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Abstract: Irreversible capacity fading, originating from the formation of the solid electrolyte in-
terphase (SEI), is a common challenge encountered in lithium-ion batteries (LIBs) containing an
electrolyte based on ethylene carbonate (EC). In this research, phenyl vinyl sulfonate (PVS) is exam-
ined as a novel electrolyte additive to mitigate this issue and subsequently enhance the cyclic stability
of LIBs. As evidenced by density functional theory (DFT) calculations, PVS has a higher reduction
potential than that of EC, which is in accordance with the cyclic voltammetry (CV) measurements.
Accordingly, the PVS-containing electrolyte demonstrated a reduction peak at ~1.9 V, which was
higher than that of the electrolyte without an additive (at ~1.7 V). In contrast to the SEI derived from
the reference electrolyte, the one built-in PVS-containing electrolyte was capable of completely inhibit-
ing the electrolyte reduction. In terms of the Raman spectroscopy and electrochemical impedance
spectroscopy (EIS) analysis, SEI formation as the result of PVS reduction can lead to less structural
disorder in the graphite electrode; the battery with the additive showed less interfacial and charge
transfer resistance. The Li/graphite cell with 1 wt % of PVS delivered capacity retention much higher
than that of its counterpart without the additive after 35 cycles at 1 C.

Keywords: lithium-ion battery; graphite anode; electrolyte additive; solid electrolyte interphase;
phenyl vinyl sulfonate

1. Introduction

In the last few decades, concerns about the rise in the production of greenhouse gases
caused by the burning of fossil fuels have driven scientists to explore clean and durable
energy resources [1-6]. The necessity of such a crucial exploration is to employ energy
storage devices, one of which is the lithium-ion battery (LIB) [7]. LIBs are broadly employed
as power sources in portable devices, such as laptop computers, and are also found in
electric vehicles [8,9]. Conventional LIBs are made up of a graphite anode along with a
transition metal oxide cathode, immersed in an organic electrolyte and separated by a
separator [10].

From the beginnings of battery development until the present, anode materials have
been one of the most controversial topics in the field of batteries [11]. Prior to the advent of
up-to-date LIBs, lithium (Li) has been used as an anode. Because of safety issues ensuing
from dendrite formation in lithium metal batteries, this anodic material was later replaced
with carbon-intercalation materials [12-14]. Because of its merits, including high stability
and theoretical specific capacity, accompanied by low electrode potential, graphite is com-
monly used as an anodic material in LIBs [15]. One of the main challenges encountered with
a graphite electrode is its low compatibility with a non-aqueous electrolyte, which arises
from its operating potential window [16]. In propylene carbonate (PC)-based electrolytes,
the exfoliation of graphite takes place owing to the generation of propylene gas [17,18].
In contrast, in ethylene carbonate (EC)-based electrolytes, the formation of a passivation
layer, called solid electrolyte interphase (SEI), occurs between the graphite anode and the
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electrolyte, which enables the battery to charge and discharge consecutively [16,18]. The
formation of the SEI layer occurs during the initial charging of the LIB, through the decom-
position of the electrolyte [16]. According to Figure S1 in the Supplementary Materials, the
non-aqueous electrolyte is not thermodynamically stable on the surface of the graphite
electrode; therefore, SEI formation happens as the result of the electrolyte decomposition in
the potential ranging from 0.6 to 1.3 V vs. Li* /Li. In EC-based electrolytes, an irreversible
loss of capacity is observed, which stems from the consumption of Li* ions in the SEI
formation process [16].

One of the most cost-effective and advantageous avenues explored to promote the
compatibility of graphite electrodes with PC-based electrolytes, as well as in EC-based
electrolytes, is the usage of electrolyte functional additives or SEI additives. In PC-based
electrolytes, the usage of SEI additives is indispensable for better cell performance because
the SEI layer that arises from the additive will not only rescue the graphite anode from
exfoliation but can also enable the LIB to charge and discharge in subsequent cycles. In EC-
based electrolytes, the role of SEI additives is different; they improve the cell’s performance
by modifying the nature of the SEI layer [19-21].

SEI additives have lower reduction potentials in comparison with the electrolyte
solvents, which enables them to reduce prior to the decomposition of the electrolyte
solvents and to generate a robust and uniform SEI layer on the graphite electrode’s surface
(see Figure S1 in the Supplementary Materials) [22]. One of the main types of electrolyte
functional additives is the reduction-type additives. The most important characteristic
of this type of additive is that they offer one or more double or triple bonds to supply
a site suitable for polymerization in the reductive reaction. Electrochemically induced
polymerization is involved in the mechanism of SEI formation in these additives (see
Figure 52 in the Supplementary Materials) [20,21].

Among the reduction-type additives, vinylene carbonate (VC) is the most well-known
and commonly used additive in LIBs [21]. Allyl ethyl carbonate (AEC) is another reduction-
type additive that was adopted to inhibit the exfoliation of the graphitic anode, due to its
higher reduction potential with respect to the PC, as well as its ability to build a stable SEI
layer. The cell with 2 wt % of AEC demonstrated a reversible capacity of 320 mAh g~! after
10 cycles [23]. In an earlier study, Wagner et al. [24] investigated the effect of methyl vinyl
sulfone (MVS) and ethyl vinyl sulfone (EVS) additives on the electrochemical performance
of LIB. They realized that the MVS and EVS additives offer the lowest unoccupied molecular
orbital (LUMO) energy levels compared to PC, which allows them to undergo reduction
before the PC decomposition process and to suppress the exfoliation of the graphite anode
through the formation of a stable SEI layer [24]. In addition to the role of these additives
to prevent the exfoliation of graphitic anodes in PC-based electrolytes, they can also be
employed for EC-based electrolytes in order to improve the cyclability of LIBs. As reported
in the study by Komaba et al. [25], the formation of a poly(2-vinyl pyridine) film via the
electrochemical reductive polymerization of a 2-vinyl pyridine (VP) additive on a graphite
electrode can hamper the electro-reduction of the manganese ions (Mn?*) on the electrode’s
surface, which may result in an improvement of the electrochemical performance of the
graphite/LiMn; Oy full-cell [25].

For the first time, in this study, we introduce phenyl vinyl sulfonate (PVS) as a novel
electrolyte additive for LIBs that is functionalized with the sulfonate (-OSO,-) and vinyl
(C=C) chemical groups. Density functional theory (DFT) calculations demonstrate that PVS
possesses a higher reduction potential (RP) than that of the EC solvent; thus, we believe
that this compound can reduce before the decomposition of EC, which subsequently
modifies the surface of the graphite electrode and affects the LIB’s performance. Varied
surface characterization tests, along with electrochemical measurements, are conducted to
examine the morphology and chemistry of the PVS-driven SEI layer and its impact on the
electrochemical performance of Li/graphite cells.
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2. Materials and Methods
2.1. Theoretical Calculations

The DFT calculations of the redox potentials of EC and PVS molecules, as illustrated in
Figure 1, were performed using the program package, Gaussian 09 [26]. All the calculations
were performed by means of the B3PW91 functional and 6-311G (d,p) basis set. The
procedure used for the calculation of oxidation potential (OP) and the reduction potential
(RP) of the molecules were thoroughly discussed in our previous work [27].

2.2. Electrolyte Preparation

EC (Merck, for synthesis), dimethyl carbonate (DMC) (Merck, for synthesis), lithium
hexafluorophosphate salt (LiPF¢) (Sigma-Aldrich, battery grade), and PVS (Sigma-Aldrich,
95%) as the case-study additive were used as received. First, 1 M LiPFg, dissolved in
EC:DMC (1:1, v/v), was used as the “reference” electrolyte. To desiccate the moisture
present in the solvents, 4 A molecular sieves were dehumidified at 350 °C for 17 h. Then,
the solvents were stored over arid molecular sieves under high-purity argon in a glove box
for several days. The water amount of the prepared electrolytes was determined by Karl
Fischer titration (Mettler Toledo DL31), which was <10 ppm.

2.3. Electrode Preparation and Cell Assembling

The commercial graphite electrodes used in this work were composed of graphite
powder (93 wt %, as the active material), styrene-butadiene rubber (SBR) (4.6 wt %, as the
binder), carboxymethyl cellulose (CMC) (1.4 wt %, as the binder), and Super P (SP) (1 wt %,
as the conductive additive), with copper (Cu) foil as the current collector. The graphite
electrode, a micro-pore polypropylene membrane (Celgard 2400) acting as the separator,
and Li foil, acting as the counter electrode, were assembled into coin cells in a glove box
filled with argon (Ar) gas.

2.4. Electrochemical Measurements

The charge-discharge experiments were conducted by employing a battery tester
(Kimiastat-5V /10 mA, Kimia Pardaz Rayane, Iran). In order to investigate the cathodic
stability of the case-study electrolytes, cyclic voltammetry (CV) measurements were ex-
ecuted at a scan rate of 0.1 mV s~! from 0.001 to 3 V (vs. Li*/Li). Moreover, the anodic
behavior of electrolytes was examined by means of a linear sweep voltammetry (LSV) test
at a scan rate of 0.1 mV from 3 to 6 V vs. Li*/Li, using a three-electrode cell consisting of a
Pt electrode as the working electrode and Li foils as the counter and reference electrodes.
In electrochemical impedance spectroscopy (EIS) analysis, a 10 mV excitation potential
and a frequency varying from 100 kHz to 0.1 Hz were applied. All the CV, LSV, and EIS
measurements were carried out with a Galvano-stat/Potentio-stat Autolab (PGSTAT 302N)
at room temperature.

2.5. Surface Analyses of the Electrode

The formation process of an SEI film on a graphite electrode’s surface was achieved
using five charge-discharge cycles at a low C-rate (0.1 C) from 0.001 to 3 V (vs. Li*/Li).
After formation, the coin cells were dismantled in a glove box filled with Ar gas, then
the graphite electrodes were rinsed with DMC solvent, followed by vacuum drying for
several hours before analysis. The morphology and chemical composition investigation
of the graphite anode surface were performed using field-emission scanning electron
microscopy (FE-SEM) (Tescan Mira 3-LMU, 15 kV) and an energy-dispersive spectrometer
(EDS) mounted on FE-SEM, respectively. To characterize the organic functional groups
available on the graphite electrode’s surface, a Bruker Alpha Fourier-transform infrared
(FT-IR) spectrometer was hired. Raman spectra of the graphite electrodes were obtained
through a Takram Raman microscope, using a 532 nm Nd:YAG laser. To carry out the
UV-visible spectroscopy, after washing and drying, the arid electrodes were soaked in
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a specified amount of methanol for four days. The UV-visible absorption spectra were
recorded in ambient air using a Perkin Elmer Lambda 45 spectrometer.

3. Results and Discussion
3.1. DFT Calculations

The RP and OP of the EC and PVS molecules are shown in Figure 1. An SEI-forming
additive should have a higher RP than that of an electrolyte solvent, meaning that the
additive is capable of reducing prior to the reduction of solvent and to forming an SEI
layer on the electrode [10,27]. Accordingly, the PVS molecule has a higher RP than that of
the EC, implying that this molecule is expected to reduce before the EC and to act as an
SEI additive. Moreover, this molecule has a lower OP compared to the EC solvent, which
shows its lower anodic stability than that of EC [10,27].
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Figure 1. The oxidation and reduction potentials of EC and PVS.

3.2. Electrochemical Study
3.2.1. Charge-Discharge Test

In order to optimize the PVS content in the reference electrolyte, the effect of various
doses of additive on the electrochemical performance of LIB was examined, as shown in
Figure S3 in the Supplementary Materials. In addition, the charge and discharge capacities,
as well as the Coulombic efficiency (CE) of these samples, are listed in Table 1. The long
voltage plateau, varying from 0.2 to 0.01 V, in the discharge curve is related to the lithium
intercalation process [28]. The CE of the LIB with the reference electrolyte is 69.3%, while
the inclusion of 1% wt PVS into the reference electrolyte increased the CE of the LIB to
80.9%. Interestingly, by increasing the additive amount, a decrease in CE was observed,
corresponding to the generation of a thicker SEI layer on the surface of the graphite
electrode and, subsequently, higher interfacial resistance [28,29]. Consequently, 1 wt % of
PVS was chosen as the optimal amount of additive in the reference electrolyte.

Figure 2 illustrates the capacity retention of Li/graphite cells containing the reference
electrolyte and 1 wt % of PVS electrolyte, after 35 cycles at 1 C from 0.001 to 3 V at room tem-
perature. The capacity retention of the reference cell decreased to only 50.4% of retention in
comparison with its initial discharge capacity, whereas the cell with 1 wt % of PVS deliv-
ered superior cycle stability, accompanied by an excellent cycling performance. The good
electrochemical performance of the cell with 1% wt of PVS testifies to the important role of
the additive in building a stable SEI layer that can hinder the continuous consumption of
Li* ions arising from the formation of an imperfect SEI layer by the reference electrolyte.
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Table 1. The charge capacity, discharge capacity, and CE of the Li/graphite half-cells containing
various doses of PVS.

Samples Discharge Capacity Charge Capacity Coulombic Efficiency
(mAhg1) (mAhg1) (%)
no additive 481.4 333.6 69.3
1% PVS 328.4 256.9 80.9
2% PVS 278.1 196.4 70.6
3% PVS 287.2 153.1 53.3
4% PVS 147.7 50.3 34.1
5% PVS 76.9 224 29.2
110 - ® no additive
® 1%PVS
107 *s ° 0000......“.0000
.3..0.0' %00,
3 9 o *
e 01 )
.
S 80 %
H %o
% .
& 701 %o,
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60 %
%
.
50 ~ (]

Cycle number

Figure 2. The capacity retention of the Li/graphite half-cells without and with the PVS additive after
35 cycles at the C-rate of 1 C and in the voltage range of 0.001-3 V.

3.2.2. CV Measurements

The CV curves of Li/graphite cells containing the reference and 1 wt % of PVS
electrolyte during the first and second cycles are shown in Figure 3a,b. A reduction peak
appears in the first cathodic potential sweep of the reference electrolyte at ~1.7 V, which is
associated with the reduction of the electrolyte and the formation of an SEI layer (Figure 3a).
The point here is that the reduction peak at ~1.7 V appears again, implying that the SEI
derived from the reference electrolyte could not completely suppress the further reduction
of electrolyte in the subsequent cycle. As can be seen in Figure 3b, by adding 1 wt % of
PVS into the reference electrolyte, its cathodic behavior was changed. In the first cathodic
potential sweep of 1 wt % of the PVS electrolyte, a reduction peak was observed at ~1.9 'V,
arising from a reduction in the PVS additive, a peak that is higher than that of the reference
electrolyte. Interestingly, the reduction peak related to the reference electrolyte at ~1.7 V
was not observed in the first and second cycles, which highlights the role of the PVS-derived
SEl layer in completely suppressing the electrolyte reduction and subsequent capacity loss.
The cathodic peak below 0.25 V is associated with the intercalation of Li* ions into the
graphite [30]. Comparing the lithiation/de-lithiation peaks of Li* ions in the CV curves of
the electrolytes highlights the finding that their intensities in the 1% PVS electrolyte are
higher than those in the reference electrolyte, showing that the addition of PVS reduced the
polarization in LIB [28].
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Figure 3. The CV curves of the Li/graphite half-cells in the (a) electrolyte without additive and
(b) electrolyte containing 1 wt % of PVS.

3.2.3. LSV Measurements

Figure 4 depicts the LSV curves of the electrolyte samples without and with the
additive. While the electrolyte without the additive is stable up to ~5 V, the other electrolyte
shows an increased oxidation current at ~4.3 V. Therefore, the PVS additive shows less
anodic stability compared to EC, which is consistent with the DFT calculations.

0.8 e 0 additive
— 1% PVS
0.6
<
£
E 0.4
c
=
Q
0.2
0.0

3.0 35 4.0 4.5 5.0 5.5 6.0
Potential (V vs Li*/Li)

Figure 4. The LSV curves of the electrolytes without and with 1 wt % of the PVS.

3.2.4. EIS Analysis

Figure 5a,b illustrates the EIS curves of Li/graphite cells after 5 cycles at 0.5 C and
50 cycles at 1 C, containing electrolytes without and with the PVS additive. A typical
Nyquist plot of LIBs is composed of a semicircle at a high frequency that can be ascribed
to the interfacial layer resistance (R¢), a semicircle located at a medium frequency that is
relevant to the charge transfer resistance (R¢t) and the Warburg impedance (Wy), which
can be imputed to the solid phase diffusion of Li* ions in the bulk of the intercalation
compound [31,32].
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Figure 5. The Nyquist curves of Li/graphite half-cells without and with 1% PVS after (a) 5 cycles of
0.5 C as the formation, and (b) after 50 cycles of 1 C. (c) The equivalent circuit adopted for simulating
the experimental results.

The data obtained from the fitting of the EIS curves of the reference and 1% PVS
electrolytes by means of the equivalent circuit shown in Figure 5c are reported in Table 2.
Accordingly, the electrolyte containing 1 wt % of PVS shows lower interfacial and charge
transfer resistance compared to the one without an additive after 5 and 50 cycles, implying
that the addition of PVS into the electrolyte resulted in the formation of a favorable SEI
film. The lowered interfacial and charge transfer resistance could decrease the ohmic and
activation polarization occurring during the insertion/de-insertion of Li* ions into the
electrode, giving rise to the superior cyclic stability of the electrode [31,33].

Table 2. Data obtained from the fitting EIS diagrams of the electrodes cycled in the electrolytes
without and with 1 wt % of PVS after 5 cycles at 0.5 C and 50 cycles at 1 C.

Sample After 5 Cycles After 50 Cycles
R(®)  Ri(@  Ra(Q)  Rs(Q)  Ri(Q)  Re(Q)
No Additive 5.88 52.87 68.09 12.24 35.15 34.6
1% PVS 9.91 33.29 24.44 10.44 31.99 19.72

3.3. Structural Analyses
3.3.1. SEM and EDX Analyses

The SEM micrographs of the graphite anodes before cycling, assigned as the “fresh
electrode” and after the formation process in both electrolytes without and with the additive
are shown in Figure 6. The clean and smooth sheets of the graphite anode are clearly visible
in Figure 6a. After their formation, a change was observed in the morphology of the
graphite anodes; some of the reductive decomposition products of the electrolyte can be
observed on the surface of the anodes (Figure 6b—d). Because of the facile reduction of
the electrolyte with PVS compared to the reference electrolyte, different morphologies can
be observed.

Elemental analysis of the interfacial layer formed on the surface of the graphite anode
was performed using EDS; the patterns for both electrolytes are shown in Figure 7. The
well-defined sulfur peak at ~2 keV in the electrode with the PVS is related to the sulfurous
compounds arising from the decomposition of PVS, whereas this peak is not found for the
electrolyte without additive [34], testifying to the role of the additive in building an SEI
layer on the surface of the graphite anode.
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Figure 6. The SEM images that were taken from the graphite electrodes: (a) before cycling (fresh
electrode), (b) after cycling in the electrolyte without the PVS, (c,d) after cycling in the electrolyte
with the PVS at two different magnifications.
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Figure 7. EDS patterns recorded for the graphite electrodes, cycled in (a) the electrolyte without the
PVS, and (b) the electrolyte with 1 wt % of the PVS.

3.3.2. FT-IR Spectroscopy

Figure 8a illustrates the FI-IR spectra of the electrodes cycled in the electrolytes
without and with PVS. The peaks found at 1630 em ™! (Vasc=0) and 1080 em ™! (vc.p) can
be imputed to the lithium alkyl carbonate species, including lithium ethylene decarbonate
(LEDC) and lithium methyl carbonate (LMC). The peaks observed at 1481 em ™ (Scms,cr)



Energies 2022, 15, 6205

9of 12

and 841 cm ™! (5co3%”) stem from the presence of Li;COs [35-37]. As reported in the
literature, EC can take part in the generation of an SEI layer through two mechanisms.
In the first mechanism, an electrochemically induced reduction of EC occurs, leading to
the production of lithium carbonate (Li;COs) along with gaseous products. In the second
mechanism, an SEI layer showing more stability is formed, which is mainly made up of
LEDC [20,38]. The reduction of DMC as the co-solvent, as used in our study, brings about
the production of LMC [39]. In the spectrum of the electrode cycled in the electrolyte
with PVS, a pronounced peak is seen at 1312 cm ! that is related to the asymmetric SO,

stretching, which evidences the presence of the reductive products of the PVS in the SEI
layer [40,41].
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Figure 8. (a) The FT-IR spectra of the graphite electrodes after cycling in the electrolyte without and
with the additive, (b) Raman spectra of the fresh and the cycled graphite electrodes in the electrolytes
without and with the PVS, (c¢) UV-visible spectra of the PVS powder (pure PVS) and the SEI formed
on the graphite electrode’s surface through the reduction of the PVS.

3.3.3. Raman Spectroscopy

Figure 8b shows the Raman spectra of the electrodes before cycling and after cycling
in electrolytes without and with PVS. The Raman spectrum of the graphite electrode is
commonly composed of two distinct peaks, including the D-band and G-band. The former
appears at ~1380 cm~! and is related to the Ajg vibrational mode; it can be assigned to
the breathing motion of sp? hybridized carbon atoms in the rings at the edge planes and
to defects in the graphite sheets. The latter peak located at ~1580 cm~! can be imputed to
the Ep; vibrational mode and corresponds to the relative motion of the sp? carbon atoms
in the rings and chains. The peak intensity between D-band and G-band (Ip/Ig) has been
adopted to determine the degree of structural disorder in the graphite electrode, whereas
this ratio is at zero for intact graphite [40,42,43]. The Ip /I ratio is 0.35 for a fresh graphite
electrode, attesting to the presence of defects and disorders in the graphite structure. The
Ip/Ig ratio for the electrode that was cycled in the electrolyte containing the PVS was less
than that of its counterpart devoid of the additive, indicating that the SEI film built in the
electrolyte with the PVS is more efficient in terms of protecting the surface structure of the
graphite electrode [33].
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3.3.4. UV-Visible Spectra

Figure 8c shows the UV-visible spectra of the PVS powder and the graphite electrode
that was cycled in the electrolyte containing the PVS. The PVS powder acts as a monomer
in the electrolyte. In the UV-visible spectrum of the graphite electrode, one absorption
peak was observed at 222 nm that was also found for the PVS powder. This peak can be
attributed to the PVS monomer molecules trapped in the SEI film polymer that formed on
the surface of the graphite electrode [25]. In addition to the peak at 222 nm, a broad peak
located at 255 nm can be seen in the spectrum of the graphite electrode that cycled in the
PVS-containing electrolyte; this peak cannot be observed in the spectrum of the PVS powder.
This peak can be attributed to the polymer film originating from the polymerization of the
additive [44].

4. Conclusions

In this research, PVS was examined as a novel electrolyte additive for the improvement
of the cycle stability of LIBs containing an EC-based electrolyte. The DFT calculations
predicted that the PVS possesses higher RP and lower OP than EC, which findings were in
agreement with the results obtained from the CV and LSV measurements. As evidenced
by CV analysis, the SEI layer formed by the PVS can hamper the decomposition of the
electrolyte. In addition, the cell with 1 wt % of the PVS demonstrated less interfacial and
charge transfer resistance, which could result in a decrement in ohmic and also activation
polarization in the intercalation/de-intercalation process of Li* ions into the electrode. As
evidenced by Raman spectroscopy, the SEI formation process, occurring as the result of
PVS reduction, led to less structural disorder in the graphite electrode, which could make it
an appropriate additive for LIBs. According to the cycling performance analysis, a severe
decline was observed in the capacity retention of the Li/graphite cell without PVS after
35 cycles. On the other hand, the cell with the PVS delivered superior cyclic stability with
excellent capacity retention. Taking the abovementioned explanations into account, PVS
may present a promising SEI additive for LIBs.
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