
suggesting that VC nearly eliminates the electrochemical
degradation of EC. A peak appeared, however, at a lower cell
voltage of [ 2.65 V (graphite at 1 0.9 V vs. Li/Li*) and is
assigned to the reduction of VC.2224 This result is in agreement
with the beginning of the consumption of VC at 2.4 V (0 9%)
and its further consumption at 3.5 V (J55%) as measured by
GC-MS (Figure 3a).24%8 Moreover, the use of VC totally
suppressed the transesterification of EMC into DEC and DMC

This journal is © The Royal Society of Chemistry 20xx
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as measured by GC-MS (Figure 3c) compared to control
electrolyte for which about 40% of EMC was converted at 3.5
V.2448 Note that this phenomenon has been widely reported
and described in Li-ion cells.#50.51.4352 The use of VC also
nearly suppressed (< 0.1%) the addition products of EC with
EMC, DEC and DMC observed from GC-MS analysis that
accounted for 1-3% of the total electrolyte weight for control
electrolyte.244853
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Figure 2. (a) Differential capacity (dQ/dV) versus voltage (V) during the early
stages of the formation cycle of the 240 mAh NMC/graphite pouch cells at C/20
and 40°C for the different electrolytes; (b) cell voltage versus capacity during the
first 25 mAh of the formation cycle.
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Fifgure 3. Amount of (a) VC and (b) ES consumed in NMC/graphite pouch cells
after formation at 2.4 V and 3.5 V. (c) Amount of EMC converted into DMC and
DEC in NdMC/graphite pouch cells for the different electrolytes after formation at
2.4Vand3.8V.

For cells with 2% ES (Figure 2a), a massive feature was
observed near 1.8 V (graphite at 0 1.7 V vs. Li/Li*) which
corresponds to a sharp decrease in the voltage versus capacity
curve (Figure 2b) and is assigned to a vigorous reduction of
ES.%0 This is supported by the large consumption of [165% of ES
after formation at 2.4 V (Figure 3a). The reduction of ES might
be initiated from 1.5 V as during the 24 h hold step at 1.5 V of
the formation process, cells with 2% ES electrolyte showed a
capacity of about 2 mAh compared to about 1 mAh for control
and VC-containing electrolytes (See Table S1). Additionally, the
initiation of the ES reduction may involve the copper current
collector as at 2.4 V, cells with 2% ES showed two doublets on
the Cu 2p XPS core spectrum of the graphite electrode (see
Figure S4). Note that no Cu was observed after formation
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above 2.4 V and when VC was added to ES, no Cu was found.
After formation at 3.5 V, cells with 2% ES showed almost a
total consumption of the ES molecules ((185%). Moreover, for
ES alone, the conversion of about 47% of EMC into DEC and
DMC was observed at only 2.4 V compared to [140% at 3.5 V
for control electrolyte. The addition products of EC with EMC,
DEC and DMC were also found in the same range as for control
cells (1-3 wt%) but occured at only 2.4 V. As a whole, these
results clearly indicate a higher and different reactivity of the
electrolyte components when ES was used alone.

When VC was added to ES (Figure 2a), the massive feature at
1.8 V was totally suppressed and three peaks were instead
observed at 2.15V, 2.3V and 2.6 V (graphite at [11.45V, 1.3V
and 1.0 V vs. Li/Li*, respectively). Although it is difficult to
assign these peaks to a specific reaction of VC or ES, it is clear
that the addition of VC to ES almost suppressed the reactivity
of ES in agreement with the consumption of only ~ 9% of ES at
2.4V compared to [165% when ES was used alone (Figure 3b).
By combining ES to VC, the reactivity of VC was also modified
as a higher consumption of [130% of VC was observed at 2.4 V
compared to [19% for VC alone (Figure 3a). At 3.5V, these two
phenomena were still observed and the total consumption of
ES remained relatively low (less than 25%, Figures 3a and b).
The conversion of EMC into DEC and DMC was observed at
both 2.4 and 3.5 V more likely due to the reactivity of ES with
however, a lower extend (5 - 8 %) compared to ES alone (about
47%) due to the beneficial effect of VC. The addition products
of EC with EMC, DEC and DMC were also significantly
decreased when VC was added to ES (< 1%) but not as much as
for VC alone (< 0.1%).

The dQ/dV vs. V and GC-MS results therefore suggest a very
strong impact of these two additives on their reactivity when
used in combination with a dominant role of VC. To get insight
on the reactivity of VC and ES, the reduction energy (kcal mol-
1) and the lithium solvation energy (kcal moll) were then
calculated for the different electrolyte solvents (EC, EMC) and
additives (ES, VC) (Table 1). Table 1 shows that ES had the
lowest reduction energy both with and without lithium. ES is
therefore most preferentially reduced among the electrolyte
solvents and additives used in this study which explain the
vigorous reaction observed on the dQ/dV vs. V curves (Figure
2a) when ES was used alone. This result is in agreement with a
recent study by Bhatt et al.38 showing that in PC electrolyte, ES
is preferentially reduced compared to VC from the lowest
unoccupied molecular orbital (LUMO) energies and from both
the first and second electron reduction energies. They
postulate that it is probably due to the stability of the —SO3
group in the case of ES compared to the -CO;3 group for EC.
Table 1 also shows that VC was more likely reduced in the
presence of Li* than ES without Li*. Additionally, the Li*
solvation energy was in the order EC > VC > ES > EMC (Table 1)
which indicates a preferential solvation of Li* by VC compared
to ES when both additives are used in combination. Therefore,
when VC is added to ES, VC becomes therefore more likely
reduced compared to ES which explains the suppression of the
vigorous reaction of ES observed when VC was added (Figures

4| J. Name., 2012, 00, 1-3

2a and 3b) and the higher consumption of VC measured by GC-
MS (Figure 3a).

Table 1. Reduction energy (AE,.q, kcal.moll) without and with Li for the different
electrolytes components (EC, VC, ES, EMC) calculated in the gas phase at the
MP2/6-311+G(2d,p) level. Li solvation energy (AE, kcal.mol?) for Li*(S), -4 (S =
EC, VC, ES, EMS) calculated in the gas phase at the MP2/6-311+G(2d,p) level. The
geometry was optimized at the B3LYP/6-311+G(2d,p) level. "solvent + e —
solvent’. "Li*-Solvent + e" - Li-solvent.

EC VC ES EMC

AE 4, without Li" (kcal.mol?) 26.9 26.4 -0.7 34.9
AEeq, with Li*™ (kcal.mol?) -89.5 -88.1 -131.8 -91.5
AEso (kcal.mol?) -47.1 -43.9 -42.7 -42.6

3.2 Gas analysis

In this section, the gas volume generated during both
formation and cycling as well as the nature of the gaseous
species produced during the formation cycle were studied to
compare and understand the impact of the different
electrolytes on the gas production.

Figures 4a and b show the gas volume versus cell voltage (V)
and the gas volume versus capacity during the first 25 mAh of
the formation cycle, respectively. Figure 4a shows that during
formation, cells with control electrolyte produced about 0.9
mL of gas. Cells with 2% ES produced a significantly larger
amount of gas (more than 3 mL) which is critical for a pouch
cell that has an initial volume of 2.2 mL and is assigned to the
vigorous reaction of ES (Figure 2a). Cells with VC alone or in
combination with ES produced, however, very low amount of
gas (about 0.25 mL) which means than VC acts as a gas
reducing agent more likely due to the suppression of the EC
reduction during formation (Figure 2a). Note that during
formation, all cells showed a small decrease of the volume of
gas above 3.6-3.8 V (Figure 4a) probably be due to the reaction
of gas during the formation of the SEI film at the graphite
surface as suggested recently by Self et al.>*

—Control —2%VC —2%ES —2%VC +2%ES

3l @ (b)

10.5

2% VC + 2% ES

AViormation (ML)
N

N
o
N
a

0
16 2 24 28 32 36 4 5 10 15 20 25

Voltage (V) Capacity (mAh)

Figure 4. (a) Gas volume versus cell voltage (V) during the first charge of the formation
cycle for NMC/graphite pouch cells containing different electrolytes; (b) gas volume
versus capacity during the first 25 mAh of the formation cycle. Inset of figure 4a:
Volume of gas evolved during the UHPC cycling at 11 mA (C/20) and 40.0 £ 0.1 °C
for the NMC/graphite pouch cells containing the different electrolytes. A positive
value means the cells are swelling while a small negative value indicates that the
cell volume slightly shrinks.

The inset of Figure 4a shows that during the UHPC cycling,
both control and VC cells showed very small volume changes

This journal is © The Royal Society of Chemistry 20xx
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while cells with ES continued to produce a large volume of gas
(about 0.4 mL) which indicates the formation of non-
passivating SEI film at the graphite and/or the NMC surfaces.
Also, when VC was combined to ES, the production of gas
during cycling was similar to VC alone indicating again the
dominant role of VC on the SEl films formation.

Figure 4a also shows that the onset voltage of the gas
production for cells with 2% ES was 2.6 V which means that
the vigorous reduction of ES near 1.8 V (Figures 2a and b) does
not produce gas. Additionally, the capacity associated with the
reduction of ES before the production of gas (i.e. below 2.6 V)
was [116.2 mAh (Figure 4b). This capacity would correspond to
a 4-electron reduction mechanism of ES assuming that each
molecule of ES in the cell reacts.*? Recall that only [165% and O
85% of the ES molecules in the cell had reacted at 2.4 V and
3.5V, respectively (Figure 3b). Therefore, it is more likely that
ES molecules react through different reduction mechanisms
not necessarily involving 4-electrons. This assumption is
supported by the S 2p core spectra analysis as will be
discussed later. This result therefore disagrees with the
theoretical calculations of Xing et al.3¢ and Leggesse et al.37
who predicted a 1-electron and a 1 or 2-electrons reduction
mechanism of ES in PC-containing electrolytes, respectively.
When VC was added to ES, the onset voltage of the gas
production was 2.8 V and matches those of control and VC
cells (Figure 4a). Moreover, the capacity before the gas
production was only [012.5 mAh (Figure 4b). Therefore, when
VC is added to ES, the preferential reduction of VC allows to
hinder the vigorous reaction of ES and the resulting gas

production.
Figure 5 shows the GC-MS peak areas for the primary gaseous
species extracted at room temperature from the

NMC/graphite pouch cells after formation at 2.4 V and 3.5 V.
The complete data set is also included in Figure S5 for
information. Although no apparent formation of gas was
expected before 2.6 V from the in-situ gas measurements
(Figure 4a), the extraction procedure using low pressure forces
any gases out of the pouch cell to be analyzed. A fully
described reaction scheme of the reactions mentioned in the
present study can be found in reference 43.

At 2.4 V (Figure 5a), all electrolytes showed CO; as the most
abundant gas with small amounts of ethene and CO (Figure
S5). Also, both control and VC electrolytes showed no
additional gases at 2.4 V due to their low reactivity below 2.4 V
(Figure 2a). At 3.5 V (Figure 5b), the nature of the gases was
significantly different while the production of gas was
measurable (Figure 4). Ethene became the most abundant gas
except for ES alone for which the amount of CO; was similar.
Small amounts of ethane and CH; (Figure S5) were also
observed at 3.5 V for all electrolytes. While the formation of
ethene is assigned to the reduction of EC at the graphite
surface?:5536, ethane is, however, preferentially formed via
the reduction of the linear carbonate EMC.3556 The source of
hydrogen involved in the formation of ethane and other
compounds was recently attributed to dialkyl carbonates that
were found to be prone to H radical abstraction in the
presence of alkyl radicals.>” For control electrolyte, the amount

This journal is © The Royal Society of Chemistry 20xx

Physical:Chemistry ChemicalPhysics

of ethane was about two orders of magnitude lower than
ethene which indicates that EC is more easily reduced at the
graphite surface than EMC as expected from Table 1.56 At 3.5
V, control cells also showed small amounts of additional gases
such as methyl formate and ethyl formate for instance (Figure
5 and S5) that are attributed to the reduction of EMC.43

When 2% VC was used, the production of ethene was lowered
at both 2.4 V and 3.5 V compared to control electrolyte due to
the preferential reduction of VC at the graphite surface that
supressed the EC reduction as expected (Table 1 and Figure
2a).20 The formation of CO, was, however, increased by the
addition of VC due to its specific reactivity.2° At 3.5 V, the
addition of VC also decrease the amount of ethane and
supressed the formation of the additional gases observed for
control electrolyte. VC therefore forms a passivating SEl film at
the graphite surface that hinders the parasitic reactions from
the solvents.

g B Control [ll 2% VC [l 2% ES [l 2% VC + 2% ES
24V (a)

-
o
©

-
o
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o
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Peak area /counts
3 3
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o
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10"
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10°
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10°

Peak area /counts

10°

10*
Figure 5. GC-MS data for the primary gases extracted from NMC/graphite pouch
cells for the different electrolytes after formation at (a) 2.4 V and (b) 3.5 V. The
data presented here shows the normalized peak area for compounds that are
gaseous at room temperature.

For cells with 2% ES, all gases detected for control electrolyte
were observed with a significantly higher amount except for
ethane and ethane at 3.5 V. Also, some of these gases such
methyl formate and ethyl formate were detected as soon as
2.4 V compared to 3.5 V for control electrolyte (Figure 5 and
S5) which could be attributed to a higher reactivity of EMC at a
lower voltage when ES is used, in agreement with the
transesterification of EMC observed by GC-MS (Figure 3c).
Note that if each ES molecule eventually leads to one molecule
of gas that obeys the ideal gas law, the volume of gas
produced would be 3.5 mL. However this larger production of
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gas with ES alone cannot be explained only by the reaction of
the ES molecules. Indeed, Figure 4a showed that the vigorous
reaction of ES near 1.8 V (Figure 2a) did not generate gas
before 2.6 V which implies that the production of gas may be
initiated by another reaction such as the expected reduction of
EC around 2.6 V. It is therefore suggested that the larger
production of gases is due to both the vigorous reaction of ES
and a larger reactivity of EC at the surface of the graphite
electrode. Figure 5 also shows that cells with 2% ES produced a
cyclic sulfur-containing compound, thiirane or ethylene sulfide
(C2H4S), that was the second most abundant gas at 2.4 V
indicating a strong reactivity of the additive ES. Cells with ES
alone also generated small amounts of additional gases that
were not observed with other electrolytes such as methanol,
ethylene oxide, dimethoxymethane, etc. (Figure S5). The
formation of these gases could be assigned to the reduction of
EC or EMC38 as well as ES which again highlights the higher
reactivity of both EC and EMC when ES is used.

When VC was added to ES, a completely different gas
formation pathway was observed. First, the production of
ethene was further decreased while the amount of CO; was
further increased compared to control and VC electrolytes due
to the higher consumption of VC when combined with ES
(Figure 3a). Secondly, the addition of VC to ES totally
suppresses the formation of the additional gaseous
compounds that were observed for ES alone. For instance, no
thiirane was found but a new sulfur compound, carbonyl
sulfide (O=C=S) was observed as soon as 2.4 V. These results
therefore indicate that when VC is added to ES, VC dominates
the SEI film formation process and hinders the reactivity of ES.

3.3 Electrochemical performance

Figure 6 shows a summary of the coulombic inefficiency (1 —
CE), charge end point capacity slippage rate (in mAh/cycle) and
voltage drop during storage of the NMC/graphite pouch cells.
The short-term CIE and charge slippage were used here to rank
cells by their projected lifetime.17>® Figure 7 shows that the
addition of 2% VC greatly improved all the performance
compared to control electrolyte.*1” When 2% ES was used,
however, worse performance than control cells was observed.
For instance, cells with 2% ES showed a very poor coulombic
efficiency (less than 0.977) compared to about 0.995 for
control electrolyte. Cells with 2% ES also showed a 5 to 10
times higher charge endpoint capacity slippage during cycling
as well as a 2 to 4 times higher voltage drop during storage
compared to control and VC electrolytes. These results, in
addition to the large production of gas during cycling (Figure
4a) clearly indicate the formation of a non-passivating SEI film
at the NMC surface when ES is used alone as discussed in the
XPS section. When VC was added to ES, similar performance
was observed compared to VC alone which confirms the
dominant role of VC on the SEI film formation process at both
electrodes. Similar SEI films can therefore be expected at the
surface of both graphite and NMC electrodes in VC and VC + ES
electrolytes.

6 | J. Name., 2012, 00, 1-3

Figure 7 shows the discharge capacity for the short term
cycling at 40°C and C/20 for NMC/graphite pouch cells with the
different electrolytes. Although the discharge capacity over the
short term was well-maintained for all cells except those with
2% ES (Figure 7a), some trends can be observed in good
agreement with the UHPC data (Figure 6). Cells with control
electrolyte showed the highest discharge capacity fade while
the addition of 2% VC greatly improved the discharge capacity
retention. Cells with 2% ES showed an odd behavior with an
increase of capacity between cycles 4 and 10 followed by a
slight capacity fade. However, cells with ES showed
anomalously low capacity during the entire short term cycling
which can be partially explained by a loss of pressure on the
electrode stack due to the large production of gas during
cycling (Figure 4a). When VC was added to ES, although a
higher capacity retention was not expected from the UHPC
data (Figure 6) compared to VC alone, it can be attributed to
the lower impedance observed by Xia et al.*° when VC was
combined to ES.

0.025

0.02

0.015

CIE

0.01

0.005

o

(b)

>
T

2% VC + 2% ES

(c) |

Charge slippage (mAh/cycle)

041 )
p— w
= — 2
o 03 o N
o = +
S c
° 9] (9}

o Q >

D o0.2f " >
(=] T =
8 g N
(=) |
= OAE-- - e e -

0

Additives

Figure 6. Summary of the high precision cycling and storage data for the

NMC/graphite pouch cells studied here: (a) coulombic inefficiency (CIE) and (b)
charge end point capacity slippage during cycling between 2.8 and 4.2 V at C/20
and 40. + 0.1°C as well as (crvo tage drop during 500 h of storage at 4.2 V and
40. £ 0.1°C.
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Figure 7b shows the discharge capacity for the long term
cycling at 40°C and C for NMC/graphite pouch cells with the
different electrolytes. 2% VC greatly improved the discharge
capacity retention compared to control electrolyte for which
the initial capacity falls below 80% after only 75 cycles.
Although cells with 2% VC + 2% ES showed similar capacity
retention as the 2% VC cells up to 200 cycles, beyond 200
cycles, a decrease of the capacity retention was observed for
cells with VC + ES. Cells with 2% VC therefore showed the best
capacity retention with more than 180 mAh after 500 cycles.
Contrary to the short term cycling, the addition of 2% ES to 2%
VC had no beneficial effect. It is believed that the amount of ES
(2%) is too large for long term cycling as Xia et al.*° reported
very close capacity retention after 500 cycles at 40°C and C for
cells with 2% VC and 2% VC + 1% ES. Based on these
electrochemical and gas results and the previous work by Xia
et al.*9, it is concluded that either 2% VC or 2% VC + 1% ES may
have a beneficial impact for practical application.

3.4 XPS analysis

The role of ES used either alone or in addition with VC on the
electrode/electrolyte interfaces was investigated by XPS in
order to understand how those interfaces are correlated to the
performance. control (i.e.
additive) and VC electrolytes, the results described hereafter
follow our previous study on NMC/graphite pouch cells.2* For
the different electrolytes, the SEI films were analyzed both
during formation at 2.4V, 3.8 V, 4.2 V during charge and 2.8 V
during discharge as well as after 25 cycles at both 4.2 V during

electrochemical For without

This journal is © The Royal Society of Chemistry 20xx
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charge and 2.8 V during discharge (referred to as C4.2 V and
D2.8 V, respectively).

3.4.1 Graphite negative electrodes. Figure 8 shows the C 1s
and O 1s core spectra of the graphite electrodes from cells
with 2% ES or 2% VC + 2% ES electrolytes compared to control
and 2% VC electrolytes during formation and after 24 cycles.
Enlarged C 1s and O 1s core spectra of graphite electrodes
during formation at 2.4 V and 3.8 V are shown in Figures S6
and S7 so that readers can take a closer look at the data. The C
1s core spectrum of the fresh electrode (i.e. without
electrolyte) showed five components at 284.1, 285, 286.9,
288.6 and 290.8 eV attributed to the C=C bonds from the
graphite, the C-C/C-H from the SBR binder, the C=0 and COOR
carbons as well as the “shake up” satellite from the graphite,
respectively®9.61 The O 1s core spectrum of the fresh electrode
showed two peaks at 531.6 and 533.4 eV assigned to the two
oxygen atoms of the CMC binder.22 At 2.4 V, all electrolytes
showed very close C 1s spectra compared to the fresh
electrode which indicates that almost no SEl is formed on the
graphite surface at this voltage. On the O 1s core spectra,
however, a clear evolution between the different electrolytes
and 2% VC electrolytes, no
significant difference was observed compared to the fresh

was observed. For control
electrode while for cells with 2% ES, the two O 1s peaks from
the fresh electrode were replaced by two new peaks at 532
and 533.7 eV. The origin of these peaks is discussed latter. The
use of 2% ES therefore forms a thin (as inferred by the C 1s
spectra) SEl film at the graphite surface at a lower voltage than
control and 2% VC cells, in agreement with the vigorous
reaction of ES below 2.4 V (Figure 2). When 2% VC was added
to 2% ES, an intermediate evolution of the O 1s components
was observed. The new component at 532 eV was visible with,
however, a lower intensity compared to 2% ES alone while the
second main component remained at 533.4 eV as for the fresh
electrode. These results already indicate the dominant role of
VC when combined with ES. Moreover, at 2.4V, 2% VC + 2% ES
electrolyte showed a third O 1s peak at very high binding
energy (534.5 eV) attributed to the formation of an oligomer
of VC (called Oligo-VC thereafter) at the surface of the graphite
surface.20.2224 Note that the expected C 1s peaks of such Oligo-
VC were, however, not visible at 2.4 V probably due to their
very weak contribution. For 2% VC electrolyte, no Oligo-VC
component was observed at 2.4 V probably due to the 3 times
lower consumption of VC at this voltage compared to 2% VC +
2% ES electrolyte (Figure 3a).

During the rest of the first charge (at 3.8 V and 4.2 V), a
significant decrease of the intensity of the graphite peak was
observed for each electrode blend indicating the further
formation of a SEI film at the graphite surface. At 4.2 V, based
on the graphite peak relative intensity, it appears that the SEI
thickness is higher for control electrolyte and lower for ES-
containing electrolyte while 2% VC gives the thinner SEI film.
After discharge to 2.8 V, the intensity of the graphite peak was
partially recovered for control electrolyte (i.e. the SEI thickness
decrease) due to the dissolution/consumption of SEl species
while 2% VC stabilized the SEI film (from a thickness
perspective anyway). For ES-containing electrolytes, however,
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the intensity of the graphite peak increased after discharge
indicating a relatively less stable SEI compared to VC alone,
probably due to the ES reactivity. After cycling, no graphite
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was observed for control and 2% ES electrolytes while for VC-
containing electrolytes, the graphite peak was slightly visible
indicating a more passivating SEI film when VC was used.
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bonds from the graphite, the C-C/C-H species from the SBR binder, the C=0 and COOR carbons as well as the “shake up’’ satellite from the graphite. In the O 1s core
spectrum of the fresh electrode, the two peaks at 531.6 and 533.4 eV are assigned to the two oxygen atoms of the CMC binder.

In the 286 - 292 eV range of the C 1s spectra of the graphite
electrodes (Figure 8), all electrolytes showed the appearance
at 286.9, 289.2 and 290.3 eV of CO-, CO;, and COs-like carbon
environments in agreement with the formation of
carbonaceous species (i.e. degradation products of EC and/or
EMC) at the graphite surface. However, no clear evolution in
peak intensity with the state of charge can be observed.
Importantly, both 2% VC and 2% VC + 2% ES electrolytes
showed two additional C 1s components at 287.9 and 291.3 eV
with a 2:1 ratio that are attributed to the formation of an
Oligo-VC at the graphite surface.22.24

After formation at 3.8 V, for all electrolytes, the two O 1s
peaks of the fresh electrode at 531.6 and 533.4 eV were
replaced by two new main components at 532 and 533.8 eV.
This can be explained by the covering of the CMC binder at the
same time as the graphite while the SEI is formed.22 The peak
at 532 eV is attributed to CO,-like oxygen from carbonate
compounds such as lithium ethylene dicarbonate (CH,OCOsLi),
(LEDC)®2:83 formed by reduction of EC and/or other lithium
alkyl carbonates (ROCO,Li) including lithium carbonate formed
by the reduction of EC and/or EMC. The second peak at 533.5 -
533.8 eV is assigned to -C-O- bonds from ROCO,Li and/or ether
derivatives.®455 More details about the corresponding
multistep degradation mechanisms of carbonate-based
electrolytes can be found in the literature.5043.66.67 |n the case
of VC-containing electrolytes (Figure 8b and d), the second
peak at 533.8 eV was slightly shifted to 533.5 eV due to a
specific reactivity of VC at the graphite surface.?2 For all
electrolytes, two additional peaks were observed at 530.7 and
528.6 eV and assigned to the formation of lithium alkoxide
(ROLi) and lithium oxide (Li»O), respectively.t862 Although the
exact formation pathway of Li,O is rather difficult to clarify,
according to our previous work, the formation of Li.O from
water through H,0 + 2Li* + 2e~ = Li,O (s) + Haz (g), is unlikely
here.?* Instead, Li;O is more likely forms from further
reduction of carbonate degradation compounds®70 as Li,O
was formed during charge both during formation and after
cycling while the SEI thickness increased (see graphite peak
evolution during formation). When either VC or ES was used,
the reaction pathway that leads to Li,O is almost suppressed
indicating a positive impact of both VC and ES on the
suppression of some parasitic reactions at the
electrolyte/graphite interface. After formation at 3.8 V, VC-
containing electrolytes also showed an additional component
at 534.5 eV attributed to the formation of Oligo-VC.

3.4.2 Positive LiNiy3Mn1/3C01/30; electrodes. The C 1s XPS
core spectra of NMC electrodes are dominated by PVdF and
carbon black contributions which leads to difficult
interpretation.247! For this reason and based on our previous
work?4, Figure 9a shows only the overlay of the C 1s core
spectrum of the fresh NMC electrode (black) as well as the
typical C 1s core spectra for electrodes from cells with 2% ES

This journal is © The Royal Society of Chemistry 20xx

(blue) and 2% VC + 2% ES (green) electrolytes taken after 24
cycles at 2.8 V during discharge. Figure 9a (bottom) also shows
the difference spectrum between 2% VC + 2% ES and 2% ES for
thorough comparison. The C 1s core spectrum of the fresh
electrode showed five components. The peaks at 284.5, 287.4
and 288.6 eV are attributed to the C=C, C=0 and COOR bonds
from the carbon black, respectively.6961 The peaks at 286.0
and 290.5 eV are assigned to the CH; and CF; bonds from the
PVdF binder, respectively. Cells with 2% ES showed a small
increase of intensity in the 285 - 290.5 eV range compared to
the fresh electrode due to the formation of an SEIl film at the
NMC surface. For 2% VC + 2% ES electrolyte, however, a
significantly higher intensity was found indicating a relatively
thicker SEI. This was highlighted by the difference spectrum
(bottom of Figure 9a) that clearly shows a much higher
contribution of SEI components at 285.3 (C-C/C-H), 286.9 (CO-)
and 289 eV (CO;-) from carbonaceous species. This result is
confirmed by the 76 - 44 eV XPS spectra (Figure 9b) that shows
a 3.5 times lower intensity of the Ni, Co and Mn 3p peaks from
the NMC material when 2% VC + 2% ES was used compared to
2% ES alone. The difference spectrum also revealed two
additional components at 287.9 and 290.9 eV with a 2:1 ratio
for 2% VC + 2% ES electrolyte, in good agreement with the
formation of Oligo-VC at the NMC surface.?? Note that this
feature was also observed for other states of charge during
formation and after.
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Figure 9. (a) Typical C 1s XPS core spectra of LiNiy3Mn;/3C01/30; electrodes for the fresh
electrode (black) as well as from cells with 2% ES (blue) and 2% VC + 2% ES (green)
electrolytes taken after 24 cycles at 2.8 V during discharge. The bottom shows the
corresponding difference spectrum between 2% VC + 2% ES and 2% ES electrolytes. (b)
Core XPS spectra in the 76 - 44 eV range (showing the Ni 3p, Co 3p, Mn 3p and Li 1s
components) for NMC electrodes taken from cells with 2% ES (blue) and 2% VC + 2% ES
(green) after 24 cycles at 2.8 V during discharge.

Figure 10 shows the O 1s core spectra of the NMC electrodes
from cells with 2% ES or 2% VC + 2% ES electrolytes compared
to control and 2% VC electrolytes during formation and after
24 cycles. Enlarged O 1s core spectra of NMC electrodes during
formation at 2.4 V and 3.8 V are shown in Figure S8 so that
readers can take a closer look at the data. The O 1s spectrum
of the fresh electrode showed two components. The peak at
529.5 eV is attributed to O?- anions from the lattice oxygen of
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the NMC material while the peak at 531.5 is assigned to
oxygen anions with deficient coordination at the NMC surface
(“surface oxygens’’)22 and/or COx-like oxygen from the carbon
black®61, At 2.4 V, both control and 2% VC electrolytes
showed no significant difference compared to the fresh
electrode indicating that almost no SEl is formed on the NMC
surface. For ES-containing electrolytes, however, the O 1s
peaks from the fresh electrode at 531.5 eV was replaced by
two new peaks at 531.7 and 533.5 eV indicating that the use of
ES initiates the formation of an SEI film at the NMC surface as
soon as 2.4 V. After formation to 4.2 V, all electrodes showed a
decrease of the O 1s peak from the NMC at 529.5 eV
attributed to the continuous formation of an SEl film at the
NMC surface. Based on the NMC peak intensity, the SEI
thickness at 4.2 V follows 2% VC+ 2% ES > 2% VC > control >
2% ES. After cycling, the intensity of the NMC peak is higher for
2% VC compared to control electrolyte which suggests that the
VC stabilized the SEI film and hinder parasitic reactions at the
NMC surface which explain the better electrochemical
performance (Figures 7 and 8). These results can also explain
the decrease of the impedance at the NMC/electrolyte
interface when VC was used as observed recently by
symmetric cells study.167273 When ES was added to VC (Figure
10d), based on the NMC peak intensity, a slightly less stable
SEl was formed as the SEI thickness continued to increase after
cycling. For ES alone (Figure 10c), however, the intensity of the
NMC peak remained close and constant compared to the fresh
electrode during both formation and cycling. This result

therefore highlights a special reactivity of the 2% ES electrolyte
towards the NMC electrode. Despite an apparent thin and
stable SEI film on the NMC surface with ES alone, the SEI does
not prevent parasitic reactions to occur at the electrolyte/NMC
interface considering the electrochemical performance (Figure
6) which also explain the large production of gas (Figure 4).
Considering the two new O 1s components at 531.7 and 533.5
eV, they were observed for all electrolytes at 3.8 V. In the case
of VC-containing electrolytes, the peak at 533.5 eV was shifted
to 533.1 eV due to a specific reactivity of VC.22 The peak at
531.7 is attributed to CO,-like oxygen from carbonate
compounds (ROCO,Li) in addition to any remaining
contribution of the “surface oxygens” from the NMC
material?2 and/or COy-like oxygen from the carbon black®961,
The peak at 533.5 - 533.1 eV is assigned to C-O bonds from
ether derivatives®4¢> and/or ROCO,Li. The peak at 531.7 eV
showed no apparent evolution while the intensity of the 533.5
- 533.1 eV peak greatly increased during charge between 3.8
and 4.2 V and decreased after discharge except for 2% ES.
After cycling, however, no significant change was observed
between charge and discharge. These results suggest the
formation of less stable SEI compounds at 533.5 - 533.1 eV.
After cycling, the amount of these species was higher for
control than for VC-containing electrolytes which emphasizes
the passivating role of VC. VC-containing electrolyte also
showed an additional peak at a very high binding energy of
534.2 eV due to the formation of Oligo-VC.2224
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Figure 10. O 1s XPS core spectra for LiNi;3sMny/3C04/30, electrodes with (a) control, (b) 2% VC, (c) 2% ES, and (d) 2% VC + 2% ES electrolytes taken from cells during
formation at 2.4V, 3.8 V and 4.2 V during charge and 2.8 V during discharge as well as after cycling at 4.2 V during charge (C4.2 V) and at 2.8 V during discharge (D2.8

V) at C/20 and 40. + 0.1°C.

3.4.3 Further Studies on F-, P-, and S-containing Species. This
section shows the analysis of the F 1s, P 2p and S 2p XPS core

10 | J. Name., 2012, 00, 1-3

spectra for both graphite and NMC electrodes. The exact F 1s
and P 2p core component assignments can be found in details

This journal is © The Royal Society of Chemistry 20xx
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in our previous work.2* The atomic percentage (at. %) of the F
1s peak associated to LiF for both graphite and NMC
electrodes is presented in Table 2. The amount of LiF increased
during the first charge then decreased during discharge while
the SEI thickness decreased which suggests that LiF is formed
throughout the entire SEI thickness. This phenomenon was still
observed after cycling for graphite electrodes. LiF is therefore
more likely formed via an electrochemical reduction of the PF¢
anion during charge rather than via an impurity from
hydrolysis. Also, the LiF content was 2 - 5 times higher at the
graphite surface (Table 2), as expected if mostly formed by
reduction. This result is in agreement with the higher amount
phosphates  (P.Oy) fluorophosphate  (LixPO,F,)
compounds found at the surface of graphite electrodes (Tables
S2 and S3). Also, the amount of P,O, was higher than the
amount of LixPOyF, at the graphite surface and inversely for
NMC electrodes highlighting a different reactivity of the LiPFg
salt at the graphite and NMC surfaces.

For VC-containing electrolytes, the overall evolution of the LiF
content (Table 2) and the PO, / LiPOyF, content (Tables S2
and S3) was similar compared to control electrolyte. This result
means that VC has no beneficial impact on the degradation of
LiPFe. Cells with 2% ES showed, however, less LiF, phosphates
and fluorophosphates at the graphite surface (Tables 2, S2 and
S3) compared to control electrolyte except at 2.4 V. At this
voltage, much higher contents were observed more likely due
to the vigorous reactivity of ES. At the NMC surface, the
apparent increase amount of LiF, PO, and Li\POF, for ES alone

of and

is more likely virtual as almost no organic compounds from
solvent degradation were observed in the C 1s and O 1s core
spectra of NMC electrodes (Figures 9 and 10). The use of ES
therefore leads to a more inorganic SEI film at the NMC

Physical:Chemistry ChemicalPhysics

surface. Note that although a very thin SEI film was found at
the NMC surface with 2% ES electrolyte (Figures 9 and 10), the
more inorganic nature of this film may explain the much larger
impedance measured by symmetric cells made from
NMC/graphite pouch cells compared to control and 2% VC
electrolytes.40

Figure 11 shows the evolution of the S content for both
graphite and NMC electrodes. At 2.4 V, both ES-containing
electrolytes showed a 2.5 times higher S content at the NMC
surface compared to the graphite surface. Moreover, at 2.4 V,
cells with 2% ES showed a 5.5 times higher S content at both
the graphite and NMC surface compared to cells with 2% VC +
2% ES (Figure 11), in good agreement with the ~ 6 times higher
total consumption of ES observed by GC-MS (Figure 3b). After
formation at 3.8 V, the much larger S content for 2% ES was
still observed in agreement with the GC-MS results (Figure 3b).
During further formation and cycling, the S content for 2% ES
electrolyte increased/decreased with time at the surface of the
graphite/NMC electrodes, respectively. As almost all the ES
molecules have initially reacted after the formation at 3.5 V
(Figure 3b), this opposite evolution of the S content may
indicate a migration of S species from the NMC to the graphite
surface during cycling due to the absence of an efficient
passivating film at the NMC surface when ES was used alone.
When VC was added to ES, the S content continuously
increased during formation and cycling at both the graphite
and NMC surfaces. This result means that for 2% VC + 2% ES
electrolyte, the initial reaction of ES is slow in agreement with
the low consumption of ES (Figure 3b) and that ES continues to
react slowly during cycling due to the dominant/passivating
role of VC at the surface of both graphite and NMC electrodes.

Table 3. Atomic percentage (at. %) of the F 1s peak associated with LiF as measured from the XPS quantification at the surface of graphite and NMC electrodes as

function of the voltage of the cell during formation and after cycling.

Graphite LiNi1sMn1/3C01/302
Sample
2.4V 3.8V 4.2V 2.8V C4.2v D2.8V 2.4V 3.8V 4.2V 2.8V C4.2v D2.8V
Control 1.1 15.4 16.3 12.3 11.6 9.2 1.4 1.3 2.5 2.0 2.6 2.8
2% VC 2.5 5.4 6.0 5.4 12.8 12.3 2.1 2.2 4.8 1.9 2.4 3.5
2% ES 8.1 7.4 8.1 5.6 6.8 2.8 5.1 6.7 7.5 5.5 5.7 5.2
2% VC + 2% ES 4.7 6.3 11.0 5.4 13.3 14.0 1.4 1.9 5.7 2.5 4.5 5.2

This journal is © The Royal Society of Chemistry 20xx
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Figure 11. Evolution of the S content at the surface of both graphite and
LiNi1;sMn1/3C04/30, electrodes cycled at 40°C for 2% ES and 2% VC + 2% ES electrolytes
as determined from XPS quantification.

Figure 12 shows the S 2p core spectra of both graphite and
NMC electrodes from cells with 2% ES compared to 2% VC +
2% ES electrolytes during formation and after 24 cycles. The S
2p core spectra of graphite electrode showed five components
at 169.2, 167.0, 163.6, 161.6, 160.2 eV. The peaks at 169.2 and
167.1 eV can be attributed to sulfite species (RSO3) such as
ROSO,Li and Li,SOs3, respectively.3® The peak at 163.6 eV can be
assigned to either RSSOz such as Li»S;0374 and/or S-like3?
species while the two components at very low binding energy
(161.6, 160.3 eV) are both assigned to Li»S.3%74 The S 2p core

Journal Name

spectra of NMC electrodes showed three components at
168.6, 166.2, 163.8 eV. No formation of Li,S was therefore
observed at the NMC surface as expected. Moreover,
considering the relatively small binding energy difference of
the S 2p peaks for NMC electrodes compared to the graphite,
it is more likely that the three peaks arise from similar species.
For graphite electrodes (Figure 12a and b), both ES-containing
electrolytes showed similar contribution of the S 2p peaks until
formation at 3.8 V. During formation at 4.2 V, 2% ES
electrolyte (Figure 12a) showed a significant increase of the
two main S 2p components at 169.2 eV (ROSO,Li) and 163.6 eV
(RSSO3 and/or S-like species) which explains the increase of
the S content at the graphite surface (Figure 11a). After
cycling, the peak at 169.2 eV decreased to the benefit of the
peak at 163.6 eV. Also, the huge increase of the 163.6 eV peak
intensity observed during discharge correlates well with the
increase of S content (Figure 11a) and indicates a relatively
poor stability of the corresponding RSSO3 and/or S-like species.
When VC was added to ES, an opposite evolution was
observed (Figure 12b). Also, the peak at 167.0 eV on the
graphite electrode (Li.SOs) was much more intense with the
addition of VC to ES and it increased with cycling (Figure 12b).
VC therefore significantly modifies the reactivity of ES at the
graphite surface by favoring the formation of sulfite species
(RSO3). The addition of VC to ES, therefore greatly decreased
the amount of reduced sulfur species at the graphite surface
compared to ES alone in good agreement with a lower
reactivity of ES.

Graphite (a) 2% ES Graphite (b) 2% VC + 2% ES NMC (c) 2% ES NMC (d)2% VC + 2% ES
S 2p S2p S2p S 2p
24V 24V - 2.4V 2.4V .
38V 5;‘& 38V 3.8V 38V a0
42V A & 42V 42V 42V
&5 2
: s
28V 28V 28V
ca2v i ﬂ cs2v i ca2v
D2.8V a A D2.8V D28V a a D2.8V
176 171 168 185 162 189 174 171 168 165 162 159 174 171 168 165 162 189 174 171 168 165 162 159

Binding energy (eV) Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

{(iﬁure 12. S 2p core spectra for graphite electrodes with (a) 2% ES and (b) 2% VC + 2% ES electrolytes as well as for LiNi;;3Mny/3C04/30, electrodes with (c) 2% ES and

2% VC + 2% ES electrolytes taken from cells during formation at 2.4
during charge (C4.2 V) and at 2.8 V during discharge (D2.8 V) at C/20 and 40. + 0.1°C.

V, 3.8 V and 4.2 V during charge and 2.8 V during discharge as well as after cycling at 4.2 V
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For NMC electrodes, when ES was used, the peak at 163.8 eV
(RSSO3 and/or S-like species) showed a significant decrease
after formation at 4.2 V (Figure 12c) which corresponds to the
large decrease of S content observed previously (Figure 11b).
This result indicates again a relatively poor stability of the
corresponding species. It is believed that the corresponding
species migrate to the negative electrode where they are
deposited with time which would partially explain the relative
increase of the 163.6 eV component at the graphite surface
after cycling. When VC was added to ES (Figure 12d), similarly
to the graphite electrode, no significant change was observed
before 4.2 V where the peak at 163.8 eV increased. After
cycling, a further increase of this peak was observed
corresponding to the increase of S content observed at the
NMC surface (Figure 11b). The species corresponding to the
163.8 eV component appears therefore more stable when VC
is combined with ES. 2% VC + 2% ES electrolyte showed
therefore an opposite evolution of the sulfur species at the
NMC surface compared to the graphite surface. A migration of
sulfur species from one electrode to the other is then unlikely
in this case which indicates the formation of more stable SEI
films at the surface of both graphite and NMC electrodes when
both VC and ES are used.

3.4.4 Summary of the XPS data. Figure 13 shows schematic
representations of the SEI films highlighting the differences
between the graphite and NMC SEI films as observed from the
XPS data. Figure 9 focuses on the results obtained during
formation and after cycling at 4.2 V during charge. The heights
of the SEI films in Figure 13 are proportional to their estimated
heights, except for two cases where the thickness is so great
the underlying graphite feature at about 282.5 eV cannot be
observed. For instance, SEl thicknesses were estimated to be
about 12 nanometers at the graphite surface and 2
nanometers at the NMC surface for control electrolyte during
formation at 4.2 V (see experimental section for details). In
each panel of Figure 13, the distribution of the species is based
on the evolution of their content between the different states
of charge while the number of times a species appears and the
font size are proportional to the relative amount of the
associated core level peak in atomic percentage (at. %) as
measured from the XPS quantification. For instance, at the
graphite surface during formation at 4.2 V, electrodes with
control electrolyte showed about 44 at. % of fluorine from LiF,
30 at. % of oxygen from -CO, (ROCO.Li), 12 at. % of oxygen
from -C-O-, 5 at. % of oxygen from Li,O and 9 at. % of
phosphorus from P,O,, LikPO,F, and LixPF,. The sum of the

This journal is © The Royal Society of Chemistry 20xx
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different species in one panel is equal to 100 % which allows a
direct comparison between samples.

At the graphite surface, at 4.2 V during formation, electrodes
with control electrolyte showed a large fraction of inorganic
compounds, mostly LiF and some Li,O, as well as organic
species like alkyl carbonates (ROCO,Li) formed by the
degradation of both LiPFs salt and the solvent (EC and/or
EMC). After cycling, electrodes tested in control electrolyte
showed a more organic concentration in the outermost SEIl
and the presence of Li;O due to an unstable SEI film that led to
the continuous degradation of the solvents and a relatively
thick SEI film. When VC was used alone, a thinner and more
organic SEI film was initially formed at the graphite surface due
to the formation of Oligo-VC. After cycling, almost no change
of SEl thickness and composition was observed for 2% VC
electrolyte compared to control cells due to the formation of a
more stable and passivating SEl film at the graphite surface.
For ES alone, a thinner and more organic SEI film was initially
formed at the graphite surface due to the contribution of
sulfur species (RSOx with x = 0 or 3). However, despite a very
similar SEI composition, the use of ES alone led to a large
increase of the SEI thickness after cycling indicating a less
passivating role of ES compared to VC. When VC was combined
with ES, similar SEl thicknesses were observed during
formation and cycling compared to VC alone indicating the
dominant role of VC on the SEI film formation.

At the NMC surface, thinner and more organic SEl films were
observed for all electrolytes compared to those found at the
graphite surface. NMC electrodes tested with control
electrolyte showed larger relative amounts of ether derivatives
-C-O- and alkyl carbonates (ROCO,Li) during both formation
and after cycling. NMC electrodes tested with control
electrolyte also showed the larger SEI thickness increase at the
NMC surface after cycling due to a poorly-passivating SEI film.
For NMC electrodes tested with VC alone, a thicker SEI was
found during formation and almost no change was observed
after cycling indicating a stable and more passivating SEI film
at the NMC surface due to Oligo-VC. For ES alone, very thin
and inorganic SEl films were observed at the NMC surface
during both formation and cycling with the presence of sulfur
species (RSOx with x = 0 or 3) which may indicate the
formation of an unstable and poorly passivating SEI film at the
NMC surface. When VC was combined with ES, thicker SEI films
were found compared to ES alone indicating the dominant
contribution of VC on the SEI film formation.
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Figure 13. Schematic representations of the SEI films on the lithiated graphite and delithiated NMC electrodes taken from NMC/graphite pouch cells during formation
and after cycling at 4.2 V for the different electrolytes, as deduced from the XPS experiments. The heights of the SEI films in Figure 13 are proportional to their
estimated heights, except for two cases where the thickness is so great the underlying graphite feature at about 282.5 eV cannot be observed. For NMC electrodes,
small amounts of Li,PF,, Li;PO,F, and P,O, (less than 5 at. % in total) were also found in the SEI films (see Table S3) but are not represented in the schematic diagrams

for better clarity. For sulfur species (RSOy), x = 0 or 3.

4. Conclusions

The role of ethylene sulfite used either alone or in combination
with VC on the NMC/graphite pouch cells lifetime has been
thoroughly investigated. Liquid GC-MS was used to precisely
interpret the dQ/dV vs. V plots recorded during the early
stages of the formation cycle. Theoretical calculations were
used to understand the reactivity of ES and VC alone or in
combination. ES had lowest reduction energy both with and
without lithium leading to its vigorous reaction. A preferential
solvation of Li+ by VC compared to ES was computationally
found which explained why VC became more likely reduced

This journal is © The Royal Society of Chemistry 20xx

when combined with ES. In situ gas volume analysis showed
that the vigorous reaction of ES alone, which corresponded to
a total of about 4-electrons per ES molecule, produced
indirectly a very large amount of gas. When VC was added to
ES, the properties of VC suppressed the vigorous reaction of ES
and greatly reduced the gas generation. GC-MS analysis of the
gaseous products formed during formation showed that the
reaction of VC generated CO2 and greatly decreased the
production of ethene from the reduction of EC. ES used alone
produced similar gases as control electrolyte but with
significantly higher amounts and additional gaseous products
such as ethylene sulfide (C2H4S) or from side reactions
involving the solvents. The larger production of gas with ES
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was therefore attributed to both the vigorous reaction of ES
and a larger reactivity of EC and EMC at the graphite surface.
When VC was added to ES, the production of all additional
gaseous compounds were suppressed and carbonyl sulfide
(O=C=S) was found instead of the C2H4S observed for ES alone
indicating again the dominant role of VC during the SEI
formation process.

Ultrahigh precision coulometry and storage experiments were
then correlated to thorough XPS analysis of the SEI films
formed at both negative and positive electrodes during
formation and after cycling. It was shown that VC formed a
polymer (Oligo-VC) at the surface of both graphite and NMC
electrodes. This resulted in more stable SEI films that greatly
helped the prevention of parasitic reactions and explains the
better CIE, charge end point capacity slippage, voltage drop
during storage and capacity retention for long term cycling as
well as the lower production of gas during cycling compared to
control electrolyte. On the other hand, while ES alone formed
an apparently stable and efficient SEI film at the graphite
surface, it also formed a very thin, more inorganic and
inefficient SEI film at the NMC surface compared to the other
electrolytes. This was found to be the main reason for the
dramatic decrease of the electrochemical performance as well
as the continuous production of gas during cycling observed
when ES was used alone. When VC was combined with ES,
however, similar but slightly less stable SEI films were found
compared to VC electrolyte which explains why the
combination of VC with ES competed with VC alone. The study
of the S 2p core spectra confirmed the higher reactivity of ES
alone which reacts fully during formation compared to a slow
and continuous reaction of ES when VC was added. It also
showed that ES alone leads to the formation of less stable
sulfur species and that when VC was added different and more
stables species were found due to the dominant/passivating
role of VC at the surface of both graphite and NMC electrodes.
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