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Additives such as vinylene carbonate (VC) and fluoroethylene carbonate (FEC) are commonly added to lithium-ion battery electrolytes
in order to form a solid electrolyte interphase (SEI) on the anode, suppressing continuous solvent reduction. In this work, we directly
compare VC and FEC by analyzing the SEI with FTIR and XPS, and the evolved gases with on-line electrochemical mass spectrometry
(OEMS) in different model systems. Since both additives evolve mainly CO; during formation, the effect of CO, as an additive
is compared to the addition of VC and FEC. While Li;COs3 is as expected the main SEI compound found due to the added CO,,
surprisingly no CO was detected in the gas phase of such cells. Based on FTIR, NMR and OEMS analyses of cells filled with 13C
labeled CO,, we suggest a mechanism explaining the beneficial effects of CO, and hence also of CO; evolving additives in lithium-ion
battery cells. While the generation of polycarbonate from FEC or VC reduction is observed, the generation of Li,CO3; may be as
important as the generation of polycarbonate.
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The solid electrolyte interphase (SEI),' which is formed on the
anode of a lithium-ion battery during the initial cycle(s), provides elec-
trical passivation and lithium ion conduction and thus allows stable
lithium ion intercalation without further electrolyte reduction. A typ-
ical electrolyte consists of LiPFg in a mixture of cyclic (e.g., ethylene
carbonate (EC)) and linear alkyl carbonates (e.g., ethyl methyl carbon-
ate (EMC)). To tailor the SEI for more efficient protection against con-
tinuous solvent reduction, additives such as vinylene carbonate (VC) or
fluoroethylene carbonate (FEC) are added to the electrolyte. Both ad-
ditives are reduced at higher potentials than the standard electrolyte,’
which prevents the reduction of the main electrolyte components.
While VC has been established as a standard additive for graphite-
based cell chemistries, FEC is commonly used in combination with
silicon anodes.>*

In a movement toward a rational design of electrolyte additives,
the decomposition mechanisms and products of additives have been
studied thoroughly. Regarding VC and FEC, both additives are known
to form polymer species during reduction.*”~!! The decomposition
of FEC is often also related to an enhanced formation of LiF.2%%!2 Be-
sides, the use of FEC with silicon anodes in contrast to VC on graphite
electrodes makes a direct comparison of these two additives more diffi-
cult. Still, it is often overlooked that both additives have been reported
to release CO, during reduction.!®!3-!> CO, has been used as one of
the first SEI-forming additives in lithium metal and lithium ion batter-
ies with graphite anodes.'>> Recently, Krause et al. demonstrated the
beneficial effect of CO, as a cycle life extending additive in full pouch
cells with silicon alloy anodes.?® Our group recently showed that CO,
reduces the FEC consumption in silicon-graphite based full-cells,?’
and can stop the ester exchange reactions caused by lithium alkoxide
species,?® which are a product of the reduction of linear carbonates.”

In this work, we investigate the effect of VC and FEC on the SEI
composition of graphite electrodes using surface sensitive analytical
techniques such as XPS and FTIR spectroscopy. Using different model
electrolytes, we take a closer look into the origin of LiF in the SEIL
We analyze further the potential-resolved gassing behavior of both
VC and FEC. As the gas evolution pattern of both additives shows
that CO, can also be consumed at low potentials, we investigate the
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consumption of CO, and its effect on the SEI composition. By in-
troducing isotopically labeled '*CO, in the cell’s head space, we are
able to differentiate between electrolyte decomposition products and
products of the CO, reduction. Thus, with the combination of FTIR,
NMR and OEMS analysis, we elucidate the multi-step CO, reduction
mechanism occurring on graphite electrodes.

Experimental

Electrode preparation.—Graphite electrodes were prepared by
mixing SLP30 graphite powder (Timcal, Switzerland, BET surface
area 7 m?*/g) with polyvinylidene fluoride binder (PVDF, Kynar
HSV900, Arkema, France) at a weight ratio of 90/10 in N-methyl-
2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Aldrich, Germany).
The obtained slurry with a solid content of 33% was mixed for 15 min
at 2000 rpm in a planetary orbital mixer (ARV-310CE, Thinky, USA)
and coated with a gap bar onto either a copper foil (thickness 12 pm,
MTI Corporation, USA) or a porous separator (H2013, Celgard, USA
or FS24316, Freudenberg, Germany) at a wet-film thickness of 250 pm
using an automatic coater (RK PrintCoat Instruments, UK). The coat-
ing was dried at 50°C before punching it with a precision punch
(Hohsen, Japan) into 15 mm diameter disks and final drying under
dynamic vacuum in a glass oven (drying oven 585, Biichi, Switzer-
land) at 120°C (for coatings on copper foil or Freudenberg separator)
or at 95°C (for coatings on Celgard separator). The final electrodes
had a loading of A6 mgypie/cm?.

LFP electrodes were prepared by mixing lithium iron phosphate
powder (LFP with a carbon coating of 1.9%, Clariant, Germany),
PVDF (Solef 5130, Solvay, Germany), Super C65 carbon black (Tim-
cal, Switzerland) and vapor grown carbon fibers (VGCF-H, Showa
Denko, USA) at a weight ratio of 80/10/5/5 with NMP (solid content
33%) in a planetary orbital mixer (15 min at 2000 rpm). The ink was
coated with a gap bar onto aluminum foil (thickness 18 wm, MTI cor-
poration, USA) at a wet-film thickness of 500 wm using the automatic
coater. The coating was dried at 50°C before punching it with a preci-
sion punch into 14 mm disks and final drying under dynamic vacuum
at 120°C. The final electrodes had a loading of ~12 mgLFp/cmz, which
results in an anode/cathode capacity ratio of ~1.1. Based on a theo-
retical capacity of 170 mAh/g; gp, the areal capacity of the employed
LFP electrodes was hence around 2 mAh/cm?.
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Electrochemical cycling.—In order to investigate the influence of
CO; on the SEI formation, cells must be used which can be filled with
gases. Hence, we employed for the study at hand our home-made cell
design originally developed for Li-air battery cell studies.*° Electrolyte
solutions of 1 M LiPFg (BASF) in a mixture of propylene carbonate and
ethylene carbonate (PC/EMC, 30/70 by weight, Selectilyte, BASF)
were employed to quickly judge whether with the respective additive
astable SEIis formed, which would suppress the otherwise continuous
PC intercalation and reduction.

All cells were assembled in an argon filled glove box (O, <0.1 ppm,
H,0<0.1 ppm, MBraun, Germany). When building full-cells, LFP
electrodes were placed onto the flat bottom part of the cell, followed
by 40 pl of electrolyte, 2 Celgard separators H2013, another 40 1
of electrolyte and a graphite electrode coated on a H2013 separator
(coated side facing the gas phase), followed by a final 40 1 of elec-
trolyte and a steel mesh (21 mm diameter, 0.22 mm diameter wire,
1.0 mm openings, Sporl KG, Germany) as current collector. In order
to study the effect of CO,, cells were flushed for 35 s at a flow of
15 NI/h with CO; (99.995%, Westfalen, Germany). For comparison,
standard 2032 coin cells with graphite electrodes coated on copper
and filled with 60 w1 of electrolyte were assembled for cells without
CO; filling.

After 1 h rest at open circuit voltage, the cells were galvanostati-
cally cycled at 25°C in a climate chamber (Binder, Germany) with a
battery cycler (Series 4000, Maccor, USA) between 2.7 and 3.8 V at
rates of C/20 (1* cycle) and C/10 (2" and 3 cycle), followed by 37
cycles at C/5 without a constant voltage step.

Surface analysis with FTIR, XPS and NMR.—Surface character-
ization of graphite electrodes was conducted after one formation cycle
at C/20 at 25°C between 2.7 and 3.9 V with a potentiostat (VMP3,
Biologic, France), using the Li-air cell design for those type of exper-
iments. All cells were either flushed with 1 atm CO, or with argon
in order to avoid any contamination from remaining CO, from the
glove box. Cells with '3CO, were filled via a diffusion procedure. An
empty Li-air cell and the assembled, gas-flushed cell to be filled with
13CO, were connected via a Swagelok assembly with a valve between
them. The empty cell was evacuated for 1 h and then filled with 1
atm '3CO, (Sigma-Aldrich, 99% chemical purity, 99% isotope purity)
while the valve between the cells remained closed. Afterwards, the
valve to the connected assembled cell was opened to allow intermix-
ing of the gas volumes for 1 h, resulting in approximately 50% '3CO,
in the cell headspace.

Electrodes were harvested from cells with standard electrolyte
LP57 (EC:EMC 3:7 (w:w), 1 M LiPFg, Selectilyte, BASF) or for
more specific analysis with pure single solvent electrolytes. Cells with
LP57 and 1 M LiPF, in EMC were assembled with graphite electrodes
coated on H2013 Celgard separator and the same separator; cells with
1 M LiPFg in EC, VC or FEC were assembled with electrodes coated
on Freudenberg separator FS24316 and the same separator, as those
solvents could not wet the H2013 separator.

After the formation cycle, cells were flushed with argon and trans-
ferred in an argon-filled glove box. The graphite electrodes were
harvested, rinsed with 3 x 0.5 ml dimethyl carbonate (DMC, 99.9%,
anhydrous, Sigma-Aldrich, stored over molecular sieves), subse-
quently dried for approximately 5 h under dynamic vacuum in a glass
oven at room temperature and brought back to the glove box without
any exposure to air.

Fourier transform infrared spectroscopic (FTIR) analysis was con-
ducted in the glove box with a MIRacle germanium ATR (Pike
Technologies) incorporated in the FTIR spectrometer Spectrum Two
(Perkin Elmer) with a resolution of 4 cm~!. The spectra are shown as
recorded without normalization.

X-ray photoelectron spectroscopy (XPS) analysis was conducted
with a K-alpha spectrometer (Thermo Fisher Scientific) using a pass
energy of 50 eV. All electrodes were cut in the glove box and mounted
on an air-tight sample holder with metal clips to avoid any contact
with air and glue. The binding energy of the obtained spectra was
corrected to the Fls core spectrum of LiF at 685.0 eV. The relative
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atomic concentration of each element was obtained based on peak
areas and sensitivity factors using the Thermo Avantage software.

NMR analysis was conducted of D,0 extracts of the graphite elec-
trodes. The SEI components were dissolved by adding 550 wl of
D,0 (99 atom % D in ampoules, Sigma-Aldrich) to the electrode
and storing it for 30 min in the glove box before transferring the
solution in an air-tight NMR tube (Screw Cap Tubes, Wilmad). 'H,
F and *'P NMR spectra were collected on a Bruker Ascend 400
(400 MHz) NMR spectrometer without proton decoupling, accumu-
lating 128, 128 and 256 scans, respectively. 3C NMR spectra were
collected with and without proton decoupling on a Bruker Avance-II1
(500 MHz, equipped with a cryo probe 5 mm CPQNP), accumulat-
ing 2500 scans. For quantification, standard solutions of deuterated
sodium trimethylsilyl propanoate (TSP) in D,O (10 pl of 0.05 w.-%
TSP in D,O for 'H NMR, 100 1 of 0.75 w.-% TSP in D,0 for *C
NMR) were added to the samples in the glove box. '*C NMR spectra
for quantification were measured with an increased relaxation time T1
of 100 s and 350 scans to ensure complete relaxation of the spins of
Li,CO;.

On-Line electrochemical mass spectrometry (OEMS).—For
OEMS analysis, high surface area carbon black model electrodes were
prepared in order to minimize lithium intercalation and maximize
the signals of the evolved gases. Super C65 carbon black (Timcal,
Switzerland, BET surface area 68 m?/g) was mixed with PVDF (Ky-
nar HSV900, Arkema, France) at a 90/10 weight ratio in NMP with a
planetary orbital mixer. The obtained slurry was coated on a polyester
separator (Freudenberg FS 24316) with a gap bar (500 wm). The coat-
ing was dried at 50°C before punching into 15 mm disks and drying
under dynamic vacuum at 120°C. The final electrodes had a loading
of 1.8 mgeubon/cm?.

To avoid any crosstalk of the evolved gases with the lithium counter
electrode, OEMS analysis®' was conducted in our recently developed
2-compartment cell*? that employs a lithium ion conducting glass ce-
ramic (LICGC, diameter 1°°, thickness 150 wm, 10~* S/cm at 25°C,
Ohara, Japan) with an improved aluminum sealing.** In order to as-
sign the evolved gases to the different components of the electrolyte,
we employed 1 M LiPFg in pure VC, FEC, EMC or EC (all Selecti-
lyte, BASF). As a model electrolyte, also 0.5 M LiTFSI (BASF) in
diglyme (anhydrous, Sigma-Aldrich, Germany) was used. The counter
electrode compartment, which is shielded from the OEMS inlet, con-
tained the Li counter electrode (¢ 17 mm, 450 pm thickness, 99.9%,
Rockwood Lithium, USA) and a 22 mm diameter glass fiber separator
soaked with 200 pl electrolyte. The working electrode compartment
that is connected to the OEMS inlet contained the C65 working elec-
trode (¢ 15 mm) and a polyester separator (¢ 17 mm) soaked with
100 pl electrolyte. The cells were connected to the OEMS system and
purged for 45 s with pure argon to remove any residual trace gases
from the glove box atmosphere. After an OCV period of 4 h, the car-
bon working electrodes were polarized from OCV (~3 V) t0 0.1 V
and back to 2 V with a scan rate of 0.1 mV/s. All mass spectrometer
currents were normalized to the current at m/z = 36 (Ar isotope) in
order to correct for minor pressure and temperature deviations, and
afterwards the currents m/z = 2 (H,), m/z = 26 (C,Hy), m/z = 28
(CO, corrected for contributions from C,H, and CO, as described by
Strehle et al.?®), and m/z = 44 (CO,) were converted into gas con-
centrations using a calibration gas containing H,, O,, CO,, and C,H,
(each 2000 ppm) or H,, O,, CO,, and CO (each 2000 ppm).

Cells with 3CO, were filled via a diffusion procedure similar to
the cells for surface analysis. First, the cell was purged with pure
argon for 45 s to remove any residual trace gases from the glove box
atmosphere. A stainless steel tube (~5 ml volume) was connected to
the cell, evacuated for 30 min and then filled with 3CO,. Then, the
valve between the tube and the cell was opened to allow intermixing
of the gas volumes for 30 min, resulting in 10%-30% '*CO, in the
cell headspace. The exact headspace concentration of *CO, in each
cell was determined by quantification of the m/z = 45 current during
the 4 h OCV period prior to the voltage sweep, assuming the same
calibration factor as for >CO, on m/z = 44.
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Figure 1. ATR-FTIR spectra of PVDF-bonded graphite electrodes after one
formation cycle versus LFP at C/20 between 2.7 and 3.9 V in 1 M LiPFg in
EC/EMC (3:7, LP57) with various amounts of VC (red lines) and FEC (green
lines) ranging from 0-100%. The spectrum nominated “pristine” consists of a
pristine graphite electrode.

Results

SEI formation in dependence of VC and FEC concentration.—
Ex situ surface analysis of cycled electrodes is commonly applied to
determine the composition of the SEI and draw conclusions about
the formation mechanism, whereby FTIR analysis is one of the most
convenient and simplest techniques to use. Therefore, we started our
comparative study of VC and FEC as SEI additives for graphite an-
odes using ATR-FTIR analysis. The corresponding spectra of graphite
electrodes after one formation cycle (at C/20 between 2.7 and 3.9 V)
in standard LP57 electrolyte with different amounts of VC and FEC
additive are displayed in Figure 1. Although the additive content var-
ied from 0% to 100%, only very few changes among the electrodes
were observed. All electrodes showed bands from stretching vibra-
tions characteristic for Li,CO3 (around 1460 cm™"), alkyl carbonates
(around 1620 and 1310 cm™!) and carboxylates (around 1580 cm™!).
The only major difference occurring due to the additives in compari-
son to the standard electrolyte consists of a band around 1800 cm™!,
which was attributed to the stretching vibration of the carbonyl group
of poly(VC).? A similar band is observed for the SEI formed with FEC.
Interestingly, the intensity of this band is independent of the FEC con-
centration, whereas the poly(VC) band increases strongly with VC
concentration.

The similarities between the observed reduction products of VC
and FEC led in the literature to the suggestion that FEC transforms
to VC and finally forms also poly(VC).*!! Theoretical studies also
suggested that FEC and VC reduction may lead to the same reduction
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products.’* However, a single IR-band is not sufficient to identify a SEI
product, and a carbony! stretching vibration at such high wavenumbers
suggests only that the vibration is quite constrained, as for example
would also be the case in non-polymeric cyclic carbonates. As a prod-
uct remaining in the SEI must be a non-soluble solid, it is commonly
assumed that also in the case of FEC a polymer with a constrained
carbonyl group is formed, which was named either poly(FEC)*® or
was directly assigned to be poly(VC).*!! An identical product as in
the case of VC is unlikely, as the vibration around 1800 cm~! occurs
at a slightly lower wavenumber for FEC than for VC (see Figure 1).

Interestingly, this poly(FEC) is only formed in small quantities, in-
dependent of the FEC concentration, in contrast to poly(VC), whose
amount increases strongly with VC concentration (see Figure 1). This
finding explains why FEC can be added to electrolytes as a co-solvent,
whereas the amount of VC has to be well-dosed to avoid the uncon-
trolled formation of a poorly ion conducting polymer, which leads to
high cell impedance.*>~* As the poly(FEC) concentration is observed
to be independent of the initial FEC concentration after the 1** cycle
(see Figure 1), the formation of poly(FEC) seems to involve an electron
transfer, which is no longer possible after a certain SEI layer thickness
has been reached. Nie et al.’ analyzed the SEI on silicon electrodes
after 1, 5 and 20 cycles in a pure single-solvent FEC electrolyte and
showed that the amount of poly(FEC) increased for those electrodes
with cycle number. This might be one important reason why FEC is
the preferred additive for silicon anodes for which the SEI has to be
reformed in each cycle, until all FEC is consumed and the cycling
performance drops.'*33

The origin of LiF in the SEI.—Next to FTIR spectroscopy, XPS
is commonly employed to analyze the SEI. Numerous studies exist
to identify components formed due to the reductive decomposition of
V2103940 or FEC,3-64142 which are the basis of a variety of suggested
mechanisms. Since one major difference between VC and FEC is
the additional fluorine, it seems obvious that in case of FEC, more
LiF should be found on the anode. Indeed, several studies show that
more LiF forms on electrodes cycled in FEC containing electrolytes
compared to standard electrolytes without FEC.*>#41=3 Other articles
report, however, no difference in fluorine concentration>* or even a
lowered amount when using a FEC containing electrolyte.** Whether
the effect of LiF in the SEI is positive or negative is under debate: On
the one hand, the lithium ion conductivity is relatively low compared
to other lithium salts in the SEL;*** on the other hand, it was found
that carbon electrodes with fluorinated binders like PTFE or PVDF
cycle in a more stable manner than with fluorine-free binders like
EPDM, which was attributed to the formation of LiF.!"® Moreover,
LiPFg, the most widely-used Li-ion battery electrolyte salt, is known
for the formation of LiF,***’ which is thus a common and probably
also important part of the SEI.

In this study, we use XPS to investigate the effect of VC, FEC
and also LiPFg on the formation of LiF. Figure 2a shows the ratios
of different elements in the SEI of graphite electrodes after formation
in different electrolytes determined by XPS. While the analysis of
the core spectra of carbon and oxygen leaves room for interpretation,
depending on the number and position of the peaks used for fitting,
the F1s peak of LiF at 685 eV can be easily distinguished from other
fluorine containing species with C-F or P-F bonds, such as PVDF
or LiPFs with binding energies around 687/688 eV. Therefore, we
additionally deconvoluted the ratio of LiF (dark blue) from the other
fluorine species (light blue) in Figure 2a.

First, we employed model electrolytes containing only 1 M LiPFg
in EMC ((1) in Figure 2a), to which 2% of VC (2) or FEC (3) were
added. As can be seen in Figure 2a, the addition of VC (2) suppressed
the decomposition of LiPF; efficiently and the resulting SEI contained
less LiF in comparison to the additive-free electrolyte (1) (6% vs.
13%), as already reported in the literature.>®3? In contrast, the amount
of LiF was approximately doubled (28%) when using FEC (3). Inter-
estingly, the elemental composition and also the amount of LiF were
surprisingly similar between the standard electrolyte LP57 with EC
(5) and the model electrolyte with EMC only (1).
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Figure 2. XPS analysis of PVDF-bonded graphite electrodes after one for-
mation cycle at C/20 between 2.7 and 3.9 V versus LFP in various electrolyte
solutions with either 1 M LiPFg or LiClOy as salt and either EC/EMC or EMC
with and without 2% additive as solvent. (a) Molar percentage of the different
elements detected by XPS. Molar fractions of F bound in LiF and in C-F/P-F
bonds are given separately. The error bars represent the standard deviation of
several measurement points on the same electrode. Usually 2 points per elec-
trode were measured. As the deviation for the electrode cycled in EMC+FEC
was comparably high, 4 (LiPFs) and 7 (LiClO4) points were analyzed for these
electrodes. (b) Cls core spectra normalized between 0 and 1.

In order to understand how much LiF is formed by LiPFs and
PVDEF, we analyzed also an electrode cycled in an electrolyte with
FEC but with LiClOy instead of LiPF4 (4) and one electrode with nei-
ther FEC nor LiPFg (6). Please note that we could not use the model
electrolyte with only EMC as solvent when LiPFs was replaced with
LiClOy, as LFP/graphite cells with EMC and LiClO, without additives
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never reached the upper cutoff potential, but charged without end. This
behavior already indicates that LiF formed from LiPF; is an essential
component of the SEI, at least when no other passivating components
are available. When the LiClO4-electrolyte was employed with addi-
tional EC to form a stable SEI, 2% LiF was still found by XPS, even
without FEC and LiPFg (6). This demonstrates that also PVDF is un-
stable at the applied potentials and participates in the SEI formation,
as demonstrated in the early days of Li-ion battery research.'® How-
ever, as significantly less LiF is found in the SEI of cells with LiClO4
and no additives (6) compared to the same electrolyte with LiPF¢ (5)
(2% vs. 15%), LiPF¢ decomposition is indeed the main source of LiF
in additive-free cells. In contrast, with LiClO4 and FEC (4) almost
the same amount of LiF was found as with LiPFg and FEC (3) (25%
vs. 28%). This finding shows that the decomposition of LiPF is sup-
pressed by FEC, similar as observed for VC (2). Yet, the additional
3% of LiF found in EMC+2% FEC with LiPFg (3) might stem from
the decomposition of LiPFs.

To explain the presence of LiF, Markevich et al.’ suggested a
mechanism in which LiF forms exclusively via transformation of
Li,CO; with LiPFs. Although it becomes clear from our results that
the LiF in FEC-containing electrolytes originates mostly from FEC,
we took a closer look at the amounts of Li,CO; and LiF in the SEI
of the different electrolytes. Figure 2b displays the core Cls spectra
of the same electrodes as in Figure 2a. Interestingly, more carbon-
ate (binding energy 290 eV) was found on the surface after cycling
in an electrolyte with LiClO4 in comparison to a LiPFs containing
electrolyte. As the FTIR spectra (not shown) do not present a sig-
nificant difference in the amount of Li,COs, this difference seems to
be highly surface sensitive. Only the top layer of the SEI, which is
probed by XPS, may undergo a change from Li,COj; to LiF in a LiPFg
containing electrolyte. When VC is added to the electrolyte the char-
acteristic peaks for poly(VC) at 291 and 187.5 eV were observed as
expected.”*%*® Furthermore, it is confirmed that the SEI of electrodes
after one formation cycle in an electrolyte without EC is quite thin,
as the graphite peak at 284.1 eV is clearly visible, whereas the spec-
tra of electrodes after one cycle in EC are showing dominantly peaks
characteristic for alkyl carbonates at 284.8 eV, 287.1 eV and 290.7 eV,
covering the graphite completely.”*

In summary, we can draw the following conclusions from the here
conducted XPS study: LiF is an essential part of the SEI which can
be found in all electrodes. The lowest amount (2%) is obtained when
neither FEC nor LiPF¢ are present in the electrolyte, and hence LiF
originates from the decomposition of the binder PVDF. Approximately
15% of LiF is observed in the SEI of electrodes after a cycle in an elec-
trolyte without additives but with LiPF. The addition of VC, which
gets reduced at high potentials, suppresses the formation of LiF to 6%,
whereas FEC in the electrolyte is the main source of LiF on electrodes
as the amount of LiF is around 25%, almost independent whether
LiPF¢ or LiClOy is used as electrolyte salt.

Gas evolution during the reductive decomposition of VC and
FEC.—To further investigate the onset and the products of the de-
composition of VC and FEC, we performed potential-resolved OEMS
measurements in a sealed 2-compartment cell* in a pure VC or FEC
electrolyte with 1 M LiPF. Figures 3a and 3b show the current density
(upper panel) and the gas evolution (lower panel) during a reductive
CV on a carbon black electrode in VC+1 M LiPFg and FEC+1 M
LiPF; electrolyte, respectively. Both current density and gas evolution
are normalized to the BET area of the carbon black working electrode
(left y-axis) to be comparable throughout the following datasets. In
the VC-only electrolyte, CO, starts to evolve around 2.2 V vs. Li*/Li
and rises steeply up to a maximum of 30 pmol/m3; around 1.1 V vs.
Lit/Li. Interestingly, no clear current peak can be associated with the
strong gas evolution. The CO, evolution of the FEC-only electrolyte
starts at a lower potential (1.8 V vs. Li*/Li), but increases even steeper
up to 40 umol/m3; at 0.9 V. In contrast to the VC electrolyte, there
is a large reduction current with a maximum at 1.1 V vs. Li*/Li for
FEC, coinciding with the maximum rate of CO, evolution. The differ-
ence in reduction current for VC and FEC is consistent with previous
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Figure 3. Gas evolution of a Super C65 carbon electrode during one CV cycle
at 0.1 mV/s in two model electrolytes with 1 M LiPFg in (a) VC or in (b) FEC.
The carbon working electrode is separated from the metallic lithium counter
electrode with an aluminum sealed solid electrolyte diffusion barrier in the here
used 2-compartment OEMS cells.

reports suggesting that VC decomposition is catalytic while FEC re-
duction is stoichiometric.'! Between 1 and 0.1 V vs. Lit/Li, the CO,
concentration decreases slightly in the VC electrolyte, while in the
FEC electrolyte CO, evolution is slowed down (but not stopped). At
the same time, a minor amount of CO is evolved in both experiments.
During the positive going scan, the CO, evolution increases again
linearly for the VC-only electrolyte, whereas it flattens for FEC. Hy-
drogen and ethylene stay below the detection limit during the entire
scan in both VC and FEC.

CO; has been previously identified as the major gaseous product of
VC reduction,”!” and here we confirm that indeed no other species like
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acetylene, which would be the equivalent to ethylene from EC reduc-
tion, are evolved. Also FECis reported to release CO, during reduction
on both graphite!® and silicon,'* while simultaneously forming LiF.>
Recently, calculations by Soto et al.’! have confirmed that the decar-
boxylated radical anion of a reduced VC molecule could be the starting
point for a VC polymerization. The CO, evolution observed for VC
which continues after the end of the reductive CV scan could belong
to a chemical chain reaction which eliminates CO,.'! In contrast,
almost all CO, released from FEC is connected to a corresponding
current. This observation fits well to the abovementioned differences
of VC and FEC at different concentrations (see Figure 1). However, as
both poly(VC) and poly(FEC) contain intact carbonate moieties, they
therefore must be produced by a decomposition pathway proceeding
without any CO, evolution.

The change in CO, evolution slope between 1 and 0.1 V vs. Li*/Li
in both electrolytes points toward a CO,-consuming process occurring
at low potentials, superimposing the CO, evolution. Aurbach et al.!®
suggested that CO, can be reduced to CO and Li,COj; in lithium-
ion battery electrolytes. In both VC and FEC, the CO evolution starts
simultaneously with the consumption of CO,, although the amount of
CO seems too little to quantitatively account for the consumed COs.
Alternatively, CO could result from the direct 2-electron reduction of
VC32 or FEC.%

Since both VC and FEC reduction are characterized by a strong
CO; evolution, and since in both cases CO, is partially consumed or
its evolution suppressed at low potentials (< 0.8 V), we further want
to investigate how (i) the presence of CO, affects the formation of
graphite electrodes and (ii) if CO, plays a role in the ability of these
additives to form a highly effective SEI.

Cycling in PC/EMC based electrolytes with VC, FEC and CO,.—
Even though there is a clear difference between the additives VC and
FEC in terms of LiF and surface polymer formation, the previous
section clearly demonstrated the similar gas evolution pattern during
their initial decomposition. In order to investigate whether the evolved
and possibly also consumed CO, plays a role in the performance and
effectiveness of these two SEI forming additives, the cycling perfor-
mance of cells with VC or FEC were directly compared to cells filled
with gaseous CO,. Since the cycling stability of cells with a standard
EC containing electrolyte is rather high even in the absence of SEI
forming additives, the effectiveness of SEI forming additives can be
determined more easily by cycling cells in EC-free electrolyte. Thus,
graphite/LFP cells were built with a 1 M LiPFs in PC/EMC (30/70 by
weight) electrolyte with 2% VC, 2% FEC, 1 atm CO, or no additive
at all, and cycled with a rate of C/5 after 1 formation cycle at C/20 and
2 formation cycles at C/10. Figure 4a displays the specific charge ca-
pacity versus cycle number for different electrolyte formulations. No
stable cycling is obtained for a graphite/LFP full-cell with an additive-
free PC/EMC electrolyte (orange hexagonals), because PC does not
form a stable SEI on graphite’® and is therefore continuously re-
duced until all extractable Li* from LFP is consumed. The solvent
co-intercalation in the graphite layers leads to exfoliation exposing
fresh, unprotected graphite for further solvent reduction. This results
in a first charge at a very low apparent cell voltage (2.6 V), with-
out any discharge capacity after this first charge (see orange curve in
Figure 4b). In contrast, all three additives (FEC, VC and CO,) al-
low stable cycling in PC/EMC (Figure 4a). While the capacity and
the capacity retention of the cells with 2% VC (red dots) are essen-
tially identical to those of cells with the standard electrolyte EC/EMC
(LP57, black squares), cells with 2% FEC (green diamonds) or CO,
(blue triangles) have a much larger first cycle irreversible capacity (see
Figure 4b) while their capacity fading is similar to that of the cell with
VC or LP57. Please note that the irreversible capacity, i.e., the capacity
drop between 1% and 2™ cycle, is relatively large for the here presented
cells even with LP57 electrolyte. We correlate this behavior to the
large specific surface area of the employed SLP30 graphite of 7 m?/g,
which necessitates an increased amount of SEI products for full pro-
tection of the active surface area, thereby consuming more Li-cations>®
and leading to a higher irreversible capacity. On the other hand, this
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Figure 4. (a) Galvanostatic cycling performance (charge capacity) and (b) ex-
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bars represent the standard deviation of 3 repeat cells. Our in-house developed
Li-air 1-compartment cell design was used to cycle the three cells with CO»;
for all other experiments two coin cells each were cycled in comparison to one
cell with the Li-air-cell design, whereby no significant differences between the
cell types were noted.

higher surface area facilitates better signals for spectroscopic and for
gas analysis due to the increased amount of SEI products formed on
the surface.

Regarding the voltage profiles in Figure 4b, the similarity between
FEC (green curve) and CO, (blue curve) is striking. Due to a lower
initial voltage plateau at the beginning of charge, during which irre-
versible processes take place, the first discharge capacity is lowered.
Afterwards, stable cycling is possible with coulombic efficiencies al-
most as high as for LP57 and for PC/EMC+VC. The latter reacts
according to the observed gas evolution (cf. Figure 3a) at a potential
500 mV higher than FEC, which might lead to an earlier passivation of
the graphite and thus to less irreversible capacity losses in the first cy-
cle. These observations confirm the work of Jeong et al.,”® who cycled
cells with FEC and VC in pure PC and also found higher stabilities
for cells with VC.

Overall, it can be concluded that CO, is capable of forming a suffi-
ciently protective SEI on graphite to allow stable cycling in a PC/EMC
electrolyte, and CO, evolution during the initial additive reduction pro-
cess may thus be an important part of an effective SEI forming additive
like VC and FEC. Due to the more complicated handling of CO, in
comparison to liquid additives, the early successful application of CO,
in lithium-ion batteries'’->3 may have been forgotten over time.
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OEMS analysis of carbon black electrodes with and without
13C0,.—To better understand the CO, consumption process, we in-
vestigated the gas concentrations in cells filled with CO, during the
first CV cycle by OEMS. Both EC and EMC do not form additional
CO; upon reduction and were therefore chosen for this experiment.
However, EMC presumably decomposes to lithium alkoxides,?” which
could chemically react with CO,.%° In contrast, lithium ethylene dicar-
bonate (LEDC), the major product of EC reduction, is not expected to
react chemically with CO,. To distinguish between gases originating
from electrolyte reduction and products of CO, reduction, the respec-
tive cells were filled with isotopically labeled '3CO,.

Figures 5a and 5b show the current profile (upper panels) and the
gas evolution (lower panels) during a voltammetric scan at 0.1 mV/s
of a C65 electrode from OCV (~3 V) to 0.1 V vs. Li*/Li and back
to 2.0 V vs. Li*/Li in argon-filled cells with EC + 1 M LiPF and
EMC + 1 M LiPF; electrolyte, respectively. For the EC electrolyte
(Figure 5a), a characteristic reduction peak can be observed around
0.6 V vs. Lit/Li. The evolution of ethylene starts just below 1 V vs.
Li*/Li and rises steeply until it reaches a plateau of 17 pmol/m} at
the vertex potential. Between 0.8 and 0.1 V vs. Li*/Li, minor amounts
of CO and H, (~2 pmol/m3;) are observed. Apart from these gases,
CO, is evolved starting at 2 V vs. Lit/Li, reaches a maximum of
1 pmol/m3g; at 1.5 V vs. Li/Li, and drops back to zero below 1 V
vs. Li*/Li. The dominant evolution of ethylene can be attributed to the
major reduction pathway of EC to ethylene and lithium ethylene dicar-
bonate (LEDC).!64%-60.61 The evolution of CO; is presumably initiated
by the reaction of OH™, a product of trace water reduction and EC.5263
A reduction of CO, to CO seems unlikely here, as CO evolves only
below 1 V vs. Lit/Li, where CO, is already completely consumed.
However, CO has been suggested as the product of a direct 2-electron
reduction of EC.%4% The simultaneous evolution of H, could result
from the reduction of residual H,0,%? protic impurities such as HF*
or the direct reduction of EC.%"¢

For an EMC + 1 M LiPF electrolyte (Figure 5b), CO is the ma-
jor evolved gas. Its evolution proceeds in two steps, with a lower rate
during the first step between 1.5 and 0.6 V vs. Li*/Li and a sharp
increase between 0.6 and 0.1 V vs. Li*/Li. Neither CO, nor H, were
observed during the measurement, yet strong signals related to the es-
ter exchange reaction of EMC to DMC and DEC were detected (not
shown). Note that for this reason, the m/z = 12 trace was chosen for
quantification of the CO signal, as the typically used m/z = 28 is su-
perimposed by trans-esterification signals. A more detailed discussion
of the reduction mechanism of EMC and the trans-esterification can
be found in Strehle et al.?

Figures 5c and 5d show the corresponding EC and EMC model
electrolytes in cells filled with a '*CO,/Ar mixture. Both current
profiles (upper panels) show a peak around 0.6 V vs. Li*/Li. Be-
tween 1.5 V and 0.1 V vs. Li*/Li, a total of ~70 wmol/m}, and
~65 wmol/m3.; *CO, is consumed in EC and EMC, respectively
(middle panels). The rate plots (lower panels) show that in both elec-
trolytes, the '3CO, consumption proceeds through 3 steps with their
rate maximaat 1.5V, 0.7 V,and 0.1 V vs. Li*/Li. Interestingly, no '*CO
evolution is observed at any of these steps, clearly disproving the pre-
vious assumption that CO, could be reduced to CO and Li,CO;.'%!8
The additional H, evolution in both '*CO, cells is attributed to the
different gas filling procedure, which unfortunately seems to intro-
duce some trace moisture into these cells; this should, however, not
affect the main finding, namely the consumption of CO, without CO
evolution. In the cell with EC and *CO,, the ethylene evolution is
further roughly halved, amounting to 7 wmol/m3y, compared to the
measurement in argon (Figure 5c). The CO evolution in the EMC
cell with 1*CO, (Figure 5d) is even more drastically reduced, yielding
only 1/5 of the amount released in the same electrolyte in argon (Fig-
ure 5b). Additionally, we could not detect any OEMS signals related
to the trans-esterification of EMC?? in the EMC/"3*CO, cell.

The striking similarity of the amount and pattern of the *CO,
consumption in EC and EMC suggests that its pathway is independent
of the solvent, and hence proceeds as an electrochemical reduction
reaction and not as a chemical reaction with solvent decomposition
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Figure 5. Gas evolution of a Super C65 carbon electrode during the first CV cycle at 0.1 mV/s using various model electrolytes with 1 M LiPFg in (a) EC, (b)
EMC, (c) EC with 13CO, added to the cell head-space, or (d) EMC with added 13C0,. The carbon working electrode is separated from the metallic lithium counter
electrode with an aluminum sealed solid electrolyte diffusion barrier in the here used 2-compartment OEMS cell.

products. In both cases, the presence of CO, can effectively suppress
the decomposition of the original solvent. The stronger CO, induced
suppression of electrolyte decomposition for EMC compared to EC
can be explained by their different reduction potentials: While the
EC and CO, reduction occur in the same potential range (1-0.5 V
vs. Lit/Li), EMC is mainly reduced at lower potentials (< 0.5 V vs.

Li*/Li), where CO, has already formed a passivating layer on the
electrode. As discussed above, the absence of '*CO further indicates
that the commonly assumed reduction of CO, to Li,CO; and CO does
not take place. Although Li,COj; is commonly observed in the SEI of
electrodes cycled in CO,,2*?223%8 3 reduction to lithium oxalate®°
or lithium formate’' is also possible in aprotic solvents. Therefore, we
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Figure 6. ATR-FTIR spectra of PVDF-bonded graphite electrodes after one
formation cycle at C/20 between 2.7 and 3.9 V versus LFP in 1 M LiPFs in EC
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added in order to investigate which SEI components contain the added CO5.
The spectrum nominated “pristine” consists of an unused graphite electrode.
The dashed lines mark the band position for lithium oxalate, the dotted lines
for lithium carbonate, assuming a standard salt containing '>C.

take a closer look at the SEI components formed in the presence of
CO,.

FTIR analysis of electrodes after formation in CO,.—In order to
get a better understanding of the CO, consumption mechanism, FTIR
spectra of graphite electrodes after one cycle at C/20 in an EMC or
EC based electrolyte with and without CO, were analyzed. The cells
were filled with both '>CO, and '*CO, to facilitate the assignment of
the products formed due to CO, by the isotopic shift of the respective
IR bands, the magnitude of which was estimated as follows.

The frequency v of a vibrational band is determined by the coupling
constant k and the reduced mass L.

for a two-atomic molecule

(1]
Assuming that the coupling constant does not change due to an
isotopic exchange, the shift of the frequency can be calculated as fol-

lows:
M
Visotope =V (2]
pvlsotope

Even though these equations are only valid for molecules with two
atoms, a rough estimation of the expected isotopic shift can be still
calculated by considering a C and an O atom for vibrations from
carbonates and carboxylates. The replacement of '>C by '*C would
result in bands at a value of 97.8% of that of the original wavenumber.

Figure 6 shows the ATR-FTIR spectra of the graphite electrodes
cycled in EMC and EC based electrolytes with and without CO,. The
spectra of the electrodes cycled in argon show mostly alkyl carbonates
(vibrations around 1640 cm™!, 1310 cm™!, 1080 cm~' and 820 cm™')
and are similar to the results by Nie et al. who analyzed binder-free
electrodes in pure EC and EMC electrolytes.*” The electrode cycled
with '2CO, in EC contains additionally the characteristic asymmetric
stretching vibration band of the CO%‘ anion, which is largely increased
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for the electrodes cycled in '>CO,. The asymmetric stretching vibra-
tion is split in two due to the degeneration of the symmetry in Li,COs,
resulting in a band at 1490 cm~! and at 1420 cm~'. These stretch-
ing vibration bands and the bending vibration band at 863 cm™! are
marked by the dotted lines in Figure 6 and are clearly shifted for the
electrodes cycled in EC+'*CO, within the wave number range ex-
pected for a '3C replacement (i.e., for the stretching vibration bands
by ca. 30 cm™!). A similar shift is observed for the electrodes after the
formation cycle in EMC+'3CO,. However, the split stretching vibra-
tion band is less pronounced. Therefore, it is likely that it consists of a
mixture of Li,'?COj; and Li,'3COj5. This finding is surprising, as only
very little '2CO3™ (if any) was found on the electrode after formation
in EMC and argon (cf. brown line in Figure 6). It suggests that due
to the presence of CO,, Li,COj is formed both directly from the CO,
and the EMC molecule.

The dashed lines in Figure 6 mark the strongest vibrations of '2C
lithium oxalate. No clear bands are observed at these wavenumbers.
However, there is also an isotopic shift of bands observed around
1600 cm~! when changing from '2CO; to '3CO,. Unfortunately, these
bands may belong to a variety of carbonates or carboxylates. In order
to clarify the CO; reaction, we further applied NMR spectroscopy of
D, 0 extracts of cycled graphite electrodes to distinguish carboxylates
like lithium formate or acetate from carbonates like lithium methyl or
ethyl carbonate, which are unfortunately not clearly distinguishable
by FTIR.

NMR analysis of electrodes after formation in CO,.—Figure 7
displays exemplary 'H and proton decoupled '*C NMR spectra of
D, 0 extracts of graphite electrodes after one formation cycle in a pure
EC or EMC based electrolyte. Before analyzing the spectra of the cells
with CO, added to the gas-phase, the spectra of the argon flushed cells
(black and brown line in Figure 7) are compared to a previous study
by Nie et al.,*” who analyzed binder free graphite electrodes in pure
EMC and EC based electrolytes. Similar to Nie’s study, we obtained
for pure EC a strong singlet at 3.67 ppm in the 'H spectrum, which
can be related to LEDC formation on the electrode. For EMC the
expected singlet of lithium methyl carbonate (LMC) at 3.36 ppm as
well as atripletat 1.19 ppm (J = 7.1 Hz) and a quartet at 3.65 ppm (J =
7.1 Hz), which can be related to lithium ethyl carbonate (LEC), were
found by '"H NMR.**? For both electrolyte systems, a small amount
of lithium acetate (LiAc) and lithium formate (LiForm) was detected
and are marked in Figure 7a. Surprisingly, we found also some LEC
and LMC in the EC cell, which cannot be explained by the commonly
accepted EC decomposition mechanism®” and which was not observed
by Nie et al.*’ As expected, no LEDC was found in the EMC cell.

Regarding the '*C NMR spectra in Figure 7b, only the main signals
of LEC (16.7 and 57.3 ppm) and LMC (48.7 ppm) for EMC, as well
as of LEDC (62.3 ppm) for EC were detected.**> Furthermore, small
signals at 167.8 ppm and 171.0 ppm, which can be related to Li,CO3
and lithium formate, were found. As no signal of the carbonate-C
of LEDC, LMC or LEC is detectable, it is likely that the alkyl car-
bonates were quantitatively hydrolyzed by D,O into alkoxides and
Li,CO;.” This would further explain the detection of Li,CO3, which
was only observed in traces by FTIR of the same electrodes from Ar-
filled cells. The observed '*C NMR signals may hence not directly
belong to LEDC, LMC and LEC, but to ethylene glycolate, methox-
ide and ethoxide. Thus, a distinction between alkoxides and alkyl car-
bonates is unfortunately not feasible. Since alkoxides are commonly
expected to be soluble in the electrolyte’* and hence are not a major
SEI product, we however believe that the NMR signals originate ex-
clusively from the alkyl carbonates. Thus, the NMR signals are labeled
as LEDC, LMC and LEC in the following. '°F and *'P NMR did not
reveal any more insights, as only remaining trace amounts of LiPFg
and LiF were found, in accordance to Nie et al.*

Figure 7a further shows the "H NMR spectra of cells after formation
in a 3CO, enriched atmosphere. Surprisingly, no new products can be
detected. However, the decomposition of EC and EMC is substantially
reduced by the addition of CO,, as the signals assigned to LEDC, LMC
and LEC are decreased. In order to quantify this effect, TSP was added
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Figure 7. (a) 'Hand (b) '*C NMR spectra of the D, O extract of PVDF-bonded
graphite electrodes after one formation cycle versus LFP in 1 M LiPF¢ in EC
or EMC, with and without added CO> to the gas-phase. Both standard '>CO,
and labeled 3CO, were added in order to investigate which SEI components
contain the gas-phase CO,. Note that here only the '*CO, labeled NMR data
are shown. An enlarged version of the 13C spectra in the 160-190 ppm region
can be found in Figure S4.

to the NMR tubes and the molar concentration per electrode surface
area is determined and given in Figure 8 and Table S1. It can be clearly
seen that the amount of LEDC in the EC cells is approximately halved
due to the addition of CO,. This finding is in line with the results from
the above OEMS analysis, where the addition of CO, also roughly
halved the characteristic decomposition gas ethylene on the Super C65
electrode (cf. Figures 5a and 5c) as well as on the graphite electrodes
(cf. Figure S1 and S2). The decomposition of EMC is even more
suppressed, although the decrease of LMC and LEC in the SEI is
less than the decrease of the evolved CO (cf. Figures 5b and 5d).
This confirms that the formation mechanism of LMC and LEC is not
directly connected to the evolution of CO, which is explained in detail
in literature.”>” The suppression of solvent decomposition seems not
to be related to the partial pressure of CO,, as the amount of LEDC,
LMC and LEC is roughly the same for a cell flushed with 1 atm '>CO,
or a cell containing a '3CO,/Ar mixture (cf. Table S1). Even though
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no new water-soluble products are observed due to the addition of
CO,, the incorporation of CO; is observed with '3C labeled CO, due
to 'H-'3C coupling. The additional doublet at the position of lithium
formate at 8.4 ppm with a coupling constant 'Jc.y of 195 Hz’® shows
that *CO, forms lithium formate. Furthermore, the lithium acetate
signal at 1.9 ppm shows small amounts of a surrounding doublet with
a coupling constant 2J¢_y; of 6 Hz. Even though '3CO; is hence clearly
incorporated in the formed lithium acetate and lithium formate, the
total amount of these species seems to be independent of whether
CO, is added or not (cf. Table S1). In contrast, the lithium formate
concentration seems to increase with the water concentration, as a
larger lithium formate amount is found in cells filled with '3CO,/Ar
compared to 12CO,. Due to the filling procedure and the lower dryness
of 3CO, we assume a higher water content in those cells.

Figure 7b displays the '*C NMR spectra of the argon flushed cells
and the cells enriched with *CO,. In contrast to the 'H NMR spectra,
the signals belonging to products formed with 1*CO, are clearly visible
due to the signal enhancement by '3C compared to products formed by
non 13C enriched species with a 3C content of only 1.1%. The signals
correlated to LEDC, LEC and LMC are diminished in accordance
to the 'H NMR spectra, while strong signals arise around 170 ppm
which hence must be related to products formed with '3CO,. With the
help of reference samples, the signals at 167.7 ppm, 171.0 ppm and
173.4 ppm were identified as Li,COs3, lithium formate and lithium
oxalate (Li,C,04), respectively. The signal of lithium formate was
further confirmed by the coupling constant 'Joy of 195 Hz in the
spectrum without proton decoupling, matching the one in the 'H NMR
spectrum. A signal belonging to lithium acetate, which should appear
around 181 ppm with a coupling constant of 6 Hz, was, however, not
found. Several further signals between 174 and 178 ppm must also
belong to carboxylates and carbonates, but could not be identified (cf.
Figure S4 for magnification). The same is true for a triplet at 75 ppm
and a quartet at 85 ppm in the proton decoupled spectrum with coupling
constants of 53 and 51 Hz, typical for 'Jc.c.”® This implies that the
coupling must occur between '*C labeled nuclei, indicating a more
complex structure formed by several *CO, units. The triplet forms an
additional doublet ('Jc.y = 150 Hz) in the spectrum without proton
decoupling, indicating a tertiary carbon in the unknown substance.

However, as these signals are rather small, we focus in the fol-
lowing on the three main products observed in the cells filled with
13C0,, namely Li,COs;, lithium formate and lithium oxalate. In or-
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der to quantify the signals, *C NMR spectra with a 25x prolonged
relaxation delay were recorded to allow the full relaxation of the slowly
relaxing carbonate nuclei. The surface normalized amounts obtained
by referencing to the internal TSP standard are given in Table S2.
For comparison with the quantification results from the 'H NMR, the
signal of LEDC from the graphite electrode in the *CO,/EC cell was
also quantified assuming 1.1% of '*C, as '*CO, cannot be incorporated
in the CHy-units of LEDC. 10 pmol/m},; LEDC were found in '3C
NMR of the *CO,/EC graphite electrode compared to 9 pmol/mig;
by "H NMR. This difference is probably related to the sample prepa-
ration (addition of the standard). A slightly higher concentration was
also determined for lithium formate by '*C NMR in comparison to
"H NMR in both EC-and EMC-based cells filled with '*CO,, but the
accuracy is reliable enough to quantify the amount of lithium oxalate
in comparison to Li,COs. Interestingly, the product distribution for
EC and EMC with '3CO, is similar. While lithium oxalate occurs
only in small amounts, roughly half of the amount of lithium formate,
Li,CO; is clearly the main product, in accordance to the FTIR spec-
tra (cf. Figure 6). It should be, however, mentioned that due to the
hydrolysis of alkyl carbonates by D,O some Li,CO3 may arise from
alkyl carbonates formed in the reaction of alkoxides and '*CO,. This
reaction was suggested to be responsible for the alkoxide scavenging
effect of CO, stopping the trans-esterification of linear alkyl carbonate
solvents.”® The small amount of superposing Li,'>COs can, however,
be neglected.

In order to quantify all the detected NMR products, we finally
added CsFs to the D, O extracts of the electrodes to estimate the amount
of LiF in the SEI, which is given in Figure 8 and Table S1. Similar to
VC and FEC, the addition of CO, suppresses the LiPFg decomposition,
as also less LiF was found in the electrodes of the CO, cells.

Discussion

SEI thickness.—In order to check whether the thickness of the
SEI composed of the products found is reasonable, we estimated the
number of monolayers derived from the surface normalized amounts
obtained by NMR and summarized the results in Table S3. For this,
we assumed that each atom of the found molecules occupies a square
with an edge length of a carbon-carbon single bond (0.15 nm).”” The
resulting 2.7 to 5 monolayers seem reasonable. The actual SEI thick-
ness might be higher, as some products may not adsorb flat on the
surface, and as products insoluble in D,O such as polymers are not
taken into account. Nevertheless, it appears that the total amount of
SEI monolayers is decreased due to the addition of CO,. This might
mean that the main product of CO,, namely Li,COj, passivates the
graphite anode more efficiently than a bulkier alkyl carbonate which
may not lie completely flat on the surface. It should, however, also be
mentioned that the SEI is thicker in a pure EC cell than in a pure EMC
cell. This correlates with the observation from the XPS spectra (cf.
Figure 2b), where the graphite peak could be seen in the spectra from
electrodes in EMC electrolyte but not for electrodes cycled in EC. As
the passivation properties of EC are superior compared to EMC,® it
is difficult to judge whether a thinner or a thicker SEI is at the end
advantageous.

The formation of Li;CO3;.—The FTIR and NMR analyses show
clear evidence that Li,COj is the major product due to intentionally
added CO, on the graphite electrode in Li-ion battery cells. However,
no CO was detected by OEMS upon the consumption of CO,, which
clearly excludes the previously hypothesized mechanism:'3

2C0, +2e +2Lit — CO+ Li,CO; 3]

A fraction of the detected Li,CO; can be explained by the reduction
of trace water and its subsequent reaction with CO,:

H,O0+e — 0.5H, + OH™ [4]

CO, +OH™ + 2 Li* — Li,CO; + H* (5]
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Reactions 4 and 5 explain further the effect that more water leads
to more Li,CO; and less LEDC in the SEL.”° Water is expected to
be reduced at approximately 1.5 V vs. Li*/Li.5>%° As can be seen in
Figures 5a-5d, a clear reduction peak can be observed in the voltage
profile at this potential. The integration of this peak yields an electric
charge which would be required to reduce approximately 40-50 ppm
of water. Summing the trace water contained in the electrolyte (a minor
amount, as water converts to HF during storage),*” in the electrodes and
introduced by the gas filling procedure, this amount seems reasonable.
Atthis potential, the first (minor) CO, consumption process takes place
(see Figures 5c and 5d), in agreement with Reaction 5. Surprisingly, no
hydrogen is evolved at this potential in argon-filled cells (Figures 5a
and 5b), although hydrogen evolution can be observed in cells filled
with 3CO, (Figures 5¢ and 5d), which probably contain more moisture
due to the '3CO, filling procedure.

The main consumption of CO, takes place in a second process
around 0.7 V vs. Lit/Li (see Figures 5c¢ and 5d), which fits to the
suggestion that the reduction of CO, to CO3™ radicals occurs at lower
potentials than the water reduction:®!

CO, +e~ — CO5” [6]
CO;3™ radicals will recombine forming lithium oxalate:
2 CO5™ +2Li" — Li,C,04 [7]

Furthermore, COS™ radicals can react in the presence of protons pro-
duced by Reaction 5 or other protic impurities, e.g. from HF, to lithium
formate:

COy™ + H" + Lit + ¢~ — HCO,Li 8]

In order to produce the 1.6-3.3 umol/m3; of lithium formate detected
(cf. Figure 8 as well as Table S1 and S2), about 15-40 ppm of protons
in the form of water or HF are needed in the electrolyte. Assuming that
water is the only protic impurity and that according to Reactions 4 and
5 one proton would be released into the electrolyte per water molecule,
the formed amount of lithium formate is comparable to the amount of
water determined by the charge flowing at the water reduction potential
of 1.5 V vs. Li*/Li in the voltage profile. As the amount of water is
much smaller than the amount of CO, in CO,-filled cells, it makes
sense that the amount of lithium formate scales with the water content
(cells filled with '*CO, are suspected to contain more moisture than
cells with '>CO, or argon) but not directly with CO; as can be seen in
Figure 8 and Table S1.

If Reactions 4 and 5 were the only occurring processes leading to
Li,COs, the ratio of Li, CO;:H, 0 should be 1:1. However, only around
5 wmol/m}; Li,CO; of the 14 wmol/m3; found (cf. Table S2) can
be explained by these reactions assuming 40-50 ppm of water. An-
other possible mechanism for the detection of a substantial amount of
Li,CO; by NMR may stem from the Dumas-Peligot reaction,** which
is utilized to synthesize alkyl carbonates.’*’383-%5 Alkoxides formed
during solvent decomposition’? react with CO, to the corresponding
alkyl carbonates, but are hydrolized in D,O and only the *C labeled
Li,COs; is detected. However, since Li,COjs is also the main product
in the FTIR spectra (cf. Figure 6), where any contact of the electrodes
with water was carefully avoided, this reaction cannot be responsible
for the main share of Li,CO; formed, unless alkyl carbonates can be
further reduced to Li,CO;. Yet, this seems not very likely, as alkyl
carbonates are a major part of the SEI (cf. Figure § as well as Table S1
and S3) and only little Li, COj5 is found in the absence of CO,. Further-
more, alkoxides are a major decomposition product of linear, but not of
cyclic alkyl carbonates, as can be seen by the significant lower amount
of CO evolved from EC reduction compared to EMC reduction (see
Figures 5a and 5b). Therefore, the similar product distribution for the
EMC and the EC cell would be hard to explain with this mechanism.
In order to prove that CO is simply just not detected by OEMS due to
some consecutive reactions with carbonate electrolyte decomposition
products, the gas evolution of a cell with 0.5 M LiTFSI in diglyme as
electrolyte and added '3CO, was monitored. Figure 9 indicates a '*CO,
consumption in this cell of approximately 110 pmol/m, which is
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Figure 9. Gas evolution of a Super C65 carbon electrode during one CV cycle
at 0.1 mV/s in the model electrolyte 0.5 M LiTFSI in diglyme with '3CO, added
to the gas-phase. The carbon working electrode is separated from the metallic
lithium counter electrode with an aluminum sealed solid electrolyte diffusion
barrier in the here used 2-compartment OEMS cell.

higher compared to the cells with carbonate-based electrolytes (65—
70 pmol/m, see Figures 5c and 5d). In contrast to the carbonate
electrolytes, a small amount of 2 pmol/m3y,. '*CO was detected. How-
ever, the amount of *CO detected in the diglyme electrolyte is by far
too low to explain the CO, consumption via Reaction 3.

Zhuang et al.% suggested that CO is not evolved due to its further
reduction to carbon according to the following mechanism, which
would lead to additional Li,COs5:

2C0; +2e” — CO™ + COyy

COys +2e~ — C+ 0%,

CO, + 0% — CO> (9]
3CO,+4e” - 2CO +C

A similar mechanism is also claimed for the reduction of CO, in
Li-CO, batteries,="° where the formation of amorphous carbon was
confirmed by Liu et al.*® and Qiao et al.”® Since 5 pmol/m3; of
the Li,CO; detected by NMR (cf. Figure 8 and Table S2) can be
explained by Reactions 4 and 5, 9 pmol/m3; (viz., 14 umol/m3;
- 5 wmol/m3;;) must be explained differently. In case that all of the
remaining 9 pmol/m3;; Li,CO; is formed according to Reaction 9,
4.5 wmol/m3; of amorphous carbon should be additionally formed
from the consumed CO,.

The consumption of CO; is, as can be seen in the gas evolution
rate of Figures 5b and 5d, not continuous, but composed of three
different processes. The first one at 1.5 V vs. Li*/Li is related to the
reduction of water and formation of Li,CO; (cf. Reactions 4 and 5).
The second one at 0.7 V vs. Li*/Li belongs to the CO, reduction to
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CO3™ (cf. Reaction 6) and subsequent formation of lithium oxalate
and lithium formate according to Reactions 7 and 8. The third CO,
consumption process around 0.1 V vs. Lit/Li may hence be explained
by further CO, reduction according to Reaction 9, as (almost) no CO
was detected by OEMS.

Reactions 4 to 9 give a plausible explanation for the detected
amount of Li,COj, lithium formate and lithium oxalate by '*C NMR
(cf. Table S2). However, the total CO, consumption observed in
the OEMS measurements does not very well match the amount of
products found by NMR. The cell with EC and *CO, consumed
~58 pmol/mig; CO, (Figure 5¢), the cell with EMC and *CO,
~72 pmol/m3; CO, (Figure 5d). The difference between EC and
EMC might be related to the above mentioned reaction of alkoxides
and CO,, which should occur in particular for linear carbonates. Still,
less than 25 pmol/m3; of *CO, was consumed for the products de-
tected in the '*C NMR spectra (cf. Table S2). This mismatch may be
related to the two different cell set-ups used: while the OEMS mea-
surements were performed with a 2-compartment half-cell and carbon
black electrodes, the NMR analysis was done with LFP-graphite full-
cells. To clarify whether this may lead to different SEI compositions,
we performed an additional OEMS measurement of a graphite elec-
trode with an EC electrolyte and '*CO, in a 2-compartment cell, and
indeed only 36 wmol/m3; of CO, was consumed (see Figure S2). A
similar experiment with argon-filled cells revealed that also the ethy-
lene reduction per m3; is about 1.7 times higher for the C65 carbon
black compared to SLP30 graphite (see Figure S1), which is proba-
bly related to the different surface structure of edge and basal planes
of the graphite. We further hypothesize that the lower consumption of
CO, with graphite is related to the 10x smaller surface area of SLP30
compared to C65, while the amount of trace water in the electrolyte is
the same, leading to a more immediate surface passivation by water re-
duction and Li, CO5 formation (see Reactions 4 and 5) and to less CO,
consumption by subsequent processes on the low-surface area graphite
electrodes. An OEMS measurement of a galvanostatically cycled full-
cell with an SLP30 graphite anode and LFP as counter electrode in-
stead of lithium, led to a similar CO, consumption of 32 pmol/m3;
(see Figure S3). Hence, using LFP in a 1-compartment cell instead
of the 2-compartment cell with lithium counter electrode does not
influence the measurement as much as using C65 carbon instead of
graphite. Comparing the products found by NMR (< 25 pmol/m3)
and the CO, consumed by OEMS (32 pmol/m3;;) in the same cell
configuration, leaves a gap of only 7 pmol/m}g;. 4.5 pmol/m}y; of
the missing 7 pmol/m3; can be explained with the amorphous carbon
formed according to Reaction 9, which cannot be detected in the D,O
extract by NMR. Furthermore, small amounts of products may not be
detected by NMR, because they might be insoluble in D,O such as
polymers. Substantial losses due to the rinsing of the electrodes can,
however, be excluded as a non-washed electrode cycled in EMC under
a CO, atmosphere showed similar results to the rinsed equivalent.

Conclusions

In this paper the effect of the two most common SEI forming addi-
tives VC and FEC were directly compared on carbonaceous electrodes.
The decomposition of both additives leads to a polymeric carbonate.
While VC suppresses the formation of LiF, FEC increases the amount
of LiF in the electrode. CO; is next to trace amounts of CO the only
gaseous decomposition product during formation for both additives.

Interestingly, the addition of CO, to LFP/graphite cells with
PC/EMC electrolyte allowed stable cycling, very similar to cells with
2% FEC in PC/EMC, while cells without additives in a PC/EMC elec-
trolyte could not be discharged even once. Mass spectrometric analysis
of the gas evolution during formation of cells filled with gaseous CO,
revealed that in contrast of common beliefs, no CO is evolved due to
the reduction of CO,, even though Li,CO;5; was found to be the main
additional compound of the SEI in the presence of gaseous CO,. Fur-
thermore, lithium formate and lithium oxalate were detected for cells
with both pure EC and pure EMC electrolyte filled with CO,. Quan-
tification with NMR demonstrated that the concentration of lithium
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carbonate, formate and oxalate is comparable for cells with EC and
EMC, suggesting a CO, reaction mechanism independent of the de-
composition pathway of the used solvent. CO, led further to a clear
suppression of typical solvent decomposition products.

Hence, we conclude that the addition of CO, or CO,-evolving
additives are clearly beneficial for the formation of the SEI. CO, leads
in combination with water and HF to a first passivation layer made of
lithium formate and carbonate at potentials starting around 1.5 V vs.
Li*/Li, which suppresses the later decomposition of the solvents once
potentials are reached. We believe therefore that CO, in combination
with trace water is advantageous for the initial formation of the SEI.
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