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ABSTRACT

The effect of the replacement of the carbonyl oxygen in VEC additive by =C(CN)z2 in
the analoguous dicyano ketene vinyl ethylene acetal (DCKVEA) on the
electrochemical reduction profile is significant. Yet, the additives were proven,
through IR spectroscopy supported by DFT computations, by applying EELS
techniques and performing synthesis of a reduction product, to reduce in a similar
way. Interestingly, the reduction-induced capacities were found to be quite different
and can be explained either by the different properties of the SEI, from lithium
carbonate and its malononitrile homologue, or by the different abilities of the two

additives to solvate Li*.

Keywords: Li-ion battery, SEI, additives, DFT, vinyl ethylene carbonate, dicyano

ketene alkylene acetal



1. INTRODUCTION

The Li-ion battery has become the key energy storage technology to power
everyday consumer goods such as laptops, mobile phones, etc. [1]. Over the last
decade, with the objective of cutting emissions and reducing global warming, this
technology has also been implemented in larger equipment such as electric cars to
abate pollution, especially in large cities. Obviously, this emerging prospect comes
with new challenges such as lifetime improvement, extremely important for a large
expensive electric car battery. This has encouraged stakeholders to enhance the
long-term stability of i) electrodes materials by controlling crystallographic and
textural changes such as particle swelling and crystallographic phase transitions, and
i) the interphases in contact with the electrolyte by physical and chemical
modifications. The simplest approach to overcome interphase-related issues is to
alter the electrolyte formulation starting from the standard lithium
hexafluorophosphate salt (LiPFs) dissolved in a carbonate solvent mixture. The well-
known solid electrolyte interphase (SEI) [2] film which is electrochemically formed at
the negative electrode active material surface, as typically graphite, silicon or alkali
metals, hinders the carbonate solvents reduction and was found to be imperative to
proper functionality of Li-ion batteries, thus avoiding a continuous solvent
consumption at low potentials vs. Li*/Li’. SEl-reinforcing additives, able to be reduced
prior to the solvents, were later introduced to extend, to some degree, the cycle life of
the battery. Carbon-carbon unsaturated bond containing compounds such as
vinylene carbonate (VC) [3-7], vinyl ethylene carbonate (VEC) [8-19], and vinyl
acetate (VA) [20,21] were, due to their probability to undergo radical/anionic
polymerization under reductive conditions, envisaged as potential additive

candidates. In addition, organic sulfur-containing compounds such as ethylene sulfite



(ES) [22—-24], 1,3-propane sultone (PS) [25-27], prop-1-ene-1,3-sultone (PES) [28],
1,3,2-dioxathiolane-2,2-dioxide (DTD) [29] and trimethylene sulfate (TMS) [30] as
well as fluorinated compounds as fluoroethylene carbonate (FEC) [31-34], and 3-
fluoro-1,3-propane sultone (FPS) [35] were also proposed as SEI-forming additives.
These have higher reduction potentials due to the facile cleavage of the SO3-C bond
or lower LUMO due to fluorination. However, given the plethora of potential additives
and electrode materials, the formulation of the most performant electrolyte is still a
challenging task that requires many tests such as electrochemical impedance
spectroscopy (EIS), gaseous species identification, and cycling performance analysis
(discharge capacity, coulombic efficiency, charge end point capacity...) [10]. On the
other hand, for three decades, many research efforts have been devoted to the
understanding additive reduction mechanisms to rationally achieve better performing
SEI layers. As aforesaid, lowering the LUMO level with for instance a very
electronegative atom such as fluorine on the alkylene bridge was proven useful [31-
35], but, spherical particles of LiF were found to be unevenly formed within the SEI
[36]. On the other hand, when the Oeste—CH2 bond is made weaker as in cyclic
sulfonate esters i.e. propane sultone, 1,3-PS, the electrochemical cleavage occurs
easily to form the sulfonate salt without gassing. Nevertheless, the SEI created
presents bad coverage properties [37]. In this vein, we undertook a study on the
impact of the replacement of the carbonyl group of carbonates with C=C(CN)2
displaying a considerably extended conjugation capable to delocalize an additional

negative charge for a facile reduction at high potentials and a stable SEI formed.

Hence, as a continuation of our previous publication highlighting the positive
impact of the EC and PC homologues featuring the C=C(CN)z2 group [38], a

comparative characterization of the SEI layers resulting from the higher potential



electrochemical reduction of polymerizable vinylene double bond containing VEC and
its non-commercial counterpart dicyano ketene vinyl ethylene acetal (DCKVEA) on
graphite was made, both tested as additives in classic 1 M LiPFe in the carbonate

solvent based electrolytes.

2. EXPERIMENTAL

2.1 Chemicals for synthesis. For the additive, tetracyanoethylene (TCNE) was
received from Alpha and urea, 3,4-dihydroxy-1-butene (>99%) were purchased from
Sigma-Aldrich. For the lithium dianion, malononitrile and lithium hydride were also

purchased from Sigma-Aldrich.

2.2 Differential scanning calorimetry (DSC). The DSC experiments on the
additive and the lithiated graphite CMC-based electrodes were carried out on a
Netzsch DSC 204F1 heat flux differential calorimeter at a heating rate of 10 K/min

under a constant argon flow of 200 mL/min.

After one lithiation, the Swagelok cells (see 2.4) were disassembled in an
argon-filled glove-box. The lithiated graphite CMC-based electrodes impregnated
with electrolyte were introduced in DSC aluminium crucibles; they were weighed
before and after loading and crimp-sealing to determine the sample mass. The lids
were manually pierced just before being placed in the apparatus. To ensure

reproducibility, two DSC measurements were conducted on each sample.

2.3 Fourier Transform Infra-Red (FTIR) spectroscopy of synthesized powders
and SEI layers. FTIR spectra were recorded by means of a Nicolet Avatar 370DTGS
spectrometer. The synthesized powders were analyzed in attenuated total reflection
(ATR) mode and the delithiated graphite (LioCs) powders in transmission mode

through KBr pellets. After one cycle, the cells were opened in the argon-filled glove-



box, the recovered LioCe powders were rinsed three times with DMC to eliminate
residual traces of both solvents and LiPFs salt, and subsequently dried in the
antechamber. Pellets were made by mixing a very small amount of LioCs powder with
dry KBr. The powder containing pellet mounted on the holder was prepared in the
glove-box and put in a plastic bag which was opened in the N2-purged sample

chamber of the FTIR system.

2.4 Half-cell assembling and cycling. The graphite composite powder is
composed of 90 wt% of artificial graphite (particle size of 26 um (d90) and BET
surface area of 6.5 m?/g) and 10 wt% Super P carbon black. The graphite film
electrode is composed of the same artificial graphite, carboxymethyl cellulose (CMC),
styrene butadiene rubber (SBR), and Super P carbon black (Timcal) (94/2/2/2 wt%).
The electrolytes were prepared with 1 M LiPFs in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (50/50, w/w), from commercial sources known as LP30®
(Merck), and the additives vinyl ethylene carbonate (VEC) (Sigma Aldrich, 99%
purity) and the synthesized additive at different weight percentages. A dedicated
base electrolyte was prepared from 2-methyltetrahydrofuran (Sigma Aldrich
anhydrous, 299%, inhibitor-free) and 1 M LiPFs (Aldrich, battery grade = 99.99%).
The Swagelok-type half-cells were assembled in an argon-filled glove-box using 10
mg composite powder or 1 cm? graphite electrode as working electrode, a Whatman
GF/D borosilicate glass fibre separator impregnated with 150 pL of electrolyte and a
lithium metal foil. Once assembled, the cells were subjected to a C/20 galvanostatic
lithiation from OCV to 0.005 V vs. Li*/Li° (LiCs) or lithiation/delithiation to 1.5 V vs.

Li*/Li° (LioCs).

2.5 Transmission electron microscopy (TEM) and electron energy loss

spectroscopy (EELS). These analyses were performed using a transmission electron



microscope FEI TECNAI F20 S-TWIN fitted with a Gatan Image Filter Tridiem in post
column. The measurements were carried out with a 1-1.2 eV energy resolution
determined by measuring the full width at half maximum of the zero loss peak. The
following conditions were used to acquire the EELS spectra: a dispersion of
0.2 eV/ch, a convergence angle of 5.8 mrad and a collection angle of 2.2 mrad. The
energy loss near edge structure (ELNES) acquisitions were performed in diffraction
mode. For the Li-K edge, the background was subtracted considering a first order
log-polynomial law, the multiple scatterings were removed using the Fourier Log
method and the energy correction with respect to the zero loss peak was done. All
the energy losses given in the text have an error of +/- 0.2 eV. In an argon-filled
glove-box, the synthesized lithium dianion powder and the LioCs samples were
dispersed in acetonitrile and DMC respectively prior to deposition onto TEM copper
grids with holey carbon. The samples were then transferred from the glove-box to the

TEM without air exposure.

2.6 Hartree-Fock (HF) and density functional theory (DFT) computations. The
properties of the additives were computed by two methods: HF and DFT, the latter
with the M06-2X functional [39]. The DFT/M06-2x used the C-PCM [40] solvation
model with parameters for water, as a good approximation of any high dielectric
(e>20) solvent. The 6-311++G(d,p) basis set was used as implemented in
Gaussian09 [41]. HF was employed for calculations of the LUMO energies and the
electron density distribution via the atoms-in-molecule (AIM) analysis scheme [42].
DFT/M06-2X was additionally used to predict reduction paths, corresponding
reduction potentials, interaction energies with lithium cation(s), and vibrational
frequencies to correlate to the experimental IR data. To calculate adiabatic reduction

potentials Eabs, the thermodynamic free energy cycle shown in Scheme 1 was used -



assuming simultaneous reduction and coordination of the cation, in order to maintain

electro-neutrality:
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Scheme 1. Free energy cycle used for the calculation of reduction potentials.

Eabs (A) = -AG’sol/F = -[AG’gas + AG’s (LiA) - AG’s (A) - AG’s (Li*)]/F

where AG°sql is the standard free energy for the reduction reaction in solution; AG°gas
is the standard free energy for the reduction reaction in the gas-phase; AG°s(A),
AG°s(Li*), and AG°s(LiA) are the free energies of solvation of the initial compound,
the lithium cation and the reduced complex, respectively. A correction of 1.46 V was

used to change from absolute potentials to the Li*/Li° scale [43].
3. RESULTS AND DISCUSSION

3.1 DCKVEA additive synthesis and characterization. The dicyano ketene
vinyl ethylene acetal (DCKVEA) additive was synthesized following a procedure
inspired by W. J. Middleton et al. [44]. A mixture of TCNE (2.6 mmole), urea (1.8
mmole), and 3,4-dihydroxy-1-butene (17.8 mmole) was heated up to 100°C and left
under stirring for 1 hour. Then, the brownish solution was cooled prior to being
poured into cold water and dichloromethane. The dichloromethane was extracted by
means of a separation funnel and evaporated. The recovered material was dried
under vacuum overnight at 40°C to eliminate traces of VEC that may form during the

synthesis through a transdeamidification process of urea with glycol [42].
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Figure 1: a) DSC traces of and b) IR spectra of DCKVEA.

The DSC trace of the powder displays a melting point at ca. 55°C (Fig. 1a)
followed by exothermic peaks starting at ca. 150°C, attributed to its degradation and
most probably to a polymerisation process through nitrile groups. The powder was
then characterised by FTIR spectroscopy (Fig. 1b) with the support of DFT
calculations for the assignment of the vibrational modes (Table 1). As recently found
also for dicyanoketene ethylene and propylene acetals [38], DCKEA and DCKPA
respectively, the spectrum shows two bands at ca. 2219 and 2232 cm assignable to
C=N stretching vibrations. This matches well with the computed data and spectrum,
providing out-of-plane and in-plane vibrations at slightly higher frequencies: 2283 and
2397 cm* and with a similar split: 14 cm™ vs. 13 cm™* experimentally. Some other

features, agreeing well for computed and experimental data are gathered in the



figure in the C=C stretching, the CHz and CHs bending, and the O-CHx stretching

regions.

Wavenumbers
Assignment of DCKVEA [em™]
Theoretical Experimental
6i.p. (c)C-0
Suerc=c 722(m)
So=c
Bip.coco + Swce 849(s) 841
Vo-giucans) 858(w)
Vuc-cn2 +Vuc-0
Vip. 0-Chx
Wic-icH2 948(s) 946
Po.o.p. ccHx + Vip. mc-0 953(s)
Po.o.p. (cicHx F Vo.o.p. mc-0 972(m)
To.0.p.(ciCHx T Po.o.p. (0ICHx 985(w)
Vic-chz + Pchx 1007(m)
Vic-ciz T ProicHz 1061(w)
Vizc-0
Vioyc-ceo + PcHx 1092(w)
Vico + Viojme-cri=o
Vip.ico + Vip.wco + Vip. macc 1150(vs) 1148
Vo.o.p. 051c-0 + Pchx
Tio)cH2 1196(s)
Wip. 0acHx + Vo.op.ico T Vo.op. mscc 1214(s) 1219
Wip. oich + Se=c 1255(w)
Bicoicre + Wiochn 1263(m) 1266
8o.0.p. 1tk  Wip. ok + Voop. mc0
Wi.p. 01CHx 1323(m)
Wo.0.p.0icHx T Sicoichz 1332(s) 1348
80.0.p. (crCHx 1392(m) 1427
Wip. icHx + Vo.o.p. (-0 1425(s) 1444
Boicha 1460(s) 1468
Vineic=¢ + Vip. o + Vip. maicc 1583(vs) 1589
Vioc=ch + Bip.icachs + Vieccro 1668(w)
Vo=c
Vo.op. C=N 2283(vs) 2219
Vip. c=N 2297(s) 2232
VCH (o-cH) 2984(w)
Vip. C-H (0-cH2) 3002(w)
Vo.0.p. CH (c=CHy) 3051(w)
Vip. C-H (c=cHy) 3068(w)
Vo.0.p. C-H (0-CH2) 3085(w)
Vo.0.p. C-H (c=CH) 3142(w)

Table 1. Theoretical and selected experimental vibrational modes for DCKVEA.



3.2 VEC and DCKVEA reduction potential profiles. The reduction potential of
DCKVEA was investigated upon the first charge of a graphite powder half-cell and
compared to that of VEC. These additives were added to a LP30® electrolyte in a
weight percentage as high as 5 wt% to clearly disclose their influence on the
electrochemical profile. The potential vs. time curves (Fig. 2) unveil a quite different
behavior in terms of the additive reduction potentials and consumed electrons.
DCKVEA reduces between 1.9 and 1.6 V vs. Li*/Li° and the charge consumed
corresponds to 11% of the molar amount of the additive available considering a two-
electron reduction process. In contrast, the large reduction phenomenon at ca. 1.3 V
observed for VEC, increases this percentage to 57%. This huge difference
emphasizes the more effective protective character of the SEI formed by the
DCKVEA additive. In both cases, a shoulder attributed to the reduction of EC

molecules is observed at ca. 0.8 V [45].
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Figure 2: Electrochemical traces of the first lithiation of graphite in LP30 electrolyte
with 5 wt% of VEC or DCKVEA.
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The higher reduction ability of the dicyano ketene compound was also
confirmed by the computational studies — both LUMO energies and adiabatic
reduction potentials (Table 2 and 3). The energies of the LUMO for DCKVEA are
0.31 (HF) and 0.37 (DFT/M06-2X) eV lower than for VEC. The thermodynamic cycle
of reduction process reveals a ca. 0.5 V difference in reduction potential between
DCKVEA and VEC, in very good agreement with the experimental data (ca. 0.55 V).
Detailed values depend on the chosen paths of ring-opening process (Scheme 2).
Comparison of the calculated values of reduction potentials (path 1: Ered = 2.05 V
(VEC) and 2.58 V (DCKVEA) and path 2: Ered = 1.49 V (VEC) and 2.04 V (DCKVEA)
with experimental ones (ca. 1.3 V for VEC and starting at ca. 1.9 V for DCKVEA),
suggests that the first O-C bond cleavage occurs according to the path 2 (O-CH:2
cleavage) although the calculations of reduction paths suggest path 1 to be

energetically favored.

Compound LUMO level energy [eV]
HF C-PCM MO06-2X

VEC 0.811 -0.001

DCKVEA 0.505 -0.371

Table 2: LUMO energies for VEC and DCKVEA.

Erea [V vs. Li/Li°]

Compound Path 1 path 2

O-CH bond cleavage O-CH, bond cleavage

VEC 2.05 1.49

DCKVEA 2.58 2.04

Table 3: Adiabatic reduction potentials for VEC and DCKVEA.

11
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Scheme 2. Calculated mechanisms of 2-electron reduction of VEC and DCDVEA, stages marked by *
were estimated by energy and gradient profile; Gibbs energies in respect to starting molecules are
given in kJ-mol?t,

3.3 SEI characterization and properties.
3.3.1 SEI characterization.

3.3.1.a. FTIR analysis. The significant changes in the electrochemical
profiles prompt us to get further insight into the nature/composition of the resulting
SEI compounds and the related reduction mechanisms. The FTIR spectra of the SEI
layers formed from these 5 wt% VEC or DCKVEA containing electrolytes after one

cycle are shown in Fig. 3a and 3b, respectively.

The VEC-derived SEI film spectrum reveals the presence of lithium
carbonate (Li2CO3) as the main component with bands at ca. 1400-1500 cm™ and
850 cm* of high intensity as compared to those at 1650 (CO2 asymmetric stretching),
1300 (CH2-CH2 stretching), 1100 (C-O stretching) and 820 cm™ (COs bending)
assigned to lithium alkyl carbonate salt(s) [46—48]. In addition, the GC/MS analysis of
the gases recovered after the main electrolyte reduction process of a
graphite/NMC111 complete cell, performed in experimental conditions described in a
previous paper [49], clearly shows a peak at 30.09 min corresponding to butadiene.

This result confirms previous works from Petitbon et al. [8] and Tsubouchi et al. [8] in

12



which a two-electron reduction mechanism is also put forward. This may be
explained by the extensive conjugation of the VEC end-moiety (CH=CH2) diminishing

the O-CH2 bond strength.

At this stage, after determining the layer composition, it is worth returning to
the unusual VEC reduction induced extra-large plateau at 1.3 V. This specific
behaviour resembles the one observed in the 1.4-1.7 potential range upon the first
lithiation of a tin or bismuth (and to a lesser extent of a lead) thin film with the
additive-free LP30 electrolyte [50]. The SEI layer was also found to be mainly
composed of Li2COs with small amounts of lithium alkyl carbonate and direct
evidences for an electrochemically-driven decomposition of EC catalysed by Sn (or
Bi, or Pb) surfaces were provided. Hence, this Li2COs originating from prolonged
reduction of classical carbonate based electrolytes with VEC as additive or EC as

solvent does not act as a good passivating SEI layer.
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S
id/ a) @ VEC-derived SEI
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o
c
©
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8 DCKVEA-derived SEI
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Figure 3: a) and b) FTIR spectra of delithiated graphite powders cycled in
LP30 electrolyte at a rate of C/20 with 5 wt% of VEC and DCKVEA, respectively. c)
FTIR spectrum of synthesized Li2CO2C(CN) reduction compound.

The DCKVEA-derived SEI layer FTIR spectrum (Fig. 3b) reveals the presence

of two stretching vibration bands related to CN groups at ca. 2170 and 2210 cm™.
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These bands are slightly shifted to lower frequencies as compared to the DCKVEA:
2219 and 2232 cm™ in Fig. 1. Hence, they confirm the presence of reduction
product(s) in the SEI layer. When compared to those at ca. 2110, 2170 and 2210
cm? originating from the earlier studied DCKEA and DCKPA derived SEI layers [38],
we note that the two bands at ca. 2170 and 2210 cm! are common and the feature at
ca. 2110 cm is missing. Comforted by the fact that also other parts of the spectra in
the 700-1700 cm region differ with characteristic bands of relatively high intensity at
ca. 1512, 1385, 793 cm, we went deeper into the SEI composition elucidation. A
parallel with VEC was made by looking at the two successive steps needed to reach
the foreseen “carbonate’-type Li2CO2C(CN)2 end-product (Scheme 2 with

R=C(CN)2).

We synthesised this end-product (Scheme 3) in order to get reference IR data.
Two equivalents of LiH were added to two equivalents of malononitrile dissolved in
acetonitrile. After the formation of the malononitrile salt (CN)2CHLI, 1 equivalent of
malononitrile was added and the solution was left 10 min under CO2 bubbling. After it
turned into a milky-white appearance, the suspension was put into the argon-filled
glove-box, centrifuged, and the recovered powder washed several times with

acetonitrile and then dried.

H

L_+

N:ﬁx + Li—H-— N=—C ' + U2 H,
H H \
\ \

o L'
H L co, o u H
N:ﬁx+ 2 N=—C — N= + 2 N:ﬁx
H H H
AR \ \

Scheme 3: Synthesis of the foreseen “carbonate”-type Li2CO2C(CN)2 end-product.
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The IR spectrum (Fig. 3c) of the product shows a few bands at ca. 2210,
2170, 1512, 1385, 1182, 879 and 793 cm™ which match pretty well with those
deduced from the DFT calculations (Table 4). When comparing with the DCKVEA-
derived SEI spectra (Fig. 3b), we can clearly state that the SEI layer is indeed mainly
composed of the “carbonate”type ion Li2CO2C(CN)2, confirming our hypothesis of an
analogy with VEC. This is also corroborated by both EELS (below) and the detection
of butadiene gas through GC/MS analysis. Other bands of weaker intensity are also
observed and can be assigned to lithium alkyl carbonate salt(s) and Li2COs from EC
reduction. A comparison of the two-electron reduction paths for VEC and DCKVEA

are reported in Scheme 2 along with the calculated energies.

Assignment of Wavenumbers [cm_l]
Liz2CO,C(CN). Theoretical Experimental

e 762(s) 793
Vip. -0 ¥ Vip. mac—c 832(s) 879
Veee + Vip, pocec 1173(w) 1182
Vo.o.p. (N=C-C 1261(w)

Ve=c Vg, (-0 1341(vs) 1385
Vo.0.p. C-0 1515(vs) 1512
Vo.0.p. C=N 2175(vs) 2170
Vip. c=N 2225(vs) 2210

Table 4: Theoretical and selected experimental vibrational modes for Li>CO2C(CN)>.

The synthesis of the reduction product allows us to confirm the two-electron
reduction pathway for DCKVEA. Moreover, the presence of the supplementary band

at ca. 2110 cm™ in case of the DCKEA and DCKPA SEI layers [35] indicates the

15



existence of another reduction compound. This suggests that these latter additives
undergo both the one and two-electron reduction pathways. Therefore, the three
additives together seem to behave similarly to their carbonate counterparts VEC, EC
and PC, suggesting that the replacement of the carbonyl group by the highly
conjugated C=C(CN)2 does not affect the reduction mechanism. However, the

resulting reduction product offers different passivation properties.

3.3.1.b. TEM-EELS analysis. Here, we compare the SEIs resulting from
VEC and DCKVEA mainly through ex situ analysis of texture/thickness after the
samples have undergone a washing procedure. These studies were performed with a
powder electrode and a LP30 electrolyte containing 2 wt% of additive to be closer to

the classical percentage of many earlier studies.
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Figure 4: a) and b) Ex situ TEM images of DMC-washed graphite SEIs after first
lithiation with a LP30 electrolyte containing 2 wt% of VEC and DCKVEA, respectively.
c) EELS spectra on the Li K-edge of the references Li>CO>C(CN) and Li>CO3 (black
from bottom to top), the DCKVEA-derived SEI (red) and the VEC-derived SEI (blue).

As already revealed by some of us, via an analysis of TEM images [36], the
SEI formed by VEC reduction shows, after washing, large irregularities with a

thickness ranging from 40 to 90 nm (Fig. 4a). The EELS analyses on the Li K-edge

16



performed on this VEC-derived SEI (Fig. 4c-blue curve) show a spectrum composed
of two peaks at 62.1 eV and 67.4 eV, in good agreement with those at 62.1 eV and
67.6 eV for the lithium carbonate reference [51,52]. The peak broadening observed
for the VEC-derived SEI indicates the presence of other carbonates containing

lithium, as also revealed by IR (Fig. 3a).

In contrast, for DCKVEA the entire surface of the graphite and the conductive
carbon is perfectly covered by a smooth and uniform 10-15 nm thick SEI layer (Fig.
4b). The EELS analyses on the Li K-edge performed on the DCKVEA-derived SEI
(Fig. 4c-red curve) show a spectrum composed of one sharp peak at 61.8 eV
followed by a broader contribution at higher energy loss. The shape and position are
both in accordance with the reference of synthesized “carbonate”-type Li2CO2C(CN)2
(Fig. 4c), with a principal peak at 61.8 eV followed by a broader part at higher energy
loss. For these two cases, DCKVEA-derived SEI and Li2CO2C(CN)2, a contribution is
also observed in the N K-edge (not shown here) confirming the presence of nitrogen-
based compounds. These observations are coherent with the results obtained by IR
(Fig 3b). It is interesting to note that though the SEI layers underwent a washing
procedure, the textures remain very different and it is likely that the irregular Li2CO3
texture is responsible for its non-passivating property against further reduction of

VEC.

3.3.2 SEI properties.

3.3.2.a. GC/MS analysis. As demonstrated in previous studies [37],
monitoring of bis-carbonate molecules stemming from the electrochemical reduction
of linear carbonate solvents, at ca. 0.8 V, is an elegant way to prove the passivation
properties of the SEI layers formed. On this basis, the electrolytes recovered from the

Swagelok cells containing graphite powder/NMC111, charged at room temperature
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up to 4.15 V, were analyzed according to the same protocol described by H. Kim et
al. [37]. Through liquid GC/MS, the bis-carbonate molecule (dimethyl 2,5-
dioxahexane dicarboxylate (DMDOHC)) was tracked, appearing at ca. 18.3 min in the
chromatogram. Without any additive (Fig. 5a), the relative signal intensity of
DMDOHC is ca. 17% vs. EC (2 mol% vs. EC), close to the maximum of ca. 23%
reported by H. Kim et al.. With 2 wi% of DCKVEA added, no traces of DMDOHC
were detected (Fig. 5b). It is worth mentioning that the mass spectrum relative to the
very weak peak (0.5% intensity vs. EC signal) observed at 18.49 min does not
correspond to the DMDOHC molecule (Fig. 5¢) but to the DCKVEA additive (Fig. 5d).
The absence of soluble degradation compound reflects the good passivation
properties of the DCKVEA-derived SEI layer as also pointed out above by the fact

that it evenly covers the graphite particles surface.
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Figure 5: Liquid GC/MS chromatograms of the electrolyte after 1 lithiation at 20°C in
LP30 electrolyte a) without and b) with 2 wt% DCKVEA added. c) and d)
corresponding mass spectra of the peak at 18.31 and 18.40 min, respectively.
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The relative signal intensity of the DMDOHC was reported [37] to be very
weak for VEC 2 wt%-based electrolytes, ca. 1.1 % vs. the EC signal. This means that
the Li2COs-based SEI offers better passivation properties than the SEI formed using
an additive-free electrolyte containing lithium alkyl carbonate(s). However, this is at
odds with the occurrence of a long reduction plateau at ca. 1.3 V for the VEC 5 wit%-
based electrolyte (Fig. 2). Such a Li2COs-based SEI layer behavior seems
unconventional as it suggests that passage of VEC or even EC (as discussed with
respect to catalytic support) through the SEI layer is not hindered, to allow their
reduction at high potential. These VEC and EC molecules display a similar charges
distribution from AIM analysis (Table 5) and probably similar donor numbers (the DN
of EC is 16.4) as their interaction energies with a lithium cation are similar: 18.5 and
17.1 kJ-mol?, respectively. Therefore, Li*-VEC (or EC) can be driven through the

Li2COs SEI layer under the influence of an electric field.

3.3.2.b. Solvent influence. The aforementioned hypothesis is supported
by supplementary graphite lithiation experiments in the presence of 5 wt% VEC or
DCKVEA wherein EC and DMC carbonates solvents were replaced by MeTHF. This
solvent has a stronger interaction with Li* (25.5 kJ-mol') and thus a higher DN, the
DN of THF being 20. As shown in Fig. 6, the change in solvent does not affect the
DCKVEA reduction behavior at ca. 1.8 V; only the EC reduction-derived shoulder at
0.8 V has obviously disappeared. In contrast, the long plateau pertaining to VEC
reduction at ca. 1.3 V has considerably decreased; only a small plateau at ca. 1.4 V
of roughly the same capacity as for DCKVEA is observed. If MeTHF indeed interacts
stronger with Li* than VEC, the latter is then less prone to go through the SEI to be
reduced, hence limiting the length of the plateau. Furthermore, the replacement of

C=0 by C=C(CN)2 impacts the charge distribution (Table 5). As =C(CN)2 is a weaker
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electron withdrawing group than =O, it has less propensity to solvate Li*, which
explains why the reduction behaviour of DCKVEA does not change as a function of

the solvent.
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Figure 6: Electrochemical traces of the first lithiation of graphite in LP30 or
MeTHF/1M LiPFe with 5 wt% of VEC or DCKVEA.

HF C-PCM M06-2X
EC VEC DCKVEA EC VEC DCKVEA
-1.35 -1.35 -0.13 -1.22 -1.22 -0.38
+2.59 +2.60 +1.35 +2.23 +2.23 +1.34
-1.26 -1.25 -1.22 -1.01 -1.01 -0.96
X
Table 5

Table 5: AIM analysis of charge distribution in VEC and DCKVEA molecules.

3.3.2.c. DSC analysis. The DSC profile of the heat flow generated upon
heating any LiCe/electrolyte system depends on the SEI composition and texture [36].
DSC measurements on CMC-based graphite electrodes, recovered after one

lithiation in VEC or DCKVEA 0.5 wt% containing LP30 electrolyte, were made to
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compare the influence of the Li2COsz and Li2CO2C(CN)2 based SEI layers. The
experiments, carried out on film electrodes, proved to provide highly reproducible
heat flow profiles and an additive content as low as 0.5 wt% for the C(CN)2 moiety
was shown to have a beneficial effect on the capacity retention for the small Li-ion
battery pouch cells. From the DSC traces (Fig. 7), similar enthalpies, ca. 620+25 J/qg,
were obtained without and with additives, but the exothermic shoulder at 130-150°C
related to SEI breakdown differs in intensity. The slightly higher intensity for VEC is in
agreement with a SEI breakdown mostly triggered by an exothermic acid-base
reaction between Li2COs and PFs [53]. In contrast, the shoulder is less pronounced
with DCKVEA, explainable by the weaker electron withdrawing effect of the =C(CN)2
group making Li2CO2C(CN)2 less basic than Li2COs and therefore less reactive

towards PFes.
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Figure 7: DSC profiles of lithiated graphite film/electrolyte cycled at a rate of C/20 in
LP30 electrolyte with 0.5 wt% of a) VEC and b) DCKVEA.
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CONCLUSION

The vinyl ethylene group based additives VEC and the herein synthesized
DCKVEA were found to reduce on a graphite powder composite at ca. 1.3 and 1.8 V
vs. Li/Li*, respectively, and this was supported by DFT calculations of their reduction

potentials.

A thorough characterization was made of the resulting SEI layers by IR
spectroscopy supported by DFT computations and EELS techniques. A comparison
of the lithium carbonate and the successfully synthesized pseudo “lithium carbonate”
Li2CO2C(CN)2, demonstrated that both VEC and DCKVEA are prone to a two-
electron reductive cleavage. More generally, the replacement of the carbonyl group
of VEC, EC, and PC carbonates by C=C(CN). does not impact the reduction

mechanisms of the additives, but modifies the properties of the resulting SEI layers.

The quite much larger reduction-induced capacity of VEC as compared to
DCKVEA, when added at relatively high concentrations in carbonate-based
electrolytes, was unforeseen. The long plateau bears resemblance to the one of
catalytic supports (Bi, Sn or Pb) for two-electron reduction of EC in the 1.4-1.7 V
range, leading to a thick layer of lithium carbonate. The lithium carbonate
inhomogeneous layer formed from VEC or EC (on catalytic support for the latter) was
found not to be a good passivation layer towards the permeation of Li*-molecule
solvates. In analogy, we here show that the electrolyte solvents could impact on the
reduction-induced capacity of VEC. Replacing EC and DMC solvents with a solvent
having a higher donor number, MeTHF, should decrease the probability for VEC to
solvate Li* and thereby its permeation across the SEI to reduce, and a shortening of

the reduction plateau of VEC is indeed obtained. Unlike VEC, DCKVEA does not
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present a long reduction plateau, which can be explained either by a better film-

forming property of the Li2CO2C(CN)2 layer and/or by less propensity to solvate Li*.
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