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HIGHLIGHTS

e Solid electrolyte interphase and cathode electrolyte interphase investigation.
e Comparison of SEI forming additives VC and FEC.

e Analysis of complex gas mixture from electrolyte decomposition.

e Decomposition pathways investigated by operando GC/MS and XPS.

ABSTRACT

The interphases on the electrodes that form from electrolyte decomposition play a crucial role in the battery performance. However, with a thickness of only a few
nanometres the formed passivation layers present a challenge to explore. In this work, we implemented a new approach by combining operando GC/MS gas analysis
supported by surface sensitive XPS to investigate the electrolyte decomposition during SEI formation and deepen the understanding of the decomposition reactions of
vinylene carbonate (VC) and fluoroethylene carbonate (FEC). Electrolyte degradation results in the formation of 29 different gas species. Adding additives resulted in
(i) reduced gas formation and (ii) a clear shift from hydrocarbons to carbon oxides. Carbon dioxide was found to be indicative of the formation of poly-VC which was
supported by findings from post-mortem XPS. An increased amount of fluorine was found in the interphases of cells using FEC as electrolyte additive. Acetaldehyde
was identified as gaseous component to differentiate the decomposition of VC and FEC. For the decomposition of the base electrolyte components ethylene carbonate
(EC) and diethyl carbonate (DEC), methane, ethane, ethene and butane were found to be indicative, and a scavenging effect of VC for alkoxides was confirmed by

monitoring ethanol.

1. Introduction

Since their commercialization in 1991 by Sony the demand for
lithium-ion batteries (LIBs) has skyrocketed. This is due to the height-
ened political and societal awareness of electric vehicles (EVs) as solu-
tions for climate-neutral transport, increased EV production, and LIB
demand for energy storage and load-levelling solutions. LIB research is
driven by the need to develop active materials and components can be
used to fabricate cells with increased specific capacity, volumetric en-
ergy density, cycle life, and safety. Emphasis is placed on understanding
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the structural changes of the active materials during cycling, interphase
formation reactions, and cell degradation mechanisms [1-3] The
development of LIBs as we know them today was enabled by the dis-
covery of carbon-based anodes in combination with cyclic carbonate
electrolytes. This carbonate electrolyte, along with the conductive salt,
forms a passivation layer on the negative electrode which inhibits
further reaction between electrode and electrolyte. This Solid Electro-
lyte Interphase (SEI) is an electronically insulating layer which allows
Li-ions to pass through and intercalate into the negative electrode,
commonly graphite. The interphase forms mainly during the first charge
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cycle of the cell and is accompanied by a non-reversible initial capacity
loss [4-6]. The SEI layer with a thickness of approximately 10 nm
consists of an inorganic part located closer to the electrode surface and
an organic portion that extends into the electrolyte. Most research fo-
cuses on the combination of a graphitic anode and carbonate-based
electrolytes, usually containing the cyclic ethylene carbonate (EC). In
such cases, the inorganic SEI contains LiF, Li;CO3, LiOH and Li,O [1,7].
The organic part is more complex and its composition depends on the
electrolyte and used additives. Dimethylcarbonate (DMC) leads mainly
to the formation of the oligomeric species dimethyl 2,5-dioxahexane
dicarboxylate (DMDOHC) whereas diethyl 2,5-dioxahexane dicarbox-
ylate (DEDOHC) is formed when diethylcarbonate (DEC) is used as an
electrolyte component. In general, the organic part of the SEI can be
described as a mix of polymeric and oligomeric decomposition products
of the electrolyte [7,8].

Even though the SEI should prevent electrolyte decomposition dur-
ing subsequent cycling, due to the expansion of the electrode material
during Li*-insertion small cracks are formed which expose fresh elec-
trode surfaces to the electrolyte, thereby leading to further electrolyte
decomposition and capacity fading [9]. This led to the development of
SEI forming additives like vinylene carbonate (VC) and fluoroethylene
carbonate (FEC), which are structurally similar to EC (see Fig. S1) but
decompose earlier on the negative electrode upon charging [10]. It was
shown that VC and FEC form thinner interphases containing poly-VC in
the organic part, which increase the elasticity of the SEI and therefore
lowered capacity loss due to reduced crack formation. During cell aging,
polyethylene glycol (PEO) is formed in the SEI. The amount of PEO can
be used as an indicator of the quality of the SEI, since continuous
decomposition of the electrolyte yields a larger amount of the polymer.
In cells with VC or FEC, less PEO is detected on the electrode surface
after cell aging [11-13]. Generally 2-3 wt% of additives are used in
electrolyte formulations.

The cathode electrolyte interphase (CEI), which forms on the posi-
tive electrode is the less understood pendant to the SEI. In contrast to the
SEL, which is formed from the reductive decomposition products of the
electrolyte, the growth of the CEI involves oxidative processes. Although
the surface species on the CEI are similar to those in the SEI [11,12,
14-18], the CEI is usually thinner (1-2 nm), and some reports claim that
there is only a partial coverage of the positive electrode [12,16,19].
Although typical electrolyte formulations use 2-3 wt% of additives, in
some cases, higher concentrations may be used. However, this can lead
to increased electrolyte decomposition on the cathode side, thereby
resulting in higher cell impedances [20].

The SEI is a dynamic and therefore continuously evolving system.
Thus, investigating its composition during cell operation is of para-
mount interest. Only a few approaches in that regard can be found and
currently available data stems mainly from post-mortem analysis and
simulations based on mathematical models [21]. Post-mortem in-
vestigations are primarily performed with surface sensitive techniques
such as X-Ray Photoelectron Spectroscopy (XPS) or Transmission Elec-
tron Microscopy (TEM). On the other hand, monitoring the gas phase
with an operando system provides the possibility of deciphering the
decomposition reactions that lead to SEI formation during cell opera-
tion. The first gas analyses estimated the amount of formed gas by using
thickness measurements and volume expansion via the Archimedes
principle [22]. In another study, the gas phase was investigated by
penetrating the closed space of a battery with a syringe to extract a gas
sample and analysing this sample with gas chromatography [23].
Finally, in-situ data can be collected with Online Electrochemical Mass
Spectrometer (OEMS) gaining information on the gas development in a
working battery cell. The OEMS is a device that flushes a cell with a
carrier gas, which is then investigated via mass spectrometry. Using this
method, one particular mass significant for a gas species can be moni-
tored, or a mathematical model can be used to deconvolute the frag-
mented mass spectrum significant for the analyte [24-26]. However,
this online gas analysis is limited to monitoring only a few gasses
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Table 1
Electrode material compositions.

Negative Electrode Positive Electrode

Active 95 % Graphite material (HED graphite 92 % NMC 811
material 918-A2; d50 = 14.93 pm) (uncoated)
Targray Technology International Inc, Targray
Kirkland, QC, Canada;
Carbon 2 % Super 65 Carbon Black 4 % Super 65 Carbon
Black Black
Imerys SA, Paris, France Imerys SA
Binder e 2 % CMC (Carboxymethyl Cellulose) 4 % PVDF
(WALOCEL™ CRT 2000 WPA) Solef, Solvay SA,
DuPont de Nemours Inc., Wilmington, DE, Brussels, Belgium
USA
e 1 % Styrene-butadiene latex
JSR Corporation, Tokyo, Japan
Solvent Purified water NMP (N-methyl-

pyrrolidone, >99.8 %)
VWR chemicals, Solon,
Ohio, USA

simultaneously. In this paper we add a gas chromatograph (GC) to
separate the gas mixture before entering the mass spectrometer (MS).
Therefore, a full qualitative analysis of the gas phase including gas
species that are beyond the reach of OEMS can be performed, and
semi-quantitative information of trace components in the gas phase can
be attained.

This paper uses a combination of operando GC/MS and post-mortem
XPS to investigate electrolyte decomposition and SEI formation in cells
with NMC811 vs. graphite in 1 M LiPFg EC/DEC 1:1 without (Ref) and
with 1 wt% additive (VC and FEC). Here we show that operando GC/MS
is suitable to detect small changes in the electrolyte composition via the
gaseous decomposition products and can therefore be used to investigate
the effect of electrolyte additives even at concentrations of only 1 wt%.
With the increased sensitivity and dynamic range of the operando GC/
MS, it is possible to elucidate and confirm reactions that remain con-
cealed to OEMS analysis as the technique cannot be used to monitor
larger molecules with a more complex fragmentation pattern.

2. Methods and materials
2.1. Electrode preparation

The electrodes for the NMC811 vs. graphite cells were prepared in-
house on a roll-to-roll coating machine (SC 30, Coatema Coating Ma-
chinery GmbH, Dormagen, Germany). The slurries were prepared in a
high-energy disperser (DISPERMAT CV3-PLUS, VMA GETZMANN
GmbH, Reichsdorf, Germany) with the compositions listed in Table 1.
The slurry of the positive electrode was coated on an Al foil (22 pm Al
foil, Norsk Hydro ASA, Oslo, Norway) with an areal capacity of 2.89
mAh/cm? and an apparent electrode density of 1.45 g/cm?, whereas the
active material of the negative electrode was coated onto Cu foil (11 pm
Cu foil, Carl Schlenk AG, Roth, Germany) with an areal capacity of 3.25
mAh/cm? and an apparent electrode density of 1.03 g/cm®. This leads to
an N/P ratio of 1.12. To calculate the areal capacities, practical capac-
ities of 200 and 350 mAh/g were taken for the active materials of the
positive and negative electrode, respectively. After coating, the elec-
trodes were dried overnight under vacuum and calendered (GK 300L,
Saueressig Group, Vreden, Germany) yielding a target porosity of 40 %.
The electrode sheets were then cut to disks with diameters of 15 mm for
the positive electrodes and 16 mm for the negative electrodes, respec-
tively. The electrode disks were then dried under vacuum at 80 °C for 12
h before transferring them into a glovebox (LabMaster Glove Box
MB200-G, M. Braun, Garching, Germany) under Ar atmosphere (O, and
H20 < 0.1 ppm).
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2.2. Cell preparation

2.2.1. Coin cells

Coin cells (CR2032) were prepared under Ar atmosphere using a 15
mm diameter positive electrodes, a 18 mm diameter negative electrodes,
and Celgard 2500 separator (Celgard, Charlotte, North Carolina, USA)
with a diameter of 19 mm and a thickness of 25 pm. 100 pL 1 M LiPFg in
EC/DEC 1:1 (battery grade) with 1 wt% of VC (99.5 %, acid <200 ppm,
H20 < 100 ppm) or FEC (>99 %, acid <200 ppm, anhydrous) were used
as the electrolyte (all: Sigma Aldrich, St. Louis, Missouri; USA). In all
cells, 1.1 mm wave springs and 1.5 mm spacers were used.

2.2.2. EL cells

For the gas analysis ECC DEMS Test Cells (EL-Cell, Hamburg, Ger-
many) were used. The individual parts of the test cells were dried at
80 °C under vacuum for 12 h before transferring them to the glovebox.
For these cells, a single Celgard 2500 separator was used with 150 pL of
the electrolyte (1 M LiPFg in EC/DEC 1:1 and 1 wt% of the respective
additive). To ensure a gastight system and a reproducible sampling
procedure the test cell was connected via PEEK tubing (BGB Analytik,
Boeckten, Switzerland) to electronically controllable membrane valves
(Biirkert Austria GmbH, Modling, Austria). A schematic test cell is
shown in Fig. S2.

2.3. Characterization methods

2.3.1. Elemental surface composition by X-ray Photoelectron Spectroscopy
The coin cells were charged and discharged (CCCV) at ambient
temperature using an Arbin BT-21084 (Arbin Instruments, College Sta-
tion, Texas, USA) battery cycler. In one set of experiments, the cells were
charged to 4.3 V at a C-rate of C/10, whereas in the second set, the cells
were charged at C/10 to 4.3 V and then discharged to 3 V at the same
rate. To prepare electrode samples for the XPS investigations, the coin
cells were opened under inert atmosphere, and the extracted electrodes
washed three times with DEC and fixed on a sample holder with carbon
tape. All XPS measurements (Nexsa, ThermoFisher, Waltham, Massa-
chusetts, USA) were performed with Al Ka radiation at 72 W and a pass
energy of 50 and 200 eV for high-resolution and survey spectra,
respectively. The spot size was 400 pm in “Standard Lens Mode” and
CAE Analyser Mode with an integrated flood gun. The Avantage XPS
software as provided by the manufacturer was used for the data analysis.
The peaks were calibrated to adventitious carbon at 284.8 eV and the
spectra deconvoluted with the Gaussian-Lorentzian model (GL(30)).

2.3.2. Operando gas chromatography mass spectrometry

The gas analysis was conducted with an in-house operando GC/MS
system (see Fig. S3). The cells were connected to a SP-150 cycler (Bio-
Logic, Grenoble, France) and a He supply of 10 mL/min flow. For
sampling, the solenoid valves were electronically activated, and the gas
sample was transferred to a 10-way GC valve connected to a 500 pL
sample loop. In the loading position of the valve, the loop was filled with
the sampled gas from the battery. Afterwards, the valve was switched,
and the sample injected into the GC/MS instrument (Shimadzu GC/MS
QP2010 SE, Shimadzu Corporation, Kyoto, Japan) via its split/splitless
injector. The gas mixture was then separated in its components using a
PLOT column (Rt-Q-BOND PLOT Column 30 m x 0.32 mm ID, 10 pm
film, Restek Corporation, Centre County, Pennsylvania, USA) and ana-
lysed by mass spectrometry. Identification of individual compounds was
achieved based on the comparison of their mass spectra with the entries
in the NIST mass spectral library. After positive identification, a char-
acteristic m/z signal was chosen for each gas species to monitor the
species’ concentration change over the whole experiment. The peak area
was then normalized to the area of DEC. For every cell chemistry at least
two experiments were performed, and the most representative experi-
ment was used for comparison.
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Table 2

Gas species found with operando GC/MS during the formation cycle with
different cell chemistries. The reference (Ref) consists of an NMC811 vs. graphite
and 1 M LiPF¢ EC/DEC 1:1 cell and for the additives 1 wt% of VC and FEC are
added to the electrolyte, respectively. The gas species are sorted by their
chemistry and the most significant m/z fragment is listed for each gas species.

Nr. Name m/z Chemistry Ref VC FEC
ratio
1 Ethanol 31 Alcohol X X X
2 Diethyl carbonate (DEC) 45 Carbonate X X X
3 Dimethyl carbonate 15 Carbonate X X
(DMC)
4 Ethylene carbonate (EC) 29 Carbonate X X X
5 Ethyl methyl carbonate 45 Carbonate X X X
(EMC)

6 Vinylene carbonate (VC) 86 Carbonate X

7 Acetaldehyde 43 Carbonyl X X X
8 Acetone 43 Carbonyl X X X
9 Acetonitrile 41 Carbonyl X X X
10 Ethyl acetate 43 Carbonyl X X X
11 Ethyl formate 31 Carbonyl X X X
12 Methyl formate 60 Carbonyl X X X
13 1,3,5-Trioxane 61 Ether X X X
14 1,3-Dioxolane 73 Ether X X X
15 1,2-Dimethoxyethane 60 Ether X X X
16 Ethyl ether 31 Ether X X X
17 Furan 39 Ether X X X
18 Fluoroethane 47 Fluoroalkane X X X
19 2-Methyl-1-Propene 56 Hydrocarbon X X X
20 Butane 43 Hydrocarbon X X X
21 Cyclobutane 41 Hydrocarbon X X X
22 Ethane 30 Hydrocarbon X X X
23 Ethene 26 Hydrocarbon X X X
24 Isobutane 43 Hydrocarbon X X X
25 Methane 15 Hydrocarbon  x X X
26 Propane 43 Hydrocarbon X X X
27 Propene 39 Hydrocarbon X X X
28 Carbon dioxide 44 Carbon Oxide  x X X
29 Carbon monoxide 12 Carbon Oxide  x X X

2.3.3. Electrochemical testing

Long term cycling tests were performed with full cells on an Arbin
BT-21084. For formation the cells were charged and discharged with a
C-rate of C/10 after a resting time of 4 h with constant current constant
voltage (CCCV) tests in a voltage window from 3.0 to 4.3 V. Subse-
quently, the long-term cycling behaviour was tested with 200 cycles of
CCCV at a C-Rate of 1C.

3. Results and discussion
3.1. Overview gas analysis

The experiments were conducted by applying a general cycling
protocol and a cell was charged and discharged (3.0 V-4.3 V vs. Li*/Li)
at a cycling rate of C/10. Before the first charge, a resting period of 4 h
was applied. The cells were analysed with GC/MS and XPS once after
completely charging the battery at the highest potential and once after
discharge at the lowest potential (see Fig. S4). For the operando GC/MS
set-up, the sampling process was optimized by automatically opening
the electronically controllable valves when the desired potential was
attained. Therefore, the formation process was not interrupted and the
influence of the sampling procedure on the electrochemical measure-
ment could be minimized. Therefore, one experimental set was used to
depict gaseous decomposition products from the charge and discharge
steps minimizing effects introduced by sample preparation. However,
the XPS analyses were performed separately on the electrode materials
in the charged (one charging step) and discharged (one charge followed
by one discharge) states. In Fig. S4 the cell potential during the forma-
tion cycle is displayed including the points of sampling with GC/MS and
XPS. Fig. S5 shows the potential curves of the investigated formation
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Fig. 1. Amount and distribution of gases organized according to their chemistry groups (see Table 2) during the formation cycle in a cell with NMC811 vs. graphite in
1 M LiPF¢ EC/DEC 1:1 without (Ref) and with 1 wt% additive (VC and FEC), charged and discharged with C/10.

cycle for all three cell chemistries. Additionally, the cells were tested
with CCCV at a C-Rate of 1C for 200 cycles. As expected, minor effects of
the SEI forming additives on the electrochemical performance were
observed [27]. The discharge capacities and coulombic efficiencies can
be found in Fig. S6. In general, the impact of SEI forming additives on
the electrochemical performance of cells with graphite is smaller
compared to cells with negative electrodes that are subjected to a larger
volume expansion (e.g. Si or Si-Gr) [1,28-30]. Nonetheless, NMC811 vs.
graphite served as a well-researched and stable system to mechanisti-
cally investigate the effect of SEI forming additives.

The gas phase consists of the original electrolyte components as well
as the decomposition products from the formation cycle (see Fig. S7 and
Table S1). 29 individual compounds were detected and grouped ac-
cording to their chemistries and ordered alphabetically (see Table 2).
For each gas species, the m/z ratio of the most significant fragment is
given. Furthermore, the x in Table 2 indicates which gas species were
identified for the given cell chemistry. The molecular structure of the
additives is similar to the solvent molecules (EC and DEC, see Fig. S1)
and resulted in the same decomposition products for all three cell
chemistries. Regarding the cells with VC, the additive itself could also be
identified even though only 1 wt% was present in the electrolyte. FEC on
the other hand could not be identified due to the low peak intensities.
For VC a significant mass was chosen from the fragmentation pattern to
track the gas species despite its low intensity. Additional to the quali-
tative analysis, a semiquantitative analysis was performed on all 29 gas
species and the results were compared regarding the state-of-charge
(SOC) and the cell chemistry (see Fig. S8). The gas species which
showed a distinct trend were included in the mechanistic discussion in
the following sections.

Fig. 1 illustrates the distribution of the gas species organized in
chemistry groups (see Table 2) and total gas amount evolved for each
sampling point. In all investigated cells, more gas is produced during
charge than in discharge. The reference cell (Ref) emits more than twice
as much gaseous components in comparison to the cells with electrolyte
additives. This result indicates that the use of electrolyte additives leads
to a decrease in electrolyte decomposition. For both VC and FEC, the
lowest unoccupied molecular orbital (LUMO) level lies below the main
electrolyte components EC and DEC (see Fig. S9). Molecules with a low
LUMO have a high electron affinity and subsequently a higher reduction
tendency [31,32]. Therefore, the additives are preferentially reduced
and decomposed prior to the main electrolyte components. A more
stable SEI formed with VC and FEC can prevent further electrolyte
decomposition [10-13].

The reference cell without any additive shows hydrocarbons as the
dominant species with 82 % of the total gas amount during charge,
compared to 40 % for FEC and 47 % for VC, and 38 % (Ref) compared to
6 % (VC) and 3 % (FEC) for discharge, respectively. Hydrocarbons are
assumed to be a result of the decomposition of the main electrolyte
components EC and DEC (see section 3.3.). Since the electrolyte addi-
tives decompose prior to the main electrolyte components due to a lower

LUMO, a uniform SEI can be formed which inhibits the decomposition of
EC and DEC.

The gas phase further consists of carbon oxides, in which carbon
dioxide is the main contributor. The carbon oxides attain a concentra-
tion of 10 % in the charged state of the reference cell, whereas their
concentrations are 44 and 41 % in the charged states of the cells with
FEC and VC electrolyte additives, respectively. In the discharged state
concentrations increase to 35 % for the reference compared to 77 and 74
% for the cells with FEC and VC additives, respectively. The fraction of
carbon oxides in electrolytes with additives is more pronounced
compared to the reference cell. This could indicate that carbon oxides
are produced during decomposition of the electrolyte additives VC and
FEC. This will be further discussed in section 3.2.1. The increase of
carbon oxides from charge to discharge could be explained with the
release of singlet oxygen at higher voltages. NMC materials have the
tendency to release singlet oxygen (*O,) from the layered oxide struc-
ture at higher cell potentials and is reported for NMC at 4.3 V. The
singlet oxygen can react with EC in the electrolyte to form CO and CO»
(see Reaction 1) [33,34]. It can be assumed that during the constant
voltage step NMC releases reactive oxygen species which result in
increased carbon oxides levels when sampling after discharge.

(0]

0, + o)Lo ——> 2C0,+CO+2H,0 (1)

The residual gas phase is composed of carbonates and a small frac-
tion of more complex gases including carbonyl species, ethers, alcohols
and fluoroalkanes. The carbonates also increase from the charged state
(7 % for Ref, 15 % for FEC and 11 % for VC) to the discharged state (24 %
for Ref, 19 % for FEC and VC). As seen in Fig. S8, EC can only be detected
after discharge. Since EC has a lower vapour pressure than DEC (0.0098
mm Hg at 25 °C for EC vs. 10.8 mm Hg at 25 °C for DEC [35,36]) the
accumulation in the gas phase is shifted. The small fraction of residual
gas species accounts for the remaining 1 % of the total gas phase except
for the reference sample after discharge where this value is increased to
3 %.

3.2. Decomposition of VC and FEC

GC/MS data in conjunction with XPS data were used to gain further
insights into the decomposition reactions of VC and FEC, and to compare
these to a reference electrolyte without additive (Ref). The combination
of these two methods allows a more thorough investigation of the
electrolyte decomposition as the solid decomposition products on the
electrode surfaces can be analysed with XPS, whereas the gaseous
decomposition products can be monitored with the GC/MS.

3.2.1. Decomposition of VC
As already indicated in section 3.1., the amount of carbon dioxide
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Fig. 2. Emission of carbon monoxide (a) and carbon dioxide (b) during formation with C/10 normalized to DEC in a cell with NMC811 vs. graphite in 1 M LiPFg EC/

DEC 1:1 without (Ref) and with 1 wt% additive (VC and FEC).
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Fig. 3. XPS spectra of the negative electrode showing the SEI layer after the
first charge with C/10 for NMC811 vs. graphite in 1 M LiPFs EC/DEC 1:1 with
1 wt% additive (VC). This spectrum is representative for all measurements
performed, i. e, with the reference electrolyte and with FEC. The absolute and
relative peak areas of the respective sample of electrolytes are shown without
(Ref) and with 1 wt% additive (VC and FEC), depicting an Ols spectrum.

produced for SEI forming additives is significantly higher than in the
reference sample. Before going into further detail regarding the analysis
of carbon dioxide it has to be mentioned that the decomposition of VC is
also relevant for the decomposition of FEC since VC is formed from FEC
by elimination of HF (see Reaction 2) [17,37]. However, among the two
carbon oxides (CO and CO3), CO is observed to be more prevalent in the
reference cell (see Fig. 2). Both carbon oxides are side products of
multiple decomposition reactions of the main electrolyte components EC
and DEC. However, the direct decomposition of VC and of FEC via for-
mation of VC produces only CO5 and does not lead to CO (see Reaction
3) [10,17,37]. Fig. 2 succinctly confirms this, as more CO5 is produced in
the cells with VC and FEC electrolyte additives than in the reference cell.
Since the electrolyte additives are decomposing prior to the main elec-
trolyte components (see section 3.1.), a stable SEI is formed, and the
main electrolyte components EC and DEC are decomposed to a lesser

extent. This leads to a reduced CO production in the cells with electro-
lyte additives VC and FEC while the absence of a protective layer in-
creases CO evolution (see Reaction 4) [38]. Additionally, formation of
the methyl-radical from EC decomposition presents the origin of hy-
drocarbons which will be described below in section 3.

’—‘ \_}_
F
.0 o}
n
jL o c{%y o)Lo
5 -CO —
TP oo -k —> _O/:)_Sn_\' ©
o_0
hi
o
(0]

o O o o0
+;:+k -_H*> K:: k —> CH3'+CO (4)

XPS, as a surface sensitive technique, allows the investigation of solid
decomposition products originating from the electrolyte that deposits
onto the electrode surfaces during formation. Fig. 3 shows the measured
XPS spectrum of the surface of the negative electrode after first charge
using VC as the electrolyte additive. This spectrum is representative of
the data attained for all other negative electrode samples, i.e., mea-
surements performed using the reference electrolyte and that with the
FEC additive. Spectra for reference and VC can be found in the sup-
porting information (see Fig. S10). For easier comparison of the peak
areas, the absolute and the relative peak areas are listed in the table
within Fig. 3. The peak in question is indicated in the spectrum of VC.

In the O1s spectrum a distinct peak reveals the existence of organic
carbonate (ROCO;Li) at 533.7 eV for the samples with VC and FEC [12].
Poly-VC is formed from VC (respectively from FEC by HF dissociation)
and its repeating unit contains a carbonate. It is deposited onto the
negative electrode to build a more flexible SEI compared to the main
electrolyte components EC and DEC (see Reaction 3) [10,16]. ROCO.Li
is also present in the reference sample but to a lesser extent since the
decomposition of EC and DEC produces oligomers and polymers with
carbonate species as terminal units. As a result, the peak area of Ols
organic carbonate (ROCO,Li) is smaller in the reference sample
compared to VC and FEC (see Reaction 3 and Reaction 5) [7,8].
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3.2.2. Decomposition of FEC

Although the chemical structures of FEC and VC are similar, it is still
possible to observe a difference in their decomposition via gas analysis.
Acetaldehyde is formed in larger quantities when FEC is decomposed
compared to VC (Fig. 4a). The initialization of the polymerization re-
action that leads to poly-VC can either be started from VC or directly
from FEC (see Reaction 6a). During the initialization with FEC, the
vinyloxy radical is formed as an intermediate, which can react to the
vinyloxy radical anion by eliminating a proton. However, the elimina-
tion reaction that forms VC and HF from FEC likely increases the con-
centration of protons in an electrolyte with FEC. In this environment the
elimination of a proton from the vinyloxy radical is less likely. There-
fore, the concentration of the vinyloxy radical in cells with FEC is
assumed to be higher than in cells with VC. In cells containing the FEC
additive, acetaldehyde can be formed via a recombination reaction with
a hydrogen radical (see Reaction 6b) [37,39]. This leads to an increased
LiF content in the SEI upon SEI formation which will be discussed below
in this section.

Fluoroethane contains a fluorine atom that does not stem from FEC
but from the decomposition reaction of the conducting salt LiPFg (see
Fig. 4b and Reaction 7) [40]. The content of fluoroethane is higher in the
gas phase of the reference cell compared to the cells using VC and FEC.
Since the SEI is less stable in the reference cell, repeated crack formation
and exposure of fresh active material surfaces to the electrolyte can
cause larger amounts of PFs, thereby resulting in increased levels of
fluorinated hydrocarbon compared to cells containing an additive.
However, due to elevated fluoroethane concentrations some exposure of
electrolyte to the electrodes can be assumed in electrolytes containing
VC and FEC.

Table 3
Relative elemental ratios of F from XPS data of extracted NMC and graphite
electrodes after charge and a full charge-discharge cycle.

Atom % F1s Positive electrode Negative electrode

Electrolyte Charge Discharge Charge Discharge
Ref 13.82 18.44 8.92 14.58
vC 14.64 18.67 13.87 12.79
FEC 17.21 20.94 14.76 15.54
O o
n+1
_ o)J\o OJLO (@)
) \—/
o) o) el K\ — > L
o)Lo e N Q -0 H -0 o_ 0
i 0 ——> K._ \— NS (6)
L/ -CO : \HA o
F ’ (b)
WS
LiPF PF = o i F @)
IPFg ——> 5 K > ~ T
-LiF -LiF F LR

Table 3 shows the atomic percentage obtained of fluorine at the
surface of the positive and negative electrode samples after charge and
discharge using the three different electrolytes. This data was obtained
from the evaluation of the elemental concentrations from the survey XPS
spectrum. A significant amount of fluorine on the surfaces is assumed to
originate from the decomposition of the conducting salt which also re-
sults in fluoroethane (see Reaction 7). The surplus of F in cells that
contain FEC can be assigned to FEC decomposition leading also to LiF.
This was observed on the positive as well as on the negative electrode,
however, on the positive electrode it is more pronounced.

The C1s spectra and the F1s spectra (see Fig. 5) similarly reveal that
the concentration of organic and inorganic fluorine species is higher for
samples containing FEC. The spectrum of VC is representative of the data
attained for all other electrode samples, i.e., measurements performed
using the reference electrolyte and that with the FEC additive, for pos-
itive and negative electrode. Additional spectra can be found in the
supporting information (see Figs. S11 and S12). Peak areas are presented
in the table below the spectrum of VC to indicate the relevant peak (see
Fig. 5). In the C1s spectrum the signal for -CH2CF2- at 286 eV is higher
for the samples containing FEC than in cells with VC or in the reference.
The increased signal for -CH,CF2- indicates that fluorine is incorporated
into the polymer that forms the interphase [41].

A similar trend was observed in the F1s spectrum where the peak at
685.5 eV (LiF) is higher for electrodes cycled with FEC. LiF is primarily
formed by the decomposition of LiPF¢ (see Reaction 7) [40]. However,
LiF is also a side product of the decomposition of FEC into VC or acet-
aldehyde (see Reaction 6), stemming from active Li" trapped by HF to
form LiF [17,37]. Therefore, the amount of fluoroethane in the gas phase
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(VQ). This spectrum is representative for all measurements performed, i. e, with the reference electrolyte and with FEC, for positive (CEI) and negative (SEI)
electrode. The absolute and relative peak areas of the respective sample of electrolytes are shown without (Ref) and with 1 wt% additive (VC and FEC), depicting a
Cls spectrum for the organic fluorine species (a) and a F1s spectrum for the inorganic fluorine species (b); for both spectra the relative areas are presented in the

table below.
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Fig. 7. Summary of the decomposition reactions of FEC and VC.

is larger in the reference stemming from increased LiPFg decomposition
due to an insufficiently protective SEI layer. On the electrode surfaces,
there is a divergence in the LiF content on the positive and the negative
electrode (see Fig. 5). The CEI on the positive electrode shows a clear
increase of LiF with the use of FEC as electrolyte additive, which cor-
relates with increased acetaldehyde values (see Figs. 4 and 5 and Re-
action 6). The SEI on the other hand does not follow the same trend. It
has to be noted that the detection of surface layers employing XPS is
limited by the penetration depth of this technique which accounts only
for up to 5 nm into the material [19,40] but remains sufficient to depict
the CEI (1-5 nm) [12,19]. However, reported thickness of the SEI varies
between 10 nm and 100 nm which poses a challenge for XPS [1,16].
Therefore, the elevated F values from FEC decomposition are more
pronounced on the positive electrode.

3.3. Decomposition of EC and DEC

It was expected that the SEI and the gas phase in cells with VC and
FEC mainly consists of decomposition products derived from the addi-
tives rather than from the main electrolyte components, primarily EC.
Therefore, larger amounts of e.g. ethene, a decomposition product of the
base electrolyte, are observed in the reference cell [10]. Such decom-
position reactions form volatile organic compounds (VOCs) which can
be monitored with operando GC/MS.

Fig. 6 shows the gas species that are mainly indicative of the
decomposition of EC and DEC as the main electrolyte solvents. Hydro-
carbons are a major indicator of the decomposition of the main elec-
trolyte solvents which are represented by methane, ethene, ethane and
butane (see Reactions 8, 9, 12 and 13). However, it was discovered that
monitoring the decomposition of EC and DEC is not limited to only
hydrocarbons since ethanol and ethyl formate are also predominantly
formed in the reference cell (see Reaction 10).

Ethene (see Fig. 6b) is directly formed from the electrochemical

decomposition of EC (see Reaction 8) [40]. During SEI formation, EC is
predominantly decomposed compared to the linear carbonate (in this
case DEC). Therefore ethene as the primary decomposition product in
the gas phase has the largest contribution to hydrocarbons [42].

o)

)J\ 2Li*

Q"0 —5> LiCOs +CoHy (8)

However, some gas species are lacking on reported decomposition
pathways that connects them to EC. Therefore, gas species like ethanol,
butane and ethyl formate can only be explained by a reaction mecha-
nism deriving from DEC (see Fig. 6d-f). The formation reaction of
butane is similar to ethene, a direct electrochemical decomposition of
DEC (see Reaction 9) [43].

0
2L
/\oJLo/\ o> LiZCOs +Cabho (9)

A single electron reduction of DEC on the other hand can lead to a
bond cleavage within the carbonate unit to yield lithium ethanolate and
the carboxylate radical. The carboxylate radical further reacts in a
recombination reaction with a hydrogen radical to form ethyl formate.
Lithium ethanolate reacts with the traces of water present in the elec-
trolyte to form ethanol and lithium hydroxide (see Reaction 10) [40].
There is a notable difference in the signal intensity of ethanol between
the reference and the cells containing electrolyte additives which can be
explained by the scavenging effect of VC (also from FEC decomposition)
on the ethanolate (see Reaction 11) [44,45].
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Lastly, methane and ethane (see Fig. 6a and c) are the result of
radical recombination reactions. The different radical fragments origi-
nate from atom transfer reactions of radicals initiated by electro-
chemical means within the highly reactive environment of the
electrolyte during cell operation (see Reactions 12 and 13) [46,47].

CHz +H- —> CHy (12)

CH;CH, -+ H-
CoHs (13)

CHs-+ CHy- —

However, the intensity of the methane signal is much lower than

with an electrolyte containing DMC or EMC, where the methyl radical
can be the result of the electrochemical breakdown of both the linear
carbonate or the cyclic carbonate [38]. In the electrolyte described in
this paper, the methyl-radical stems only from the cyclic carbonate as
DEC only produces ethyl radicals (see Reaction 4 in section 3.2.1.).

Figs. 7 and 8 provide a summary of the decomposition reactions that
are observed in the cells investigated in this work. Fig. 7 illustrates the
decomposition of the additives, whereas Fig. 8 exemplifies the break-
down of the main electrolyte components.

4. Conclusion

In this work, operando GC/MS supported by XPS was used to identify
gaseous and electrolyte-electrode interphase components that form
when SEI stabilizing VC and FEC are used at concentrations as low as 1
wt%. For cells containing electrolyte additives, carbon oxides were the
main decomposition product in the gas phase. Carbon dioxide in
particular exhibited a higher concentration in cells with VC and FEC
than in the reference cell. In contrast, the formation of carbon monoxide
points to the decomposition of the main electrolyte solvent components
(EC and DEQ), linking the formation of carbon monoxide to the
decomposition of the base electrolyte. This is supported by XPS data
which shows an increase in organic carbonate components on the
electrode surface of additive-containing cells. The composition of the
electrode surface showed that the addition of FEC resulted in a higher
fluorine content in the SEI and CEI which was reflected in the respective
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Cls and F1s spectra. The decomposition of FEC can also be investigated
by monitoring the concentration of acetaldehyde in the gas phase, which
is formed during the polymerization of FEC.

The analysis of the gas phase after electrochemical cycling showed a
larger hydrocarbon signal for the reference compared to the cells cycled
with electrolyte additives. This is particularly pronounced during charge
and is reflected in the total amounts as well as in the concentration of the
individual hydrocarbon species such as methane, ethane, ethene and
butane. Additional identified gas species, such as ethanol, ethyl formate,
and fluoroethane can be linked to the decomposition of the base elec-
trolyte. Ethanol showed a particularly pronounced signal in the cell with
the reference electrolyte, which appeared significantly lower in elec-
trolytes with additives and can be explained by scavenging effects of VC
removing alkoxides from the mixture.

This work demonstrates the capability of time-resolved measure-
ments employing an operando GC/MS system to investigate the evolu-
tion of gaseous compound in correlation to the SOC, which supports the
investigation of degradation mechanisms of the base electrolyte, and
any additives present even in small quantities. Gas analysis in
conjunction with solid state analytical techniques applied to the elec-
trode surfaces, i.e., XPS, has proven to give a comprehensive picture of
SEI formation and the concurrent degradation reactions of the base
electrolyte and its additives.
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