N
N

N

HAL

open science

Effect of Vinylene Carbonate Additive in Li-Ion
Batteries: Comparison of LiCoO2C, LiFePO4C, and
LiCoO2Li4Ti5012 Systems
L. El Ouatani, Rémi Dedryvere, C. Siret, P. Biensan, D. Gonbeau

» To cite this version:

L. El Ouatani, Rémi Dedryvere, C. Siret, P. Biensan, D. Gonbeau. Effect of Vinylene Carbonate
Additive in Li-Ion Batteries: Comparison of LiCoO2C, LiFePO4C, and LiCoO2Li4Ti5012 Systems.
Journal of The Electrochemical Society, 2009, 156 (6), pp.A468. 10.1149/1.3111891 . hal-03515367

HAL Id: hal-03515367
https://hal.science/hal-03515367

Submitted on 6 Jan 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03515367
https://hal.archives-ouvertes.fr

The effect of Vinylene Carbonate additive in Li-ion batteries: comparison

of LiC00O,/C, LiFePO,/C and LiCo00O,/Li TisOy, systems

L. El Ouatani,* R. Dedryvére,™ C. Siret,” P. Biensan,” D. Gonbeau®

“ IPREM, University of Pau, 64053 Pau cedex 9, France
b SAF T, 33074 Bordeaux cedex, France

Abstract

Vinylene Carbonate (VC) is a commonly used electrolyte additive in Li-ion batteries,
because of its beneficial role on the formation of the solid electrolyte interphase (SEI). It was
shown to contribute to surface film formation on both electrodes of LiCoQO,/C cells via its
radical polymerization mechanism. In this paper, we carried out a comparative study of the
role of VC on electrode/electrolyte interfaces in LiCoO,/C, LiFePO4/C and LiCoO,/Li4Tis0;;
systems, in which the potential and the chemical nature of each electrode are changed. Coin-
cells were charged at different potentials using a LiPF¢/EC:DEC:DMC liquid electrolyte with
or without VC, and the electrodes were analyzed by X-ray Photoelectron Spectroscopy (XPS).
We showed there is no interaction between the negative and the positive electrode in the VC
polymerization mechanisms — for example by exchange of chemical species from one
electrode to the other one — during the first charge. Separate mechanisms occur, although the

same VC polymer is deposited at the surface of both electrodes.
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1. INTRODUCTION

Most of today's commercial lithium-ion batteries consist of a graphitic carbon anode, a
layered transition metal oxide cathode (LiCoQO,), and a nonaqueous organic electrolyte based
on a solution of a lithium salt (LiPFs) in a mixture of linear and cyclic carbonates. It is well
known that a film called Solid Electrolyte Interphase (SEI) is formed at the surface of the
graphite negative electrode during the first cycles. It is generally admitted that the SEI layer
originates from the reductive decomposition of the electrolyte solvents and salt on the
negative electrode, making up a protective film that prevents side reactions (such as solvent
cointercalation into graphite) and further decomposition of the electrolyte components. The
chemical nature and morphology of this film play an important role in cycle life, power
capability and safety of the battery [1-4]. Much less studies have been devoted to the film
formed at the surface of the positive electrode, but it is now demonstrated that it also plays an
important role in the battery performances [5-8]. Many research studies are thus focused on
the improvement of the electrolyte. The use of electrolyte additives is an efficient method to
improve the SEI properties [9,10]. The most used electrolyte additive is vinylene carbonate
(VC). It was early proposed by SAFT [11] and was the subject of numerous studies [12-28].
The main advantage of VC is its preferential reduction, prior to other electrolyte solvents,
which results in a better SEI on the negative electrode. It was shown using C/Li half-cells that
the presence of VC as additive in the electrolyte results in a higher reversible capacity of the
graphite electrode, and an improved cycle life and performance at elevated temperature
[12,13,19,23,25,26]. For LiCoO,/C cells, VC improves the cycling behavior and reduces the
cell impedance. The positive effects of VC are mainly attributed to reactions at the graphite
negative electrode. Nevertheless some studies have shown that VC may have some effect on
the positive electrode [15,17,20,28-32]. The influence of VC on other systems

(LiFePOu/graphite, LiCoO,/Li4TisO,,) was also investigated [33,34]. Wu et al. reported that



the addition of VC in the electrolyte improves the high-temperature cycling performance of
LiFePO4/C batteries. They showed that VC modifies the LiFePO, electrode/electrolyte
interface, and suppresses iron dissolution and its subsequent deposition on the negative
electrode side.

While the beneficial role of VC on electrode/electrolyte interfaces has been demonstrated,
the exact reaction mechanisms at the surface of the electrodes are still not completely
understood. In a first paper [35], we studied the degradation mechanisms of VC that lead to
surface film formation on both electrodes in a LiCoO,/graphite cell. We showed that the main
solid compound deposited at the surface of both electrodes is a polymer ensuing from the
radical polymerization of VC, which consists of a repetition of EC (ethylene carbonate) rings,
as shown in Scheme 1. In this first paper [35], we carried out the X-ray Photoelectron
Spectroscopy (XPS) investigation of LiCoO,/graphite coin-cells using a LiPF¢/EC:DEC:DMC
liquid electrolyte with and without VC additive, completed by ab initio calculations and direct
synthesis of the VC polymer formed at the surface of the electrodes. We showed that the
presence of this polymer at the surface of the electrodes can be characterized by the presence,
in XPS spectra, of two O 1s peaks at 533 and 534.5 eV. The second one corresponds to a very
high binding energy (534.5 eV), and only a few oxygenated organic species can reach such a
high binding energy value. We showed that this particular peak could be used as a signature
of this VC polymer, and that its intensity increases upon charge of the LiCoO,/graphite cell
[35]. As shown in Figure 1, this peak was observed only when VC was added in the
electrolyte, and its intensity increased when an electrolyte made up of LiPF¢ dissolved in pure
VC was used.

Despite these new results, many fundamental questions still remain open about the exact
role of VC on surface film formation in Li-ion batteries. For example, whereas it is now clear

that both LiCoO, and graphite electrodes are simultaneously covered by the same VC



polymer, the question of a possible interaction between both electrodes in the polymerization
mechanism is not resolved. Indeed, the formation of these surface films may result either from
two independent degradation mechanisms of VC leading to the same final product, or from a
joint mechanism involving both electrodes. Whereas some authors have already proposed
reduction mechanisms of VC into a radical anion at the surface of graphite [36] that could
explain to the radical polymerization of VC at the negative electrode, to our knowledge no
equivalent oxidation mechanism of VC into radical cations at the positive electrode has been
proposed.

The aim of the present paper is to investigate the possible interaction between both
electrodes in the polymerization mechanism of VC. With this aim, we embarked on a
comparative study of LiFePO4/C and LiCoO»/LisTisO,, systems with respect to LiCoO,/C. In
this approach, we investigated the influence of the potential of each electrode and its chemical
nature on the formation of the surface films upon charge when VC is added in the electrolyte.
The electrochemical charge of these systems has been carried out in coin-cells using a
LiPF¢/EC:DEC:DMC electrolyte, with or without VC additive. Graphite/Li half-cells have
been also investigated. The electrode/electrolyte interfaces have been analyzed by XPS at

different potentials of the first charge or discharge.

2. EXPERIMENTAL SECTION

2.1. Electrochemical measurements: The electrode materials were provided by SAFT. The

graphite electrodes consisted of a mixture of graphite, SBR (Styrene Butadiene Rubber) and
CMC (carboxymethylcellulose sodium salt) as binders, deposited on a copper foil current
collector. The LiCoO,, LiFePO,, and LisTisO;, electrodes were prepared by coating an
aluminum foil current collector with a slurry of active material powder, conductive carbon

and poly(vinylidene fluoride) PVdF binder, in N-methyl-2-pyrrolidone. The electrodes were



then dried at 120°C for 12 h in an oven. For graphite/Li half-cells, a metallic lithium foil was
used as negative electrode. Two kinds of electrolytes were used: (a) LiPFs Imol/L in

EC:DEC:DMC (2:1:2 in volume ratio) and (b) the same with a few percent of VC additive.
The purity of the salt LiPFs was 99.98 wt.% min (water <20 ppm). The purity of
solvents EC, DEC and DMC was 99.98 wt.% min (water <20 ppm, methanol +
ethanol < 50 ppm). The purity of VC was 99.9 wt.% (water < 40 ppm, sulfate 50 ppm,
chloride 2 ppm). As usually, this commercial VC contained the stabilizer BHT (2,6-di-
tBu-4-methylphenol).

Graphite/Li, LiFePOs/graphite and LiCoO,/LisTisO;, coin-cells were assembled in a
Jacomex argon dry box, in which the oxygen and water contents were maintained below
2 ppm, and then charged (or discharged for C/Li half-cells) at 20°C using a Multichannel
Potentiostat Galvanostat MPG testing apparatus (Bio-Logic SAS, Claix, France) performing
under galvanostatic mode at C/20 rate (i.e. the full charge — or discharge — capacity of the cell
is reached in 20 hours). Then, the electrodes were carefully separated from the rest of the
battery components in an argon dry box, washed with DMC solvent to remove the electrolyte,
and dried prior to being packed into a hermetically sealed aluminum bag for transportation.
2.2. XPS: XPS measurements were carried out with a Kratos Axis Ultra spectrometer, using a
focused monochromatized Al Ko radiation (hv =1486.6 eV). The XPS spectrometer was
directly connected through a transfer chamber to a dry box, in order to avoid moisture/air
exposure of the samples. For the Ag 3ds,; line the full width at half maximum (FWHM) was
0.58 eV under the recording conditions. The analyzed area of the samples was 300 X 700 pm?.
Peaks were recorded with a constant pass energy of 20 eV. The pressure in the analysis
chamber was around 5.107 Pa. Short acquisition time spectra were recorded before and after
each normal experiment to check that the samples did not suffer from degradation during the

measurements. The binding energy scale was calibrated from the hydrocarbon contamination



using the C 1s peak at 285.0 eV. Core peaks were analyzed using a nonlinear Shirley-type
background [37]. The peak positions and areas were optimized by a weighted least-square
fitting method using 70 % Gaussian, 30 % Lorentzian lineshapes. Quantification was

performed on the basis of Scofield’s relative sensitivity factors [38].

3. RESULTS AND DISCUSSION

Figure 2 shows the galvanostatic charge (or discharge) curves of the different systems
studied in this work: LiCoO,/Li4Tis0;,, LiFePOy4/graphite and graphite/Li. The points show
the various samples studied ex-situ by XPS. In order to investigate the possible interaction
between the positive and the negative electrodes in the formation mechanism of the SEI when
VC is added in the electrolyte, we first carried out a comparative study of graphite/Li half-
cells with respect to the LiCoQO,/graphite system.

3.1. Graphite/Lithium system:

The first electrochemical discharge of the C/Li half-cells at 20°C was stopped at the
following potentials: 1.0, 0.2, 0.15 and 0.01 V, using two different electrolytes: (@) LiPFs
Imol/L in EC:DEC:DMC (VC-free), (b) the same with a few percent of VC additive. After
discharge, each electrode was analyzed by XPS.

Figure 3 shows the evolution of C 1s and O Is core peaks of the composite graphite
electrode upon the first discharge.

C Is core peak: The C 1s spectrum of the fresh composite electrode consists of five peaks.
The first one at 284.3 eV corresponds to graphite. The second one at 285.0 eV is assigned to
SBR binder (and also to hydrocarbon contamination), while the two other peaks observed at
286.7 and 288.4 eV are attributed to CO- and CO,-like carbon atoms in the CMC binder,
respectively. Finally, the last weak peak at 291-292 eV is the "shake-up" satellite of graphite

due to multielectronic transitions involving ©t-t* transitions [39].



For both series of samples, we can observe upon discharge an important decrease of
the graphite component at 284.3 eV, showing that the active electrode material has been
covered by a SEI film. For both series of samples the graphite component has totally
disappeared at 0.2 V, which means that the SEI thickness is greater than the analysis depth of
XPS (about 5-10 nm). In the same time, we can observe the appearance of new peaks at 290-
290.5 eV attributed to COs-like carbon atoms, i.e. to carbonate species. This is in good
agreement with the deposition of carbonate salts (Li,CO; and/or lithium alkyl carbonates
ROCO,L1i) at the surface of the electrode, resulting from the decomposition of the solvents
EC, DEC and DMC. Several formation mechanisms of these carbonate species can be found
in the literature [6,40,41]. They were extensively characterized by XPS in a previous work
[42]. When VC is added in the electrolyte, it is worth noting that an additional weak peak at
291.3 eV can be observed at the end of discharge (figure 3b). This can be attributed to the
deposition of the VC polymer at the surface of the graphite electrode, as shown in our
previous work [35]. Overall, the same evolution of the graphite electrode surface was
observed upon charge of complete LiCoO,/graphite cells. The main difference here concerns
the amount of carbonate species coming from the degradation of the solvents. Indeed, the
amount of carbonates observed on the graphite electrode surface is greater in graphite/Li half-
cells than in LiCoO»/graphite complete cells.

O Is core peak: The O ls spectrum of the composite electrode consists of two peaks
assigned to the oxygen atoms of the CMC binder. For both series, we can observe from the
beginning of discharge the replacement of the O 1s components attributed to the CMC binder
by new components, which show the deposition of new oxygenated species.

When using the VC-free electrolyte (series a), the O 1s spectrum after discharge consists
of two peaks with a maximum at ~532 eV and a shoulder at ~533.8 eV, which is in good

agreement with the deposition of carbonate salts at the surface of the electrode (Li,COj3; and/or



lithium alkyl carbonates ROCO,L1i), resulting from the decomposition of the solvents, as said
above. However, other oxygen-containing compounds may be also present in the SEI.

When using the VC-containing electrolyte (series b), the shape of the O Is spectra is
rather different, and a third peak at a high binding energy (534.5 eV) appears. As explained
above and shown in our previous work [35], only a few oxygenated organic species can reach
such a high O 1s binding energy value, and this particular peak can be considered as a
signature of the VC polymer at the surface of the electrodes. The intensity of this peak
increases upon discharge, showing the particular formation mechanism of the SEI at the
surface of the graphite electrode when VC additive is present.

This is a first important result: despite some small differences (i.e. the amount of
carbonate compounds ensuing from degradation of the solvents EC, DEC and DMC), the
same specific polymerization mechanism of VC which contributes to the formation of the SEI
at the surface of the graphite electrode is observed in both graphite/Li and LiCoO,/graphite
systems. Therefore, one can conclude that the polymerization mechanism of VC at the surface
of the graphite electrode does not require the presence of the LiCoO, electrode.

F Is and P 2p core peaks: To complete the XPS characterization of the SEI on the
graphite electrode, F 1s and P 2p core peaks have been also analyzed. Since no clear evolution
was observed upon discharge whether VC is present as additive or not, only the spectra of the
sample discharged at 0.01 V using the VC-containing electrolyte have been displayed in
Figure 4 as a representative example. The F 1s spectrum shows two peaks. The first one at
687 eV is attributed to the remaining salt LiPFs, despite washing the electrode with DMC
before XPS analysis. The second one at 685.1 eV is attributed to LiF, which is a degradation
product of LiPFs commonly observed at electrode/electrolyte interfaces. The P 2p spectrum
shows two components (which are asymmetric because they include 2p;» and 2p;/, separated

by ~0.9 eV). The first one at 137 eV is attributed to the remaining LiPFs. The other one at



134.4 can be assigned to phosphates that result from degradation of LiPFs. Several
mechanisms have been proposed to explain the formation of these species [6,40,43],
particularly by reaction of LiPF¢ with the traces of water in the electrolyte. These reactions
are also leading to the formation of LiF. Therefore, the SEI is not only composed of organic
species but also of inorganic compounds coming from the degradation of the salt. This
phenomenon is also observed with the LiCoO,/graphite system.

3.2. LiCoOy/Li,Tis0,; system:

The second step of this study concerns the LiCoO,/LisTisO;, system. In this case, the
potential and the chemical nature of the negative electrode are changed with respect to the
LiCoOy/graphite system. The electrochemical properties of LisTisO;» as negative electrode
material have been widely studied [44-47], and it is well known to display a very flat plateau
at 1.55V vs. Li'/Li upon insertion of lithium ions in its tridimensional spinel structure. The
voltage obtained with a cell made up of a LiCoO; positive electrode and a LisTis0;, negative
electrode is of course lower than with a LiCoO,/graphite cell. In our study, the first charge of
the LiCoO,/Li4Tis0,, cell was stopped at the following potentials: 2.09, 2.18, 2.34 and 2.65 V
in the same experimental conditions: (@) with LiPFs 1mol/L in EC:DEC:DMC as electrolyte
(VC-free), and (b) with a few percent of VC additive, at 20°C. The samples studied by XPS
are highlighted by points in Figure 2.

3.2.1. LiCoO; positive electrode (LiCoQO,/LisTis0;»):

Figure 5 shows O 1s spectra of the LiCoO, positive electrodes during the first charge of
the battery (C 1s spectra are not shown because they are dominated by PVdF and conductive
carbon peaks, because of the great specific surface area of carbon particles and the covering
effect of LiCoO, particles by the PVdF binder at the surface).

The O 1s spectrum of the fresh positive electrode displays the expected shape for LiCoO..

The narrow peak at 529.7 eV is characteristic of O> anions of the crystalline network. The



second peak at 532 eV is assigned to oxygen anions of LiCoO, of the surface, which have a
deficient coordination, and also to a weak contamination of absorbed species at the surface
[48].

Upon charge, for both series of samples we can observe the appearance of new peaks,
showing the formation of a passivating film at the surface of the LiCoO, electrode. When the
VC-free electrolyte is used (series a), two new peaks appear at 531.8 and 533.6 eV. This is in
good agreement with the deposition of carbonate salts (Li;COs; and/or lithium alkyl
carbonates ROCO;L1), resulting from the decomposition of the solvents EC, DEC and DMC,
as observed previously for the composite graphite electrode. An accurate attribution of these
components is however difficult here because C 1s spectra are not exploitable.

When VC is added in the electrolyte (series b), two new O ls components at ~533 and
534.5 eV appear and their intensities increase upon charge. This particular signature at high
binding energy (534.5 eV) shows that the VC polymer is present at the surface of the LiCoO,
electrode. The overall evolution is rather close to that observed for the LiCoO,/graphite
system (described in ref. [35], and partially shown in figure 1b). The only difference is that
the surface layer is thinner here, because the intensity of the characteristic O 1s peak of
LiCoO, does not significantly decrease. These results show that the same VC degradation
mechanism is observed at the surface of LiCoO, whether a graphite or a Li4TisO;, negative
electrode is used.

3.2.2. Li,Tis0,, negative electrode (LiCoO»/Li Tis0):

Figure 6 shows Ti 2p, Ti 3s and Li 1s spectra of the LisTisO;, negative electrode during
the first charge of the LiCoO,/LisTisO; cell. Since no difference was observed upon charge
whether VC is present as additive or not, only one series of spectra has been shown as an
example (without VC).

The Ti 2p core peak of the fresh LisTis0;; electrode is split in two parts due to spin-orbit
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coupling, with an area ratio of about 2/1. The Ti 2ps;, component is observed at 458.8 eV and
Ti2p1, at 464.6 eV, in good agreement with Ti*" ions in an oxygen environment. Upon
charge of the LiCoO,/LisTisO;, cell (especially at 2.34 and 2.65 V), we can observe the
replacement of the Ti 2ps, peak at 458.8 eV by a new one at 456.9 eV (characteristic of Ti’").
The same observation can be made for the Ti2p;, component. This is an experimental
evidence of the reduction process of Ti*" into Ti’* accompanying the insertion of lithium ions
into Li4Tis0;,. Figure 66 shows Ti 3s and Li Is core peaks of the LisTisO;, electrode in the
same binding energy region (the intensity difference is due to XPS cross-sections). Upon
charge, we can observe the increase of an additional Li 1s component at 55.7 eV, which
corresponds to lithiated compounds deposited at the surface of the electrode.

Figure 7 shows O 1s spectra of the LisTisO,, negative electrode upon the first charge of
the LiCoO,/Li4Ti50;; cell: (a) with LiPFs 1mol/L in EC:DEC:DMC as electrolyte (VC-free),
and (b) with a few percent of VC additive (C 1s spectra are not shown because of PVdF, as
said above).

The O 1s spectrum of the fresh electrode consists of two peaks. The narrow peak at
530.2 eV is assigned to oxygen atoms of the LisTisO; lattice. The smaller peak at 532.2 eV is
probably associated to adsorbed oxygenated species. Upon charge, for both series of samples,
we can observe a decrease of the LisTisO;, peak at 530.2 eV, and the appearance of new
components at 532 and 533-534 eV. These binding energy values and the observed intensity
ratio are in good agreement with the deposition of carbonate salts (Li,CO3; and/or ROCO;Li),
resulting from the decomposition of the solvents EC, DEC and DMC at the surface of the
LisTisO,; electrode. In the same time, F 1s spectra reveal the deposition of a small amount of
LiF (not shown here). The deposition of carbonate compounds and LiF are also consistent
with the appearance of the new Li Is peak at 55.7 eV, as shown in figure 6b. This is an

interesting result, because LisTisO;, is usually considered as a passivation-free electrode
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material. Indeed, because the main reduction processes of the solvents occur at potentials
lower than 0.8 V vs. Li'/Li, a SEI film formation is not expected to occur on this 1.55 V
electrode, and it is actually not detected by electrochemical cycling or AC impedance
measurements [49-52]. However, deposited species can be detected by XPS at the surface of
this electrode. Other mechanisms than the electrochemical reduction of the solvents at the
negative electrode surface have thus to be considered to explain the formation of these
species.

An important point to notice is that the overall evolution is the same for both series of
samples, and that the same peaks are observed whether VC is present as additive or not.
Especially, the characteristic signature of the VC polymer at 534.5 eV is not observed at the
LisTis0,, electrode/electrolyte interface when VC is present as additive, even at the end of
charge (2.65 V). This is certainly due to the 1.55 V potential of the Li4TisO;; electrode, which
is too high to observe the reduction of VC. This result shows that the particular VC
polymerization mechanism observed at the surface of the graphite electrode in a
LiCoOy/graphite cell [35] is not observed at the surface of the LisTisO;, electrode in a
LiCoO,/Li4Tis0;, cell, whereas simultaneously the same mechanism is observed at the
surface of the LiCoO; positive electrode for both systems. This is a second important result: it
shows that the VC polymerization mechanism can occur at the surface of the positive
electrode independently of the negative one. Therefore, it can also be linked to the high
potential of the positive electrode upon charge, and thus to oxidation processes.

3.3. LiFePO,/graphite system:

The third step of this study concerns the LiFePO./graphite system. In this case, the
potential and the chemical nature of the positive electrode are changed with respect to the
LiCoOy/graphite system. LiFePO4 was shown to be a very interesting positive electrode

material for Li-ion batteries because of its safety and its ability to be used at very high cycling
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rates, which makes it one of the most promising positive electrode materials for electric and
hybrid vehicles applications [53-57]. Many studies have been devoted to optimizing the
synthesis conditions of this material, to improve its electrochemical performances and to
understand the lithium intercalation/deintercalation mechanisms [58-66].

LiFePO, displays a voltage plateau at about 3.5 V vs. Li'/Li. In our study, the first charge
of the LiFePOu/graphite cell was stopped at the following potentials: 1.8, 2.8, 3.4 and 4.5 V in
the same experimental conditions: (a) with LiPFs 1mol/L in EC:DEC:DMC as electrolyte
(VC-free), and (b) with a few percent of VC additive, at 20°C. The samples studied by XPS
are highlighted by points in Figure 2.

3.3.1. LiFePQy positive electrode (LiFePO,/graphite):

Figure 8 shows Fe 2p and P 2p spectra of the LiFePO4 positive electrode upon the first
charge of the LiFePO,/graphite cell. Since no difference was observed upon charge whether
VC is present as additive or not, only one series of spectra has been shown (without VC).

Fe 2p core peak: The Fe 2p spectrum of the fresh LiFePO;, electrode is split in two parts
due to spin-orbit coupling (Fe 2ps;» and Fe 2p;») with an intensity ratio of about 2/1. Each
part consists of a main peak and a “shake-up” satellite [67]. LiFePO4 shows a Fe 2p;, main
peak at 710 eV with a satellite peak at ~715 eV. The spectrum of the fresh electrode is in
good agreement with Fe*" ions in an oxygen environment. The fine structure of the Fe 2p3»
main peak (at 709.5 and 710.5 eV) can be explained by a multiplet effect [66].

Upon charge, we can observe a gradual decrease of the Fe 2ps;, main peak at 710 eV
(characteristic of Fe*"), and a gradual enhancement of a new peak at 712 eV (characteristic of
Fe"). The same evolution can be also clearly observed for the Fe 2p,, peak, showing the two-
phase reaction between LiFePO4 and FePO, following lithium deintercalation.

P 2p core peak: The P 2p spectrum of the fresh LiFePO, electrode consists of one

asymmetric doublet at 133.5 eV (including 2p;/,-2p;1» components separated by ~0.9 eV; only
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the envelope has been represented). The presence of only one P 2p doublet at this binding
energy reveals the presence of only one environment for phosphorus, in good agreement with
a (PO4)> phosphate group.

Upon charge, we can observe the appearance of two additional doublets at ~134.2 and
~135.5eV. They can be assigned to a weak amount of phosphates and fluorophosphates
compounds, respectively, that result from degradation of the salt LiPFs. Simultaneously, a
weak amount of LiF can be detected in F 1s spectra (not shown). Note that C 1s spectra are
not shown here because they are dominated by PVdF, which is also the binder used in this
electrode.

O Is core peak: Figure 9 shows the O 1s spectra of the LiFePOy positive electrode during
the first charge of the battery: (a) with the VC-free electrolyte, and () with addition of VC.
The spectrum of the fresh electrode displays a narrow peak at 531.4 eV which is attributed to
oxygen atoms of (PO,)’” phosphate groups. We can also notice a weak component at 533 eV
which is assigned to contaminating species adsorbed at the surface.

Upon charge, for both series of samples we can first notice that the characteristic peak of
LiFePOy4 at 531.4 eV still remains the main peak of the O Is spectrum. A slight increase of the
O 1s component at 533 eV can be observed, showing the deposition of a small amount of
oxygenated species ensuing from electrolyte degradation. However, the passivating film
remains very thin at the end of charge, which is in good agreement with a previous work
showing that the surface of the LiFePO, particles is not very reactive toward the electrolyte
upon charge [66]. The most important point to notice here is that no difference in the O 1s
spectra is observed whether VC is present as additive or not. Indeed, the characteristic
signature of the VC polymer at 534.5 eV is not observed at the LiFePOj, electrode/electrolyte
interface when VC is present as additive, in spite of the high voltage value reached at the end

of charge (4.5 V). Therefore, the particular VC polymerization mechanism observed at the
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surface of the LiCoO, electrode in a LiCoQO,/graphite cell does not occur at the surface of the
LiFePO, electrode in a LiFePO4/graphite cell.

In parallel, P 2p and F 1s spectra reveal the deposition of a small amount of LiF and
phosphates and fluorophosphates (not shown).

3.3.2. Graphite negative electrode (LiFePO,/graphite):

Figure 10 shows C 1s and O 1s spectra of the graphite negative electrode of the same
cells: (a) with the VC-free electrolyte, (b) with VC added.

C Is core peak: The overall evolution of C 1s spectra upon charge of LiFePO4/graphite
cells can be compared to that observed previously in figure 3 for the graphite electrode upon
discharge of the graphite/Li half-cells. For both series of samples, we can observe the same
decrease of the graphite component at 284.3 eV, showing that the graphite surface has been
covered by a SEI film. The C 1s spectra obtained at 3.4 and 4.5 V are rather similar to those
obtained at the end of discharge for the graphite/Li half-cells. The same way, new peaks
attributed to carbonate species can be observed at 290-290.5 eV, resulting from the
decomposition of the solvents EC, DEC and DMC. An additional weak peak at 291.3 eV is
even hardly detectable at the end of charge with the VC-containing electrolyte. As a result, a
similar evolution of the graphite electrode/electrolyte interface is observed as in the case of
LiCoOy/graphite and graphite/Li systems.

O Is core peak: For both series of samples, we can also observe the same overall
evolution of O 1s spectra as in the case of graphite/Li half-cells. Indeed, after charge at 3.4
and 4.5 V the spectra are very different whether VC is present as additive or not. Particularly,
the characteristic signature of the VC polymer at 534.5 eV is clearly observed with the VC-
containing electrolyte. As a summary, this result shows that the same particular VC
polymerization mechanism is observed at the surface of the graphite electrode in both

LiCoOy/graphite and LiFePO./graphite systems. However, simultaneously the VC
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polymerization mechanism is not observed at the surface of the LiFePOy, electrode. This is in
good agreement with the conclusions of the study of the graphite/Li system, showing that this
VC polymerization mechanism can occur at the negative electrode independently of the
positive electrode. However, this result also shows that both positive electrode materials have
a different reactivity towards the electrolyte. The potential of the electrode during Li"
deintercalation can not be put forward, because the final voltage of the LiFePO./graphite cell
is 4.5V, even higher than that of the LiCoO,/graphite cell (4.2 V). Therefore, another
explanation has to be found. This result leads us to conclude that the chemical nature of the
positive electrode also plays an important role in the electrolyte degradation mechanisms at its
surface. It was already shown that the surface film covering a LiFePO, electrode is much
thinner than that covering a LiCoO, electrode at the end of charge [66]. Therefore, the surface
of LiCoO, may have a specific reactivity that participates to surface film formation.

3.4. Electrochemical results:

Figure 11 shows the differential capacity dQ/dV vs. voltage V plots obtained for
LiCoOy/graphite, graphite/Li and LiCoO,/LisTi50;, systems, with and without VC additive in
the electrolyte. These dQ/dV plots correspond to the galvanostatic charge (or discharge for
C/Li) curves presented in Figure 2. For each system they show the voltage window of the
beginning of charge (discharge), i.e. before lithium intercalation/deintercalation occurs in the
active electrode materials, in order to better evidence the electrochemical processes involved
by electrolyte degradation.

Figure 11a shows the dQ/dV plot of the LiCoO,/graphite cell. First, we can notice two
shoulders at 3.0 and 3.2 V which are observed whether VC is present as additive or not. These
peaks can thus be assigned to electrochemical processes that do not involve VC, i.e. reduction
of the other solvents EC, DEC or DMC at the negative electrode surface (3.0 and 3.2V

correspond to ~0.8 and 0.6 V vs. Li'/Li for the graphite electrode potential, respectively). At a
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lower cell voltage, an additional weak peak can be observed at ~2.4-2.5 V when VC is added
in the electrolyte, as shown in the zoom inset. To confirm the origin of this peak, an additional
electrochemical charge was carried out with a LiCoO,/graphite cell using LiPFs 1 mol/L in
pure VC solvent as electrolyte [35]. As the same peak can be observed with a much higher
intensity, this result shows that this peak can be unambiguously assigned to the degradation of
VC.

Figure 115 shows the dQ/dV plot of the graphite/Li half-cell. In this figure, two peaks at
0.8 and 0.6 V can be observed whether VC is present as additive or not, and are therefore
attributed to the reduction of EC, DEC or DMC solvents at the graphite electrode, in good
agreement with the results obtained for the LiCoO,/graphite cell. When VC is added in the
electrolyte, an additional weak peak can be observed at ~1.25 V, as shown in the zoom inset.
This peak can thus be assigned to the reduction of VC, and corresponds to the equivalent peak
observed at ~2.4-2.5 V for the LiCoO,/graphite cell. The presence of this reduction peak at
1.25V vs. Li'/Li was previously evidenced by Aurbach et al. by electrochemical quartz
crystal microbalance measurements [29], and illustrates the ability of VC additive to react at a
lower battery voltage than the other solvents, and thus to efficiently contribute to the
formation of the SEI at the graphite electrode surface. The comparison of dQ/dV plots of
LiCoOy/graphite and graphite/Li systems is also consistent with XPS results presented above,
showing that the VC polymerization product can be detected at the surface of the graphite
electrode in both systems.

Figure 11c¢ shows the dQ/dV plot of the LiCoO,/LisTi5s0;, cell. In this figure, the curve
rise observed at ~2.1 V represents the beginning of the lithium intercalation/deintercalation
process in the active electrode materials, and no peak corresponding to reduction or oxidation
of the solvents or of VC can be detected before this voltage. This is in good agreement with

the 1.55 V potential of the LisTisO, electrode, since the reduction of VC at the negative
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electrode is expected to occur at 1.25 V vs. Li'/Li and the reduction of the other solvents at a
potential lower than 0.8 V. This is also consistent with XPS results showing that the VC
polymer is not detected at the surface of this LisTisO; electrode. Aside from these results, it
was shown by XPS that the VC polymer can be observed at the surface of the LiCoO; positive
electrode independently of the negative one. Therefore, how can we explain that no peak
corresponding to an oxidation process at the positive electrode can be detected in the dQ/dV
plot of the LiCoO,/LisTisO;, cell ? Actually it was seen in figure 11a and 115 that such a
peak can be very weak, and so it may be obscured by the high intensity dQ/dV peak
corresponding to lithium intercalation/deintercalation in the active electrode materials for a
cell voltage greater than ~2.1 V (which corresponds to an oxidation potential of VC at the
LiCoO; electrode greater than ~3.7 V vs. Li'/Li).

Note that the dQ/dV plot obtained for the LiFePO4/graphite system could not be analyzed
in the same way, because it was disturbed by side peaks at ~2.1-2.3 V cell voltage. Some
authors have reported the existence of a low voltage plateau at ~2.6 V vs. Li'/Li in charge
curves of LiFePOy4/Li half-cells, due to the presence of impurities in the LiFePO4 material or
to its oxidation by air [68,69]. These phenomena could explain the side peaks observed at
~2.1-2.3 V in our curves. For this reason, the dQ/dV plot obtained for the LiFePO./graphite
system is not shown here.

Except from this, the electrochemical results are consistent with the XPS analysis of the
electrode/electrolyte interfaces. The obtained results are depicted in Figure 12. They can be
summarized as follows:

(i) The VC polymerization mechanism is observed at the surface of the graphite electrode,
even when it does not occur at the positive electrode,
(ii) This mechanism is not observed at the LisTisO,, electrode, because its 1.55 V potential is

too high,
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(iii) The same mechanism is observed at the surface of the LiCoO, electrode, even when it
does not occur at the negative electrode,

(iv) It is not observed at the surface of the LiFePO, electrode, in spite of the high potential
reached at the end of charge (4.5 V).

These results show that an interaction between both electrodes in the VC degradation
mechanisms leading to the formation of the passivation films can be excluded. Two
independent degradation mechanisms of VC occur at the surface of the positive and the
negative electrodes. These mechanisms depend on the potential of the electrode: indeed, the
reduction of VC at the negative electrode was shown to occur at ~1.25 V vs. Li"/Li and it is
not observed at the surface of the LisTisO;, electrode (1.55V vs. Li'/Li). However, the
potential of the electrode is not the only parameter that controls the occurrence of this
degradation process: indeed, the oxidation of VC is always observed at the surface of the
LiCoO; electrode with a 4.2 V potential at the end of charge, whereas it is not observed at the
surface of the LiFePOj, electrode with a 4.5 V final potential.

We have shown in our previous work that the same polymer, resulting from the radical
polymerization of VC, is deposited at the surface of both electrodes [35]. Two independent
mechanisms occurring at each electrode are thus finally leading to the same radical
polymerization process. Some authors have already proposed a reduction mechanism of VC
into a radical anion at the surface of graphite [36]. This could explain the radical
polymerization of VC at the negative electrode. One can thus assume that an equivalent
oxidation mechanism of VC into a radical cation occurs at the positive electrode, leading
finally to the same radical polymerization process, with a possible catalytic activity of the
active material surface. Theoretical calculations would be necessary to investigate and better

understand kinetic and thermodynamic aspects of such reactions.
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4. CONCLUSION

In this work, we have investigated the formation mechanisms of passivating films at the
surface of the electrodes of Li-ion batteries when vinylene carbonate is used as electrolyte
additive. We compared LiCoO,/C, LiCoO,/Li4Tis0;,, LiFePO4/C and C/Li systems, in which
the chemical nature and the potential of the electrodes are changed. On the basis of XPS
analysis of the electrodes after charge/discharge, complemented by the study of
electrochemical curves, we could evidence that an interaction between both electrodes in the
VC degradation mechanisms, for example by exchange of chemical species from one
electrode to the other one, can be excluded. Separate mechanisms occur at the negative
electrode on one hand and at the positive electrode on the other hand, although the same VC
polymer is deposited at the surface of both electrodes, which results from a radical
polymerization process. The results of this study allow a better understanding of the action of
VC as electrolyte additive to improve the properties of the passivating films at the surface of

the electrodes, and thus to limit aging processes in Li-ion batteries.
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Figure captions

Scheme 1 : Poly(VC), polymer ensuing from the radical polymerization of VC at the surface
of the electrodes [35].

Figure 1 : O 1s core peaks of both electrodes of a LiCoO,/graphite cell after charge at 20°C
in the following conditions : (a) with LiPF¢/EC:DEC:DMC as electrolyte, (b) with addition of
VC, (c) using LiPFg in pure VC as electrolyte [35].

Figure 2 : (a) Voltage (V) vs. positive electrode capacity Q (mAh/g) for LiCoO,/LisTisO1;
and LiFePO,/graphite systems. (b) Voltage (V) vs. graphite electrode capacity O (mAh/g) for
a graphite/Li half-cell (C/20 rate, electrolyte LiPFs/EC:DEC:DMC + VC).

Figure 3 : Graphite/Li half cells. C 1s and O 1s core peaks of the graphite electrode upon
discharge : (a) with LiPF¢/EC:DEC:DMC electrolyte (VC-free), (b) with addition of VC.

Figure 4: Graphite/Li system. F 1s and P 2p core peaks of the graphite electrode after
discharge at 0.01 V at 20°C.

Figure 5 : LiCoO,/Li4Tis0,; system : O 1s core peaks of the LiCoO, electrode upon charge:
(a) with LiPF¢/EC:DEC:DMC electrolyte (VC-free), (b) with addition of VC.

Figure 6 : LiCoO,/Li4Ti50,, system. Ti 2p, Ti 3s and Li 1s core peaks of the LisTisO,2
electrode upon charge.

Figure 7 : LiCoO,/Li4Tis0,; system. O 1s core peaks of the Li4TisO;, electrode upon charge :
(a) with LiPF¢/EC:DEC:DMC electrolyte (VC-free), (b) with addition of VC.

Figure 8: LiFePOy/graphite system: Fe 2p and P 2p core peaks of the LiFePO, electrode upon
charge.

Figure 9: LiFePOy/graphite system. O s core peaks of the LiFePO, electrode upon charge :
(a) with LiPF¢/EC:DEC:DMC electrolyte (VC-free), (b) with addition of VC.

Figure 10 : LiFePOy/graphite system. C 1s and O 1s core peaks of the graphite electrode upon
charge : (a) with LiPF¢/EC:DEC:DMC electrolyte (VC-free), (b) with addition of VC.

Figure 11 : Differential capacity d0/dV (mAh.g™'.V™") upon galvanostatic charge (discharge)
at 20°C of : (@) LiCoO,/graphite, (b) graphite/Li, (c) LiCoO,/Li4Tis0,; systems. Q is the
specific capacity (mAh/g) of the positive electrode (of the graphite electrode for graphite/Li).

Figure 12: Schematic summary of the observed VC degradation mechanisms in the different
systems as a function of the electrode nature and voltage.
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Figure 3 : Graphite/Li half cells. C 1s and O 1s core peaks of the graphite
electrode upon discharge: (a) with LiPF¢/EC:DEC:DMC

electrolyte (VC-free), (b) with addition of VC.
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Figure 4: Graphite/Li system. F 1s and P 2p core peaks of the
graphite electrode after discharge at 0.01 V at 20°C.
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Figure 5: LiC0O,/LisTisO1, system: O 1s core peaks of the LiCoO,
electrode upon charge: (a) with LiPF¢/EC:DEC:DMC electrolyte
(VC-free), (b) with addition of VVC.
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Figure 6 : LiCoO,/Li4sTisO1, system. Ti2p, Ti 3s and Li 1s
core peaks of the LisTisO1, electrode upon charge.
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Figure 7 : LiCoO,/LisTisO1, system. O 1s core peaks of the LisTisO1;
electrode upon charge : (a) with LiPFs/EC:DEC:DMC electrolyte
(VC-free), (b) with addition of VC.
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Figure 9: LiFePO4/graphite system. O 1s core peaks of the LiFePO,
electrode upon charge: (a) with LiPF¢/EC:DEC:DMC
electrolyte (VC-free), (b) with addition of VC.
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Figure 10 : LiFePO4/graphite system. C 1s and O 1s core peaks of the
graphite electrode upon charge : (a) with LiPFs/EC:DEC:DMC
electrolyte (VC-free), (b) with addition of VVC.
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Figure 11 : Differential capacity dQ/dV (mAh.g™.V*) upon galvanostatic charge
(discharge) at 20°C of : (a) LiCoO-/graphite, (b) graphite/Li, (c)
LiCoO,/Li4TisO1, systems. Q is the specific capacity (mAh/g) of the
positive electrode (of the graphite electrode for graphite/L.i).
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Figure 12: Schematic summary of the observed VC degradation
mechanisms in the different systems as a function of the
electrode nature and voltage.
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