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Abstract: In this work, phenyl methanesulfonate (PMS) is evaluated as an additive to enhance
the cyclic stability of lithium-ion batteries (LIBs) based on a graphite electrode. According to the
theoretical results obtained from density functional theory (DFT) calculations, PMS possesses a lower
reduction potential compared to the cyclic carbonate electrolyte solvent. Hence, this compound is
foreseen to be reduced before ethylene carbonate (EC) and form a solid electrolyte interphase (SEI)
layer on the graphite electrode. The cyclic stability of Li/graphite battery is promoted considerably
by adding a low dose of PMS to the electrolyte. The capacity retention of the Li/graphite half-cell is
incredibly improved to about 100% after 35 cycles at room temperature. The results acquired from
the electrochemical and surface characterization tests corroborate that an electrolyte with PMS is
capable of forming a thinner SEI layer compared to the electrolyte devoid of an additive, which can
dramatically lessen the interfacial resistance. Moreover, the results show that the graphite sheets are
disguised under a myriad of PMS reductive deposits, which can neutralize the catalytic activity of
prismatic surfaces.

Keywords: lithium-ion battery; solid electrolyte interphase; phenyl methanesulfonate; graphite
electrode; electrolyte additive

1. Introduction

In the last decades, the concerns about the rise in the production of greenhouse gases
induced by the burning of fossil fuels and subsequently contributing to global warming
have induced scientists to explore new energy resources [1,2]. One of the necessities of such
a crucial exploration is to employ energy storage devices. The lithium-ion battery (LIB) as a
reliable energy storage device has dramatically affected the world thanks to its high energy
density and voltage along with its superior cycle stability. They are extensively utilized
in portable devices such as cell phones and laptop computers and also in electric vehicles
(EVs), which are useful to decrease environmental pollutions [3–6]. LIBs are commonly
made up of a graphite anode and a transition metal oxide cathode, which are soaked in an
organic electrolyte and separated by a separator [2,7]. An electrolyte, as one of the main
components of LIBs, includes a solvent or a mixture of solvents which acts as a medium for
the transportation of ions and a lithium salt as a source of lithium ions. Typically, a mixture
of solvents is adopted for the electrolytes, which is composed of a cyclic alkyl carbonate
having a high dielectric permittivity and linear alkyl carbonates with a low viscosity, which
are necessary to heighten the ionic conductivity of the electrolyte [8,9]. Owing to its merits,
including a superior theoretical specific capacity and the lowest negative electrochemical
potential, lithium (Li) metal has been adopted as a negative electrode in rechargeable
batteries. However, batteries including Li metal have not been commercialized yet because
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of two main hurdles: one is the growth of lithium dendrites during consecutive charge and
discharge cycles, giving rise to the short circuit. The other ground is its low Coulombic
efficiency (CE). Hence, Li metal was superseded with the graphite intercalation compound
(GIC) as an anodic material [10,11].

Graphite as a negative electrode has been widely employed in LIBs. From a crys-
tallographic point of view, layered graphite is an aggregate of crystalline grains with a
hexagonal structure which contains two sorts of surfaces (Figure S1a) [12,13]. The first one
is basal plane surfaces which are commonly devoid of any defects and contaminants and
are only composed of carbon atoms. The other one is prismatic (edge) surfaces which, in
addition to carbon atoms, contain chemical complexes generated during the manufacturing
stages. These complexes mostly are carbon–hydrogen bonds and chemisorbed oxygen
groups, which are depicted in Figure S2. The basal plane are terminated by arm-chair
and zig-zag faces in which carbon fragments of one or two atoms protruding from the
major condensed benzene ring structure (Figure S1b). Both arm-chair and zig-zag faces are
two kinds of prismatic surfaces contributing to form surface active sites and chemisorbed
oxygen groups [14,15]. The adsorption of oxygen groups onto the prismatic surfaces relies
on their reactivity, in which the oxygen groups are weakly chemisorbed to active sites,
denoted by “a” in Figure S1b, while the active sites nominated by “A” have a higher
electron affinity, leading to stronger chemisorbed carbon–oxygen bonds [14,16].

Several irreversible charge-consuming phenomena are expected for graphite electrodes
which can be roughly classified into two groups: (1) solid electrolyte interphase (SEI)
generation caused by the co-intercalation of solvent molecules into the graphite electrode,
and (2) the reduction in surface complexes, impurities, and residue compounds on the
prismatic surfaces according to the following reactions (G represents graphite) [12,15]:

G−COOH + Li+ + e− → G−COOLi + 0.5H2 (1)

G−CHO + Li+ + e− → G− Li + CO + 0.5H2 (2)

G−OH + Li+ + e− → G−OLi + 0.5H2 (3)

G−H + Li+ + e− → G− Li + 0.5H2 (4)

Various strategies are employed to cover the active sites to diminish irreversible
capacity loss. One of these beneficial avenues is the physical coating of graphite materials
with a protective layer like a metal oxide. Another effective approach is the introduction of
reduction-type additives into the electrolyte formulation. To define these sort of additives,
they are materials whose reduction potentials are higher than those of the solvents used
in the electrolyte, which allows them to undergo the reduction before the electrochemical
reduction in the electrolyte solvents and produce a robust and homogenous SEI layer on the
graphite surface. The resultant SEI layer coats the prismatic sites available in the graphite
electrode and deactivate their catalytic activity [12,17,18].

Sulfur-containing additives are well-known as one of the kinds of reduction-type
additives, the most important of which are 1,3-propane sultone (PS), butyl sultone (BS),
and prop-1-ene-1,3-sultone (PES) [17,19,20]. The study of sulfur-containing additives has
been a topic of great interest among scientists, and substantial attention has been paid to
them. Park et al. [21] found that the inclusion of PS into the electrolyte can restrain not
only PC decomposition but also Li metal deposition on the graphite electrode by coating
the active sites. Xu et al. [22,23] conducted two discrete investigations, revealing that the
addition of a PS additive to the electrolyte could enhance the battery’s cycling performance
in low and high temperatures. Moreover, Jung and his colleagues [24] reported that
3-fluoro-1,3-propane sultone (FPS) outperforms PS and vinylene carbonate (VC) over an
extensive temperature range (25–60 ◦C), and fluorine as an electron-withdrawing group
can make the anodic stability and thermal stability of the FPS better in comparison with PS,
which is lacking of fluorine atom, and VC.
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The present work looks at phenyl methanesulfonate (PMS) as an electrolyte addi-
tive, taking advantage of two different functional groups, including sulfonate (-OSO2-)
and phenyl. A recent work manifested that PMS could enhance the performance of
LiNi0.5Co0.2Mn0.3O2/graphite full-cell at low temperatures [25]. In this research, we aim to
contrive an experiment to evaluate the effect of PMS on the graphite electrode–electrolyte
interface and its impact on the electrochemical performance of LIBs with the graphite
electrode. In accordance with the density functional theory (DFT) predictions, we believe
that the solid electrolyte interphase (SEI) layer derived from PMS can significantly impact
the surface chemistry of the graphite anode, which would be responsible for determining
the cyclic performance of LIBs based on the graphite anode.

2. Materials and Methods
2.1. Computational Section

The ground-state structures of the ethylene carbonate (EC) and PMS molecules de-
picted in Figure 1 were fully optimized with C1 symmetry. All calculations were performed
by means of the B3PW91 functional and 6-311G (d,p) basis set employed in Gaussian 09 [26].
The solvent effect was exerted by employing the conductor-variant polarized continuum
model (CPCM) [27]. A dielectric constant of 46.4 was obtained as a weighted average value
between the dielectric constants of EC (ε = 89.78) and dimethyl carbonate (DMC) (ε = 3.11)
since we used a mixture of EC and DMC with an equal proportion (1:1, v/v) in this study.
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2.2. Electrolyte Preparation

The EC (Merck, for synthesis), DMC (Merck, for synthesis), lithium hexafluorophos-
phate salt (LiPF6) (Sigma-Aldrich, battery grade), and PMS (Sigma-Aldrich, 98%) as the
case-study additive were purchased. EC:DMC (1:1, v/v) with 1 M LiPF6 was used as the
“reference electrolyte”. To desiccate the moisture available in the solvents, 4 Å molecular
sieves were dehumidified first at 350 ◦C for 17 h, then the solvents were stored over arid
molecular sieves under a high purity argon (Ar) of a glove box for several days. The water
amount of the prepared electrolyte was determined by Karl Fischer titration (Mettler Toledo
DL31), which was less than 10 ppm.

2.3. Electrode Preparation and Cell Assembling

The commercial graphite electrode used in this study was composed of graphite (as
the active material) (93 wt%), styrene-butadiene rubber (SBR, as the binder) (4.6 wt%),
carboxymethyl cellulose (CMC, as the binder) (1.4 wt%), and Super P (SP as the conductive
additive) (1 wt%) on a copper foil substrate as the current collector. The graphite electrode,
a micro-pores polypropylene membrane (Celgard 2400) as the separator, and Li foil as the
counter electrode were assembled into the coin cells in a dry glove box filled with Ar gas.
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2.4. Electrochemical Tests

The charge–discharge experiments were carried out using a battery tester (Kimiastat-
5V/10 mA, Kimia Pardaz Rayane, Iran). To assess the cathodic stability of the case-study
electrolytes, the cyclic voltammetry (CV) measurements were executed at a scan rate
of 0.1 mV s−1 from 0.001 to 3 V (vs. Li+/Li). Furthermore, the anodic behavior of the
electrolytes was examined through the usage of a linear sweep voltammetry (LSV) test. The
LSV tests were done at a scan rate of 0.1 mV in a voltage range of 3 to 6 V vs. Li+/Li, and a
three-electrode cell was used in LSV, consisting of the Pt electrode as working electrode and
Li foils as counter and reference electrodes. In electrochemical impedance spectroscopy
(EIS) analysis, a 10 mV excitation potential and a frequency ranging from 100 kHz to 0.1 Hz
were applied to the half-cell systems. All the CV, LSV, and EIS measurements were carried
out using a Galvanostat/Potentiostat Autolab (PG-STAT 302N) at room temperature.

2.5. Characterization of the Graphite Electrode Surface

The formation process of the SEI layer on the graphite electrode surface was done
through five charge–discharge cycles at a low C-rate (0.1 C) from 0.001 to 3 V (vs. Li+/Li).
After the formation, the coin cells were dismantled in the glove box and afterward, the
graphite electrodes were washed with DMC solvent. The morphology and chemical
composition investigations 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 explore the organic
functional groups available on the graphite electrode surface, a Bruker Alpha Fourier-
transform infrared (FT-IR) spectrometer was used. The Raman spectra of the graphite
electrodes were obtained through a Takram Raman microscope with a 532 nm Nd:YAG
laser. To carry out the UV-visible spectroscopy, after washing and drying, the dry electrode
was soaked in a given amount of methanol for four days. The UV-visible absorption spectra
were acquired in the air by using a Perkin Elmer Lambda 45 spectrometer.

3. Results and Discussion
3.1. DFT Calculations

Having a higher reduction potential (RP) than that of the cyclic solvent of the elec-
trolyte is a vital parameter for a reductive SEI additive, which enables it to sacrifice itself
before the reduction in the electrolyte solvent and to rescue the electrolyte from further
reduction through the formation of a robust and uniform SEI layer. Another attribute
making SEI additives more suited is its higher oxidation potential (OP) compared to the
electrolyte solvent; consequently, it can inhibit likely outcomes of the layer generated on the
cathode electrode as the result of additive oxidation [24,28,29]. Scheme S1 shows a Born–
Haber cycle, which was exercised to gain the Gibbs free energy of the redox half-reaction
∆G

◦ ,redox
solv and the OP of a reductant (Red) (E

◦
abs(Red)), which are, respectively, indicated

by Equations (6) and (7):

∆G
◦ ,redox
solv = ∆G

◦ ,redox
gas + ∆G

◦
s(Ox)− ∆G

◦
s(Red) (5)

E
◦
abs(Red) = ∆G

◦ ,redox
solv /F (6)

E
◦
(

vs
Li+

Li

)
= E

◦
abs − 1.37 V (7)

That ∆G
◦ ,redox
gas is the ionization free energy in the gas phase at 298.15 K, ∆G

◦
s(Ox) and

∆G
◦
s(Red) are the free energies of the oxidant (Ox) and reductant molecules, respectively,

and F is the Faraday constant [30]. Equation (8) is used to convert the absolute OP to the
Li+/Li scale [31]. Analogous to the calculation of OP, the Born–Haber cycle illustrated in
Scheme S2 is adopted to calculate the reduction potential [32].

∆G
◦ ,redox
solv = ∆G

◦ ,redox
gas + ∆G

◦
s(Red)− ∆G

◦
s(Ox) (8)
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E
◦
abs(Ox) = −∆G

◦ ,redox
solv /F (9)

Equations (9) and (10) are respectively adopted to acquire the Gibbs free energy of the
redox half-reaction ∆G

◦ ,redox
solv and RP of an oxidant (E

◦
abs(Ox)). In addition, Equation (8) is

used to change the absolute reduction potential to the Li+/Li scale. The redox potentials
of the EC and PMS molecules are listed in Table 1. The RP value of the PMS compound is
more than that of EC; therefore, it shows the potential to be employed as a SEI additive.
Meanwhile, PMS exhibits a lower OP value with respect to EC, implying that PMS has a
lower anodic stability and is foreseen to be oxidized before EC on the cathode.

Table 1. The redox potentials of EC and PMS molecules.

Material
Redox Potentials (eV)

RP OP

EC −0.33 6.94
PMS 1.99 5.32

3.2. Charge–Discharge Test

In order to optimize the PMS amount in the reference electrolyte, the galvanostatic
charge–discharge test along with EIS analysis was carried out. The first charge–discharge
cycle of the Li/G half-cells containing varied contents of PMS are exhibited in Figure S3.
The long voltage plateau located in the voltage range from 0.2 to 0.01 V in the discharge
curve corresponds to the lithium intercalation process. The CE of the cell with no additive
is 69.29%, whereas the inclusion of 1 wt% PMS into the reference electrolyte promotes the
cell’s CE to 93.65%. The reason for the improved CE is the presence of the PMS, which can
cover the active sites at the surface of the graphite electrode and protect it more efficiently
from the deterioration of the electrolyte [33]. Higher amounts of PMS (more than 1 wt%)
can lead to a gradual decline in CE (Table S1). This phenomenon can be regarded as the
result of developing a thicker SEI layer onto the graphite electrode’s surface and the higher
interfacial impedance of the electrode, which is confirmed via EIS analysis and explained
in the next section [33,34]. Hence, the sample containing 1 wt% PMS was considered as the
optimal dose of the additive.

3.3. Electrochemical Measurements
3.3.1. EIS Analysis

The Nyquist plots of the cells with no additive and with PMS were taken after five
cycles as the formation and also 50 cycles and fitted via Nova 1.10 Software to achieve an
appropriate equivalent circuit (Figure 2). Each Nyquist plot is made up of two semicircles,
including a semicircle observed at a high frequency known as the interfacial layer resistance
(Rf) and a semicircle located at the medium frequency, which is the charge transfer resistance
(Rct). The linear section in the low-frequency region is the Warburg impedance (W0), which
is pertinent to the diffusion of Li+ ions into the intercalation compound [35,36].

The battery cells without and with the additive, respectively, show the Rct values of
68.09 and 31.58 Ω after 5 cycles formation (Table 2). Interestingly, after 50 cycles, the Rct
value of the cell with PMS is less than that of its counterpart with no additive. The cell
without and with the PMS delivered an Rct of 34.6 and 23.17, respectively. The Rf values
are 52.87 and 27.07 Ω after 5 cycles and 35.15 and 32.14 Ω after 50 cycles for the cells with
no and with PMS, respectively. The lower Rf and Rct values of the cell benefiting from
the presence of the PMS in comparison with the cell free of any additive reveal that the
inclusion of PMS resulted in the formation of SEI in an appropriate way, which improved
the lithium-ion migration within the surface film as well as the charge transfer in the
electrochemical reaction. The lowered Rf and Rct values can diminish ohmic and activation
polarizations during successive lithiation/de-lithiation, which can efficiently affect the
cyclic performance of LIBs [35,37]. Increasing the amount of additive from 1 wt% to 2 and
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3 wt% resulted in an increment in the impedance of the cells, which is consistent with the
charge–discharge experiment (Figure S4).

Batteries 2022, 8, x FOR PEER REVIEW 6 of 15 
 

 
Figure 2. The Nyquist plots of Li/G half-cells without and with 1% PMS after (a) 5 cycles 0.5 C as 
the formation, and (b) after 50 cycles 1 C. The equivalent circuit model used for simulating experi-
mental results is inserted in Figure 2a (From left to right, Rs, Rf, Rct, CPE, and W0 denote resistance 
of solution, interfacial layer resistance, charge transfer resistance, constant phase resistance, and 
Warburg impedance, respectively). 

The battery cells without and with the additive, respectively, show the Rct values of 
68.09 and 31.58 Ω after 5 cycles formation (Table 2). Interestingly, after 50 cycles, the Rct 
value of the cell with PMS is less than that of its counterpart with no additive. The cell 
without and with the PMS delivered an Rct of 34.6 and 23.17, respectively. The Rf values 
are 52.87 and 27.07 Ω after 5 cycles and 35.15 and 32.14 Ω after 50 cycles for the cells with 
no and with PMS, respectively. The lower Rf and Rct values of the cell benefiting from the 
presence of the PMS in comparison with the cell free of any additive reveal that the inclu-
sion of PMS resulted in the formation of SEI in an appropriate way, which improved the 
lithium-ion migration within the surface film as well as the charge transfer in the electro-
chemical reaction. The lowered Rf and Rct values can diminish ohmic and activation po-
larizations during successive lithiation/de-lithiation, which can efficiently affect the cyclic 
performance of LIBs [35,37]. Increasing the amount of additive from 1 wt% to 2 and 3 wt% 
resulted in an increment in the impedance of the cells, which is consistent with the charge–
discharge experiment (Figure S4).  

Table 2. EIS fitting results of the Li/graphite half-cells using electrolytes without and with 1 wt% 
PMS after 5 cycles 0.5 C as formation and 50 cycles 1 C. 

Sample 
After 5 Cycles After 50 Cycles 

Rs (Ω) Rf (Ω) Rct (Ω) Rs (Ω) Rf (Ω) Rct (Ω) 
No additive 5.88 52.87 68.09 12.24 35.15 34.6 

1% PMS 12.49 27.07 31.58 12.92 32.14 23.17 

3.3.2. CV Measurements 
Figure 3a,b show the CVs of the electrolyte samples during the first and second cy-

cles. During the first cathodic potential sweep of the reference electrolyte, a reduction 
peak emerges at ~1.7 V, which can be related to the reduction in the electrolyte, resulting 
in the production of the SEI layer (Figure 3a). Additionally, the reduction peak located at 
1.7 V appears again in the second sweep, implying that the SEI film formed during the 
first cycle was not able to completely suppress any further reduction in the electrolyte 
during the subsequent cycles. The pair oxidation peak (observed at ~0.25 V) and the re-
duction peak (observed at ~0 V) are respectively related to the process of the de-interca-
lating and intercalating process of the Li ions from/to the graphite electrode [38]. Through 

Figure 2. The Nyquist plots of Li/G half-cells without and with 1% PMS after (a) 5 cycles 0.5 C
as the formation, and (b) after 50 cycles 1 C. The equivalent circuit model used for simulating
experimental results is inserted in Figure 2a (From left to right, Rs, Rf, Rct, CPE, and W0 denote
resistance of solution, interfacial layer resistance, charge transfer resistance, constant phase resistance,
and Warburg impedance, respectively).

Table 2. EIS fitting results of the Li/graphite half-cells using electrolytes without and with 1 wt%
PMS after 5 cycles 0.5 C as formation and 50 cycles 1 C.

Sample
After 5 Cycles After 50 Cycles

Rs (Ω) Rf (Ω) Rct (Ω) Rs (Ω) Rf (Ω) Rct (Ω)

No additive 5.88 52.87 68.09 12.24 35.15 34.6
1% PMS 12.49 27.07 31.58 12.92 32.14 23.17

3.3.2. CV Measurements

Figure 3a,b show the CVs of the electrolyte samples during the first and second cycles.
During the first cathodic potential sweep of the reference electrolyte, a reduction peak
emerges at ~1.7 V, which can be related to the reduction in the electrolyte, resulting in
the production of the SEI layer (Figure 3a). Additionally, the reduction peak located at
1.7 V appears again in the second sweep, implying that the SEI film formed during the first
cycle was not able to completely suppress any further reduction in the electrolyte during
the subsequent cycles. The pair oxidation peak (observed at ~0.25 V) and the reduction
peak (observed at ~0 V) are respectively related to the process of the de-intercalating and
intercalating process of the Li ions from/to the graphite electrode [38]. Through the addition
of 1 wt% PMS, the reduction behavior of the reference electrolyte is conspicuously changed.
As evidenced from Figure 3b, during the first cathodic potential sweep, a reduction peak
is found at ~2.3 V, which is ascribed to the reduction in the PMS. The reduction peak of
the electrolyte containing PMS is shifted to the higher reduction potential, and this issue
confirms that the data obtained via the DFT calculations align well with those acquired
from CV measurements. During the second sweep, the reduction peak at 2.3 V is not
found. It is worth mentioning that the reduction peaks of the reference electrolyte at
1.7 V during the first and second sweeps disappeared, implying that the SEI derived from
the PMS could thoroughly prevent the deterioration of the electrolyte. Comparing the
CVs of the electrolyte samples in the first and second cycles exhibits that the intensity
of the intercalation/de-intercalation peak in the cell with PMS is higher than that of the
cell with no additive; as a consequence, the addition of PMS could substantially reduce
polarization [33].
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3.3.3. Anodic Stability Evaluation

The anodic stability of electrolytes was investigated using the LSV test. As can be
found from Figure 3c, the PMS is oxidized at about 4.75 V (vs. Li+/Li) with a substantial
increment in the oxidation current in the LSV curve. In contrast, the reference electrolyte is
stable up to about 5 V. As a conclusion, PMS exhibits a lower anodic stability than that of
EC, which is in agreement with the DFT calculations.

3.4. Surface Characterization Tests
3.4.1. SEM and EDS Analyses

The SEM micrographs of the graphite electrodes in the fresh state (before cycling)
and after the formation in different electrolytes are illustrated in Figure 4. The fresh
electrode possess a smooth and clean surface morphology. However, the morphologies of
the electrodes cycled in the electrolytes without and with an additive are distinctly changed,
and the graphite sheets are covered with a layer of deposit. Interestingly, the morphology
of the deposit in the reference electrolyte is totally different from that in the electrolyte
with PMS. The electrode cycled in the electrolyte containing PMS is heavily covered with
deposited substances generated by the PMS decomposition, and the graphite sheets are
buried and can hardly be seen. Conversely, the decomposition products originating from
the reduction in the electrolyte with no additive are not capable of completely covering the
graphite sheets, and they can be vividly found. Figure S4 displays the EDS patterns of the
different electrolytes. The characteristic sulfur peak at about 2 keV in the EDS pattern of
the electrolyte with PMS is attributed to the sulfurous compounds that have appeared on
the graphite electrode owing to the reduction in PMS, whereas this peak is not detected in
the EDS pattern of the reference electrolyte [39].
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3.4.2. TEM Test

Figure 5 shows the TEM images of the samples. As can be clearly seen in Figure 5a,b,
the graphite sheets are covered with a layer which is the SEI film. The morphology of this
layer in both electrolytes are completely different. The graphite sheet in the sample with
no additive is visible; however, in the electrolyte containing PMS, the graphite sheet is not
distinct. These results are in agreement with the SEM images. Unlike the SEI layer built-in
additive free electrolyte, a non-uniform SEI layer is formed in the electrolyte with PMS, but
its thickness is less than that of its counterpart without an additive (Figure 5c,d), which can
considerably diminish the interfacial resistance and is well-matched with the EIS results.
Referring to the SEM and TEM analyses, the SEI layer formed through the PMS reduction
completely covers the prismatic surfaces, which can prevent the exposure of the electrolyte
to these surfaces and hinder electrolyte decomposition.

3.4.3. FT-IR Spectroscopy

The FT-IR spectrum of the fresh electrode is shown in Figure 6. The sharp peak at
3423 cm−1 indicates the –OH stretching vibration band. The peaks at 2923 and 2854 cm−1

are, respectively, attributed to the asymmetric and symmetric vibrations of the CH2 groups.
The peaks located at 1636 and 1095 cm−1 are, respectively, related to the existence of the C=C
and C-O bands [40,41]. Hence, the chemisorbed oxygen groups demonstrated in Figure S2
are detected in the structure of the fresh graphite. Referring to the literature, the chemical
composition of the SEI layer can be relevant to the electrolyte components [42]. Based on
this fact, the participation of EC in the formation of SEI occurs through two mechanisms.
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One is the electrochemically-induced reduction in EC, giving rise to the production of
lithium carbonate (Li2CO3) and gaseous products; the SEI formed via this path is less
stable. In the second path, lithium ethylene dicarbonate (LEDC) is the principal constituent
of SEI, and this mechanism causes less gaseous products, and the resulting products are
substantially insoluble in the electrolyte [18,43]. The reduction in DMC as the other solvent
of the electrolyte leads to the production of lithium methyl carbonate (LMC) [42]. The
pronounced peaks at 1630 cm−1 (
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C-O) can be attributed to the lithium
alkyl carbonate (LEDC and LMC) species. The absorption peaks at 1481 cm−1 (δCH3,CH2) and
841 cm−1 (δCO3

2−) originate from the presence of Li2CO3 [44–46]. In the FT-IR spectrum
of graphite cycled in the electrolyte with PMS, a well-defined peak at 1308 cm−1 is seen
(Figure 6). For the assignment of this peak, we investigated the FT-IR spectrum of the
PMS powder nominated as pure PMS (Figure 6). In the region from 1300 to 1400 cm−1,
a peak at 1379 cm−1 is observed, which is related to the asymmetric SO2 stretching [47].
Furthermore, the computed frequencies of the PMS molecule by the DFT calculations in
the region varying from 1200 to 1600 cm−1 in Table S2 show only a peak at 1388 cm−1,
which nearly coincided with the peak at 1379 cm−1. Therefore, the peak at 1308 cm−1 can
be ascribed to the asymmetric SO2 stretching, which is shifted to the lower frequency and
confirms that the reduction products of the PMS incorporate into the SEI layer. The peak
seen at ~1625 cm−1 is pertinent to the symmetric C=C. Moreover, the sharp peak located at
~1220 cm−1 is related to the symmetric S=O [47,48].

Based on the X-ray photoelectron spectroscopy (XPS) results reported in the literature
using the PMS electrolyte additive, lithium alkyl carbonate and Li2CO3 are the main
products resulting from the decomposition of the carbonate-based electrolyte. Moreover,
the decomposition of LiPF6 can lead to the generation of LiF, LiPxOyFz, and LiPxFy species.
The reduction in the PMS additive can produce Li2SO4, ROSO2Li, and LiS2 [25].
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(pure PMS).

3.4.4. Raman Spectroscopy

The Raman spectrum of graphite commonly consists of two well-defined peaks. The
weak D-band (at ~1380 cm−1) is related to the A1g vibrational mode and can be designated
to the breathing motion of the sp2 hybridized carbon atoms in rings at the edge planes
and the defects in the graphite sheets. The G-band (~1580 cm−1) is assigned to the E2g

vibrational mode and corresponds to the relative motion of the sp2 carbon atoms in rings
and also the chains. The ratio between the intensity of the D-band and G-band (ID/IG) is
employed to obtain the degree of structural disorder in graphite. This parameter should
be zero for an intact graphite [49–51]. The Raman spectra of graphite anodes in the two
samples and also the ratio ID/IG of those are brought in Figure 7a. The ID/IG for the graphite
electrode before cycling is 0.35, which is higher than the perfect graphite (ID/IG = 0) due to
the presence of defects and disorders in the graphite structure. The ID/IG ratio is increased
noticeably after 5 cycles. The ID/IG for the graphite anode cycled in the electrolyte with
no additive (0.6) is higher than that in the electrolyte with an additive (0.4). The Raman
results imply that the SEI film built in the PMS-containing electrolyte is more efficacious
with regards to protecting the surface structure of graphite [37].

3.4.5. UV-Visible Spectroscopy

Figure 7b portrays the UV-visible absorption spectra of the PMS powder as the
monomer used in the electrolyte, and the graphite electrode cycled in the electrolyte
with PMS. For the PMS monomer, one absorption peak is exclusively emanated in 223 nm,
which is also found in the spectrum of the cycled graphite electrode. In addition, there is
an extra peak in 255 nm in the spectrum of the cycled graphite electrode, which is absent in
the spectrum of the PMS monomer. The peak at 223 nm is appointed to the PMS monomer
molecules, which can be entrapped in the SEI film polymer deposited on the graphite sur-
face [52]. The broad peak at 255 nm can be imputed to the polymer film, which originated
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from the polymerization of the benzene ring radical and is not found in the spectrum of the
PMS monomer [53].
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Figure S5 illustrates a proposed reaction scheme for PMS reduction. Accordingly,
a reduction in PMS results in the generation of a methanesulfonate anion and a radical.
Methanesulfonate anion could react with lithium ions to form lithium methanesulfonate
(path a). In addition, this anion could react with solvent constituents to produce lithium
methane sulfonate ethyl carbonate (path b). In terms of the radical, it can be terminated
by the solvent molecules to form a polymer (path c). Furthermore, it dimerizes, forming a
dimer (path d) [53,54].

3.5. Cycling Performance

Figure 8 shows the discharge capacity retention of the Li/graphite half-cells at room
temperature in a voltage varying from 0.001 to 3 V after 35 cycles 1C. The cell cycled
with PMS has much more stability with a remarkable capacity retention, while the cycling
performance of the cell cycled without PMS is decreased to only 50.4% retention compared
to its initial discharge capacity. The cycling performance results carry this message that the
addition of PMS can remarkably enhance the cycle stability, and the cell with PMS delivers
an excellent cycling performance compared to the one with no additive.
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4. Conclusions

The SEI formation, as the result of the co-intercalation of the solvent molecules and
also a reduction in the chemisorbed oxygen groups extant in the prismatic surfaces, is
regarded as the irreversible charge-consuming phenomena in graphite anode-based LIBs.
To overcome these problems, an addition of a low dose of PMS to the reference electrolyte
is suggested. The CV measurements demonstrated that the electrolyte with PMS is reduced
at 2.3 V, higher than that of the reference electrolyte at 1.7 V. The SEM and TEM images
exhibited that the graphite sheets are buried under lots of reductive materials that stem
from PMS decomposition and are hardly able to be seen. The results brought this successful
conclusion that the SEI layer formed through the PMS degradation can deactivate the
catalytic activity of chemisorbed oxygen groups, which are involved in the consumption
of Li+ charges and, afterward, irreversible capacity loss. After 35 cycles, the remaining
capacity of the cell cycled with no additive severely decreased to merely 50.4% compared
to its initial discharge capacity. In contrast, the cell with PMS achieved a stable cycling
performance with an incredible capacity retention.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries8100152/s1, Figure S1: (a) Schematic representation of graphite
hexagonal structure showing AB layer stacking sequence and the unit cell, (b) edge configurations of
a graphite basal plane. Figure S2: Plausible organic compounds formed by oxygen adsorption on
graphite surface. Figure S3: First charge-discharge profiles of Li/graphite half-cells using reference
electrolyte with no and with various amounts of PMS. The cells were cycled between 0.001–3 V at
0.1 C. Figure S4: Nyquist plots of Li/G half-cells (a,b) without and with 2% PMS after 5 cycles 0.5 C
as the formation and after 50 cycles 1 C, respectively, (c,d) without and with 3% PMS after 5 cycles
0.5 C as the formation and after 50 cycles 1 C, respectively. Figure S5: EDS patterns of the graphite
electrode after cycling; (a) in the reference electrolyte; (b) in the reference electrolyte with 1 wt%
PMS. Table S1: Parameters of the first charge-discharge of Li/graphite half-cells containing various
amounts of PMS. Table S2: The computed frequencies of PMS molecule in the frequency range of
1200–1600 cm-1 and mode assignments. Scheme S1: The Born-Haber cycle for calculation of oxidation
potential. Scheme S2: The Born-Haber cycle for calculation of reduction potential.
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