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The development of advanced electrolytes is essential for improving the stability and safety of lith-
ium-ion batteries (LIBs). This study systematically investigated the effect of low concentrations of two
polar additives, dimethyl sulfoxide (DMSO) and formamide (FA), in a lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI) electrolyte with ethylene carbonate and diethylene carbonate (EC/DEC, 1:1 v/v).
Electrolytes containing 2.5 wt% of each additive were prepared and evaluated for ionic conductivity, elec-
trochemical stability window (ESW), Li-ion transference number, and cycling performance in graph-
ite||Li" half-cells relative to the blank electrolyte. Ionic conductivity measurements showed that both
DMSO and FA reduced conductivity due to higher viscosity and stronger Li* solvation. Linear sweep
voltammetry (LSV) indicated that while the blank electrolyte exhibited a wide ESW of 5.45 V, the addi-
tion of 2.5 wt% DMSO and FA slightly narrowed the window to 5.15 V and 4.98 V, respectively. Both
additives increased the Li-ion transference number compared to the blank. Cyclic voltammetry (CV) re-
vealed that DMSO improved interfacial reversibility, whereas FA induced quasi-capacitive behavior with
suppressed faradaic processes. However, galvanostatic cycling demonstrated that both additives led to
poor coulombic efficiency and unstable cycling, likely due to incompatibility with the graphite anode.
Galvanostatic charge-discharge (GCD) results further indicated that low concentrations of DMSO and FA
did not enhance long-term cycling stability, probably due to irregular solid electrolyte interphase (SEI)
formation, although they may hold potential for high-voltage cathode applications.
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BJIMJAHUE HA MAJIM KOHIHEHTPAIIUU HA AAIUTUBUTE JUMETHNJI CYI®GOKCHUJ
N ®OPMAMMUJ BP3 CTABUJIHOCTA U HEPO@OPMAHCUTE HA EJIEKTPOJIMT BAZUPAH
HA JIMTUYM BUC(TPUD®ITYOPOMETAHCYJI®OHUNHUMHU KAJ JIMTUYM-JOHCKHU BATEPUUA

Pa3Bojor Ha HampemHW ENEKTPOJIMTH € Of (YHIAMEHTAJIHO 3Ha4YeHhe 3a MOoA00pyBameTo Ha
crabuinHocTta n 6e3beqHOCTa Ha JMTHYM-joHCkHTe Oarepuu (LIBs). Bo oBaa cryamja cucremarckn e
aHaJIM3MpaH e(PEeKTOT Of HUCKM KOHLIEHTPALMK Ha JIBa MOJIAPHU aAuTHBa, TuMeTH cyndokcun (DMSO) n
¢opmamun (FA), Bo enekrponmur mro € 0a3upaH Ha JUTHYM Ouc(TpudIyopoMeTaHCyI(OHIIT)IMH
(LiTFSI) co erunen xapbonar u auetuien kapoonar (EC/DEC, 1:1 v/v). [Tonrotsenu 6ea enekTpoauTu
mro compxar no 2.5 % on cexoj aanTHB, IMpU ITO Oea eBaJynpaHW HHWBHATA JOHCKA CIIPOBOIJIMBOCT,
SJIEKTPOXEMHCKHOT TOTEHIMjaieH npo3oper Ha crabwinoct (ESW), Opojor Ha npeHochure Li-jonn n
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LUKITycHaTa cTabuiiHoCT Bo rpadurt||Lif-nomykenunTte Bo criopenda co OCHOBHHOT €JEKTPOJIUT IITO HE
cozpykenie aanTHBU. Mepemara Ha jOHCKaTa CIPOBOUTMBOCT Mokaxaa sieka 1 DMSO u FA ja namanmyBaar
CIPOBOAJIMBOCTA, Mpe ¢ MOPaax 3TrOJIEMEHHOT BHCKO3UTET W 3HAYMTENIHO ITOCHIIHATA COJBaTallfja Ha
Li*-jonure. Co mpuMeHa Ha BONTaMeTpHja CO JIMHeapHa npoMeHa Ha noteHuujan (LSV) e moxaxaHo
JIeKa OCHOBHHUOT SJIEKTPOIHT rmocenyBa mmpok ESW ox 5.45 V, noxeka nomaBameto Ha 2.5 % DMSO u
FA ymepeno ro HamaiyBa mpo3openot Ha 5.15 V u 4.98 V, coonseTHo. JlBata agWThBa ro 3rojeMuja
IIPEHOCHHUOT Opoj Ha Li-joHWTE BO OAHOC HAa OCHOBHHOT enekTponut. llukimmunara Bontamerpuja (CV)
nmokaxka neka DMSO ja momoOpyBa peBep3uOmiIHOCTa, nozneka FA WHIynmpa KBa3H-KaraluTeTHO
OJJHECYBame CO HamalleH nHTeH3uTeT Ha DapaneeBu npouecu. Cenak, raJBaHOCTATCKOTO LIMKIN3UPALE
MOKa)ka JIeKa JBara aJWTHBa JIOBEIyBaaT JI0 HHCKAa EJEeKTPOCTarcka e(QHUKACHOCT M HeCcTaOWIHO
LUKJIN3Upake, HAjBEpOjaTHO TOpajay HHBHATA HECOOABETHA KOMITATMOWIHOCT cO TpaduTHATa aHoIA.
Pesynrarure on ramBaHocTarckoTo nonHeme/mpasHeme (GCD) momnomHuTENHO yKakaa JeKka HHCKUTE
xounenTpaimu Ha DMSO u FA He ja momoOpyBaar moiaropoyHarta HUKIyCHa CTaOMIIHOCT, HajBEpOjaTHO
TIopaJ HEMPaBWIHO (hopMHpame Ha IBpCTaTa enekTpoianTHa narepdaszna oosuska (SEI). OBue agutisu

CCIIaK, nMaart HOTGHHI/IjaJI 3a IPUMCHA BO KATOAHU CUCTCMHU LITO pa60TaT Ha BHUCOKH HAIIOHH.

Kayuynn 36opoBu: Jlumerwmncynadokenn; ¢dopmaMug; JUTHYM-JOHCKH OaTepud; €JIEKTPOXEMHUCKH
aHAJIM3M; eNIEKTPONINT Oa3upaH Ha TUTHYM Ouc(Tpudiayopomerancynponun)umuy (LiTFSI)

1. INTRODUCTION

For decades, lithium-ion batteries (LIBs), al-
so known as rocking-chair batteries (RCBs), have
dominated applications in portable electronics,
electric vehicles (EVs), and grid-scale energy stor-
age due to their high energy density and long cycle
life.! Despite this success, the development of
electrolyte systems capable of sustaining high
power densities while maintaining long-term cy-
cling stability remains a major challenge, particu-
larly under high-voltage operating conditions.

State-of-the-art commercial LIBs employ
organic liquid electrolytes consisting of lithium
salts dissolved in carbonate-based solvents such as
ethylene carbonate (EC), propylene carbonate
(PC), dimethyl carbonate (DMC), and diethyl car-
bonate (DEC). Among lithium salts, lithium hex-
afluorophosphate (LiPFs) is the most widely used;
however, it suffers from poor thermal stability and
decomposes above 60 °C to form phosphorus pen-
tafluoride (PFs) and hydrofluoric acid (HF). These
reactive by-products readily attack carbonate sol-
vents and electrode interphases, triggering electro-
lyte degradation, gas evolution, interfacial instabil-
ity, and irreversible capacity loss.*” Consequently,
conventional carbonate-based electrolytes are in-
creasingly unable to meet the growing demands of
high-energy density and high-power LIB applica-
tions, thereby motivating the search for advanced
electrolyte systems.'®

Lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI), characterized by its complete dissocia-
tion in low dielectric solvents, has been widely
regarded as a promising substitute for LiPF¢ due to
its enhanced thermal stability, superior electro-

chemical performance, and lower sensitivity to
hydrolysis. Moreover, LiTFSI operates within a
wide electrochemical window (ESW) (~ 5V) and
offers high solvation ability, which supports high
ionic conductivity. >

Therefore, electrolyte engineering plays a
crucial role in developing safer and more advanced
LIBs.*'¢ In this context, electrolyte enhancers
have emerged as a promising approach and have
been extensively studied in recent years. When cer-
tain additives are used in small amounts (often < 5
vol% or wt%), they can significantly enhance the
electrochemical performance and safety of LIBs.
Specifically, they play a vital role in improving LIB
performance by mitigating electrolyte decomposi-
tion, suppressing dendrite formation, and preventing
cathode dissolution.'”?!. Furthermore, these addi-
tives effectively stabilize the electrolyte, protect
both electrodes, expand the ESW, enhance ion con-
ductance, and reduce undesirable side reactions,
thereby extending battery life and capacity.**

A wide range of organic electrolyte addi-
tives has been explored, including ionic liquids,
small molecules, polymers, fluorinated carbonates,
localized high-concentration electrolytes (LHCESs),
and organic acids. Fluorinated carbonates and
fluorinated co-solvents, for instance, improve oxi-
dative stability and promote the formation of LiF-
rich cathode electrolyte interphase (CEI) layers,
enabling stable operation at voltages exceeding 4.3
— 4.5 V. However, extensive fluorination often in-
creases cost, raises environmental concerns, and
may introduce higher interfacial resistance.’**
These limitations highlight the need for alternative
additive chemistries that balance stability, conduc-
tivity, and sustainability.
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Extensive studies have demonstrated the effec-
tiveness of low-concentration additives in stabilizing
interphases and enabling fast charging. For instance,
Schmidt et al. (2025) showed that 1 wt% organic ad-
ditives such as tris(trimethylsilyl) phosphite
(TMSEPi) and lithium difluoro (oxalate) borate
(LiDFOB) significantly enhanced fast-charging ca-
pability in graphite/LiNiosMno.1Coo, 10> (NMC811)
full cells by forming thin, inorganic-rich solid elec-
trolyte interphase (SEI) and CEI layers." Similarly,
Qin et al. (2024) reported that incorporating 4 wt%
LiDFOB yielded exceptional capacity retention (94
% after 300 cycles) and reduced polarization due to
improved interfacial kinetics as revealed by molecu-
lar dynamics simulations.?’

Parida et al. (2022) further demonstrated that
boron-based anion receptor additives suppress ion
pairing, enhance Li-ion diffusion, and increase the
Li-ion transference number.?® Notably, Al-Fakih et
al. (2025) investigated the role of high-concen-
tration of DMSO and formamide additives through
experimental and computational methods. Their
key finding was that formamide, a small high-
dielectric molecule, nearly doubled the ionic con-
ductivity of a standard LiPFs in EC/DMC electro-
lyte. Furthermore, both additives substantially im-
proved anodic stability, raising the decomposition
potential from 3.42 V in the baseline electrolyte to
543 V (formamide) and 4.40 V (DMSO) versus
Li/Li""®

Formamide is a highly polar aprotic solvent
with an exceptionally high dielectric constant
(~ 111 at 25 °C), enabling efficient lithium-salt
dissociation and reduced ion pairing in electrolyte
systems. Its strong donor ability and hydrogen-
bonding capability allow formamide to actively
influence Li* solvation structures and interfacial
chemistry when introduced at low concentrations.
During initial cycling, formamide can preferential-
ly decompose, forming nitrogen- and oxygen-
containing species that contribute to a compact,
ionically conductive SEI, thereby suppressing con-
tinuous electrolyte degradation and reducing polar-
ization. In addition, its high boiling point (210 °C),
low vapor pressure, and thermal stability enhance
electrolyte safety under high-rate or elevated-
temperature conditions.”’

On the other hand, dimethyl sulfoxide
(DMSO), although not widely adopted in commer-
cial LIBs, exhibits distinct physicochemical ad-
vantages that warrant systematic investigation.
DMSO is a polar aprotic solvent with a high die-
lectric constant (46.46), a strong donor number,
and an exceptional ability to solvate lithium salts,
which facilitates enhanced salt dissociation and
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modified solvation structures. In addition, DMSO
exhibits a relatively wide electrochemical stability
window, a high boiling point, and low vapor pres-
sure, contributing to improved thermal safety. Im-
portantly, its strong coordinating ability enables
DMSO to directly participate in interphase chemis-
try, potentially regulating the composition and sta-
bility of the SEL.?**°

To date, the SEI formation and electrochem-
ical stability in DMSO-modified and formamide-
modified LiTFSI-based electrolytes have not been
comprehensively investigated, especially under
low additive concentrations relevant to practical
electrolyte formulations. This study examines the
implementation of DMSO and formamide as po-
tential electrolyte additives aimed at improving the
electrochemical stability window and the electro-
chemical redox behavior of LIB half-cells. Each ad-
ditive was individually mixed at a concentration of
2.5 wt% in the blank electrolyte (1 M LiTFSI in
EC/DEC 1:1, (v/v)). Key electrolyte characteristics,
including ionic conductivity, electrochemical stabil-
ity, Li-ion transference number and cyclic perfor-
mance were systematically evaluated. A comprehen-
sive set of techniques, including ionic conductivity
measurements, linear sweep voltammetry (LSV),
galvanostatic charge-discharge (GCD) testing and
cyclic voltammetry (CV) was utilized to thoroughly
investigate the performance and stability of the elec-
trolytes.

2. EXPERIMENTAL

2.1. Materials and chemicals

Lithium bis[trifluoromethanesulfonyl]imide
(LiTFSI (99.9 %)), ethylene carbonate (EC (98 %)),
diethyl carbonate (DEC (99 %)), formamide (99 %),
and dimethyl sulfoxide (DMSO (99%)) were ob-
tained from Merck, stored in an argon-filled glove
box and were utilized without further purification.
The LiTFSI salt was dried in an oven overnight at 60
°C. Polyvinylidene fluoride (PVDF (99.5 %)), N-
methyl-2-pyrrolidone (NMP (99 %)), super P and
graphite were obtained from Sigma Aldrich, USA
and utilized as received. Celgard® polypropylene
membranes and current collector substrates (copper
foil) were purchased from Merck, Germany and
KGC Resources Sdn. Bhd., Malaysia.

2.2. Preparation of electrolyte samples
and graphite electrode

The electrolyte samples were prepared by
mixing 2.5 wt% of each additive into the blank
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electrolyte hereafter referred to as 2.5 wt% DMSO
and 2.5 wt% FA. The blank electrolyte was pre-
pared by dissolving 1.0 mol/l LiTFSI salt in
(EC/DEC 1:1, v/v). These formulation guarantees
consistency in the electrolyte composition, ena-
bling reliable and reproducible electrochemical
measurements.

For the slurry preparation, the binder solution
was prepared by dissolving 1 g PVDF in 10 ml NMP
and stirred for 24 h at room temperature. Subsequent-
ly, graphite (85 wt%) and super P (5 wt%) were
ground and mixed with the binder (10 wt%). Then,
the resulting mixture was sonicated and stirred for an
additional 24 h to ensure complete homogenization.
Lastly, the slurry was doctor-bladed onto a copper
foil current collector utilizing an electrode automatic
coating machine, yielding a thickness of approxi-
mately 200 um. After drying overnight at 70 °C, the
resulting film was punched into 16 mm diameter
discs (area of 2 cm?), and further dried in an oven at
80 °C for 2-3 h to eliminate residual moisture before
transfer to the glove-box, yielding an active mass
loading of ~ 2-3 mg/cm®. Each cell was assembled
using approximately 60 pul of electrolyte to ensure
complete wetting of the separator and electrodes and
to provide stable cycling performances and reliable
electrochemical data.

a)

Positive case (+)

{
l

2.3. Characterization

The fabrication of CR2032 coin cells was
carried out in an argon glove-box (O,, H,O content
< 0.01 ppm) utilizing the Li||Li and graphite||Li*
half-cell as depicted in Figure 1. Ionic conductivi-
ties were measured at room temperature using the
EUTECH PC2700 conductivity meter, Thermo
Scientific™, USA. The instrument was first cali-
brated with a standard potassium chloride solution
before measurement, each sample was measured
three times and the average value was calculated.

Linear sweep voltammetry (LSV) tests were
carried out at room temperature using an Autolab
Potentiostat (PGSTAT 30), China, scans were con-
ducted at a rate of 0.01 V/s over a voltage range of
0 V-6V to assess the stability of each electrolyte.
Li-ion transference number (#i:) was determined
using the chronoamperometry technique, performed
on the Versa STAT 4A under a constant potential of
1 V. Electrochemical impedance spectroscopy (EIS)
measurements were carried out before and after
chronoamperometric polarization over a frequency
range from 1 MHz to 0.1 Hz with an amplitude of 5
mV. All measurements were performed using a
Gamry Interface 1010E potentiostat.

b)

Positive case (+)
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Fig. 1. CR2032 schematic assembly used for (a) EIS and chronoamperometry, (b) LSV, and (¢) CV and GCD
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Cyclic voltammetry (CV) tests were per-
formed using an Autolab Potentiostat (PGSTAT
30), China. The scans were applied over a potential
range of 0.01 V-2V at a scan rate of 0.2 mV/s for
3 cycles to obtain detailed electrochemical re-
sponses and reversibility. Notably, the graphite
electrode was subjected to drying at 70 °C for 2 h
to ensure complete removal of ambient moisture.

Galvanostatic charge-discharge (GCD) cy-
clic discharge behavior of the half-cell was evalu-
ated at a current density of 0.1 A/g. The tests were
conducted within a potential range (0.01V — 2V)
versus Graphite||Li* employing a Neware battery
tester (CT-4008Tn — 5V10 mA), China. Prior to
testing, the assembled cells were rested overnight
to ensure adequate electrode wettability.

3. RESULTS AND DISCUSSION

3.1. lonic conductivity

The ionic conductivity of each electrolyte
was measured at room temperature, as summarized
in Table 1. Ionic conductivity is a critical parame-
ter governing battery electrochemical performance,
as it reflects the ease of ion transport through the
electrolyte and strongly influences both energy
efficiency and power capability.’ In this study, the
conductivities of the blank electrolyte and electro-
lytes containing 2.5 wt% DMSO or 2.5 wt% FA
were evaluated.

Table 1

lonic conductivity of the studied electrolytes
measured at room temperature

Ionic conductivity (mS/cm)

Sample at room temperature
Blank electrolyte 7.46
2.5 wt% DMSO 6.83
2.5 wt% FA 6.17

The blank electrolyte exhibited the highest
conductivity (7.46 mS/cm). Upon the addition of
either additive, a slight decrease in conductivity
was observed. Specifically, the electrolyte contain-
ing 2.5 wt% DMSO showed a conductivity of 6.83
mS/cm, while that containing 2.5 wt% FA exhibit-
ed the lowest value of 6.17 mS/cm. This reduction
was primarily attributed to the higher viscosities of
DMSO and formamide relative to the blank elec-
trolyte; even at low concentrations, their incorpora-
tion increased the overall electrolyte viscosity,
thereby hindering Li* mobility.
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In addition, both additives possess strong
solvation abilities and can strongly coordinate with
lithium ions, leading to the formation of more sta-
ble solvation shells and a reduced population of
free charge carriers, which further contributes to
the observed decrease in ionic conductivity.

3.2. Linear sweep voltammetry

Linear sweep voltammetry (LSV) is a wide-
ly used electrochemical technique for determining
electrolyte decomposition thresholds and evaluat-
ing the electrochemical stability window (ESW),
which defines the safe operating voltage range of
electrochemical systems. In this study, LSV was
employed to examine the influence of formamide
and DMSO additives on the ESW of the electro-
lytes (Fig. 2).

0.03
Blank
—2.5 wt% DMSO
~0.02 -
<
N’
N
=
)
=
5 0.01-
@)
i — 545V
0.00 515V

0 1 2 3 4 5 6 7

Potential (V)

Fig. 2. LSV profiles of the studied electrolyte systems
measured at room temperature at a scan rate of 0.01 V/s

For the blank electrolyte, stable behavior
was observed up to 5.45 V. Beyond this potential, a
sharp rise in current occurred, indicating the onset
of oxidative decomposition of the electrolyte. This
abrupt increase in current corresponded to electron
loss and confirmed electrolyte oxidation at high
potentials. Notably, conventional LiPFs-based car-
bonate electrolytes typically exhibited oxidative
decomposition at significantly lower voltages, gen-
erally around 4.3 V, highlighting the enhanced an-
odic stability of the LiTFSI-based system investi-
gated in this work. '8

In contrast, LiTFSI-based electrolytes oper-
ate over a higher voltage range (above 5 V), under-
scoring their superior thermal stability and wider
ESW compared with conventional LiPFs-based
electrolytes. Upon the incorporation of additives, a
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slight reduction in the ESW and a less stable cur-
rent response were observed. For the electrolyte
containing 2.5 wt% DMSO, the current remained
stable up to 5.15 V, beyond which a noticeable in-
crease in current signalled the onset of electrolyte
decomposition.

Nevertheless, when compared with the typi-
cal LiPF¢-based electrolytes, which decomposed at
approximately 4.3 V, the LiTFSI-based systems
investigated here still exhibited a substantially
broader operating voltage window, highlighting a
marked improvement in electrochemical stabil-
ity.'"®** Accordingly, the incorporation of low con-
centrations of DMSO did not extend the ESW.
Similarly, the electrolyte containing 2.5 wt%
formamide exhibited a slightly reduced voltage
stability limit of 4.98 V.

Overall, the addition of low concentrations
of DMSO or formamide to the LiTFSI-based elec-
trolyte did not broaden the ESW, as the blank elec-
trolyte already possessed a wide stability window
of 5.45 V. These LSV results emphasized the in-
trinsic capability of LiTFSI-based electrolytes to
delay electrolyte decomposition, thereby enabling
more stable and safer operation at elevated voltag-
es compared with conventional LiPFs-based elec-
trolytes.

From a practical perspective, a wider ESW
was directly correlated with higher achievable en-
ergy density and improved battery safety.*® Highly
stable electrolytes helped minimize the risks of
unintended side reactions, gas generation, and elec-
trode breakdown. These findings indicated that
incorporation of LiTFSI salt could enable high-
voltage batteries, thereby promoting fast-charging
applications.

3.3. Lithium-ion transference number (tr+)

The lithium-ion transference number (fi+) is
a critical parameter governing concentration polar-
ization and, consequently, the rate capability and
cycling stability of lithium-ion batteries. A higher
ti+ indicates that a larger fraction of the ionic cur-
rent is carried by Li* ions, which promotes a more
uniform salt concentration during operation and
enables higher power densities. In this study, the
ti+ was calculated using equation 1, with the inter-
facial resistances determined from electrochemical
impedance spectroscopy (EIS) measurements, as
shown in Figure S1, where # denotes the Li-ion
transference number., /;: steady-state current, /o:
the initial current, AV: the applied potential differ-
ence, Ry and Rs: the bulk resistances before and
after polarization, respectively.

For all electrolyte formulations, the Nyquist
plots exhibited only minor variations in the semi-
circle diameter after polarization, indicating that
the interfacial resistance remained largely stable
throughout the measurement. This behavior sug-
gested that no significant interfacial degradation
occurred under the applied experimental condi-
tions, thereby supporting the reliability of the
steady-state current method employed for i+ de-
termination. Moreover, the low solution resistance
(Rs) combined with a well-defined Warburg diffu-
sion tail reflected high ionic conductivity of the
investigated electrolytes, which was consistent
with the conductivity values summarized in Table
1. Notably, the absence of a pronounced increase in
impedance after polarization implied that the elec-
trolyte—electrode interfaces remained kinetically
stable throughout the experiment.

LAV -1R)

= 1
TL@V-IR) .

As shown in Table 2, the blank electrolyte,
serving as the baseline, exhibited a #i+ number
0of 0.35. This value was consistent with, albeit
slightly higher than, the widely cited literature
benchmark of approximately 0.27 for standard car-
bonate-based electrolytes.***” The incorporation of
2.5 wt% DMSO led to a substantial increase in the
lithium-ion transference number, reaching a value
of 0.45. This enhancement highlighted the strong
coordination between DMSO and Li* ions, which
effectively shielded the cation and weakened its
interaction with the TFSI anion. Notably, DMSO
possessed a high donor number, and its strong
Lewis basicity enables more effective coordination
with Li* ions. As a result, DMSO was likely to en-
ter the primary solvation shell, forming a larger
and more stable solvation complex that promoted
preferential Li* transport.

Table 2

Lithium-ion transference number (t1;+)
of the studied electrolytes determined at room
temperature utilizing a constant potential of 1 V

Sample Iy (mA) I (mA) fLi+
blank 4.51 2.92 0.35
2.5 wt% DMSO 0.49 0.27 0.45
2.5 wt% FA 0.21 0.13 0.38

In contrast, the electrolyte containing 2.5
wt% formamide exhibited a more modest transfer-
ence number of 0.38, representing only a slight
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improvement over the blank electrolyte. This behav-
ior was attributed to the smaller molecular size and
different molecular geometry of formamide com-
pared with DMSO, which could influence ion—
solvent interactions and the relative mobilities of
charge carriers. Overall, the transference number re-
sults confirmed that the strategic use of strongly solv-
ating additives was an effective approach for modu-
lating ion transport in electrolytes. Among the addi-
tives studied, DMSO proved particularly effective,
whereas formamide provided a moderate enhance-
ment, underscoring the importance of molecular-level
electrolyte design in controlling lithium-ion transport.

0.002

3.4. Cyclic voltammetry

Cyclic voltammetry (CV) was employed to
evaluate the redox behavior, interfacial stability,
and reversibility of the Graphite||Li* half-cells con-
taining the studied electrolytes over a potential
range of 0.01 — 2.0 V at a scan rate of 0.2 mV/s for
three consecutive cycles (Fig. 3). CV analysis pro-
vided valuable mechanistic insight into lithium
intercalation/deintercalation  kinetics, SEI for-
mation, and polarization effects at the electrode—
electrolyte interface.

0.002
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Fig. 3. Cyclic voltammograms of graphite||Li* half-cell at a scan rate of 0.2 mV/s for 3 cycles at room temperature for
a) blank electrolyte, b) 2.5 wt% DMSO, and c) 2.5 wt% FA

As shown in Figure 3(a), the blank LiTFSI-
based electrolyte exhibited a pronounced cathodic
peak around approximately 0.5 V during the first
scan, which is commonly attributed to electrolyte
reduction and the initial formation of the SEI on
the graphite surface. This irreversible process was
a characteristic of SEI nucleation and growth, dur-
ing which electrolyte components decompose to
form a passivating layer. In subsequent cycles, the
cathodic feature diminished markedly and the CV
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curves became highly reproducible, with nearly
overlapping anodic and cathodic branches. This
behavior indicated that the SEI formed during the
first cycle was sufficiently compact and electroni-
cally insulating to suppress further electrolyte de-
composition.

The appearance of reversible anodic and ca-
thodic peaks in the range of 0.2 — 0.3 V corre-
sponded to the staging transitions associated with
lithium intercalation and deintercalation in graph-
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ite. The reduced peak separation and increased
symmetry observed in later cycles suggested de-
creased polarization and improved kinetic reversi-
bility of the Li" insertion/extraction processes. **

Upon incorporation of 2.5 wt% DMSO (Fig.
3(b)), the CV profiles exhibited enhanced overlap
between successive cycles compared with the
blank electrolyte, indicating improved interfacial
stability and more consistent electrochemical be-
havior. The reduced potential separation between
anodic and cathodic peaks reflected lower charge-
transfer resistance and diminished polarization,
implying that DMSO favorably modified the solva-
tion environment and SEI chemistry. In addition,
the higher current response observed throughout
the voltage window suggested enhanced charge-
storage capability and improved utilization of ac-
tive material. These features indicate that DMSO
promoted more efficient Li" transport across the
electrode electrolyte interface, consistent with its
strong solvating ability and high donor number.
Accordingly, the redox features indicated that the
presence of DMSO extended the accessible elec-
trochemical window relative to the blank electro-
lyte, in good agreement with the LSV results.

In contrast, the CV response of the electro-
lyte containing 2.5 wt% formamide (Fig. 3(c)) dis-
played a markedly different behavior, characterized
by a quasi-rectangular shape with the absence of
distinct redox peaks. Such a profile was indicative
of rapid and highly reversible surface-controlled
charge storage rather than diffusion-limited farada-
ic intercalation processes. This behavior implied
that formamide altered the interfacial chemistry

and solvation structure in a manner that disfavored
bulk graphite intercalation while promoting capaci-
tive charge storage. The nearly linear current—
potential relationship further supported a dominant
electric double layer capacitance mechanism,
where current scaled proportionally with scan
rate.***

Mechanistically, Li-ions did not intercalate
deeply into the bulk crystal structure, instead, they
were rapidly and reversibly adsorbed onto the sur-
face of the graphite. Due to a fast current response,
the rate of ion adsorption/desorption changed line-
arly, resulting in a nearly constant current, and
hence the rectangular CV profile. Although CV
measurements were conducted at a single scan rate
in this study, the observed differences in peak defi-
nition, symmetry, and current response provide
clear mechanistic insight. In particular, the sharp
peaks observed in the blank and DMSO-containing
electrolytes were consistent with diffusion-
controlled intercalation processes, whereas the
quasi-rectangular response observed for the
formamide-containing electrolyte was characteris-
tic of a surface-controlled kinetics. Table 3 summa-
rizes the CV metrics and mechanistic interpreta-
tions of the studied samples.

Overall, the CV results demonstrated that elec-
trolyte additives strongly influence the interfacial
electrochemical mechanism. DMSO enhanced inter-
calation reversibility and reduced polarization,
whereas formamide suppressed faradaic processes
and shifted charge storage toward a capacitive re-
gime, highlighting the critical role of molecular-level
electrolyte design in regulating electrode kinetics.

Table 3
Cyclic voltammetry (CV) metrics and interpretations of the studied samples
Anodic peak SEI band . .

Sample current (0.5-09V) Peak separation Interpretation
Clear in the 1% cycle low polarization,

Blank 1= 1.2mA (0.5-0.6 V) 015-0.18V high reversibility

2.5 wt% L3 15 mA gf;ﬁijg?nﬁgzirgsgaspgg 0.08-0.12V low polarization,

DMSO (0.45—0.55 V) (smaller than blank) high reversibility

2.5 wt% FA Not observed Quasi-capacitive behavior Not observed high polarization,

no reversibility

3.5. Galvanostatic charge-discharge cycling

The cycling stability of the cells was evalu-
ated to assess the performance of the LiTFSI-based
blank electrolyte in comparison with electrolytes
containing DMSO or formamide additives. Cycling
tests were conducted for 50 cycles within a poten-

tial window of 0.01 — 2.0 V versus Li/Li* in graph-
ite|[Li" half-cells at a current density of 0.1 A/g. As
shown in Figure 4, the LiTFSI-based blank electro-
lyte exhibited good interfacial stability, as evi-
denced by a high coulombic efficiency (CE) of
99.77 % maintained throughout cycling. This be-
havior indicated the formation of a robust and sta-
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ble SEI during the initial cycles, which effectively
suppressed continuous electrolyte decomposition
and enabled sustained Li* transport.

In contrast, the incorporation of DMSO or
formamide as additives led to pronounced deterio-
ration in cell performance. The electrolyte contain-
ing 2.5 wt% formamide exhibited a reduced CE of
approximately 78.9 %, indicating significant loss
of intercalated Li* within the graphite anode. This
behavior suggested uncontrolled electrolyte de-
composition and the formation of an unstable SEI.
Notably, the CE gradually increased during subse-
quent cycles, implying partial stabilization of the
interphase over time.

The electrolyte containing 2.5 wt% DMSO
displayed even poorer performance, with an initial
CE of approximately 21 %, followed by an in-
crease to over 90 % by the tenth cycle and a subse-
quent decline to about 34 % after 20 cycles. This
irregular CE evolution deviated from the typical
behavior observed during SEI formation, where an
initial efficiency loss was generally followed by
stabilization. The observed trend indicated that
DMSO underwent continuous reductive decompo-
sition on the graphite surface rather than forming a
protective SEI layer, highlighting its high reactivity
toward the graphite anode.

Generally, a decrease in CE during the first
few cycles was expected due to SEI formation; how-
ever, the persistent instability observed here con-
firmed the incompatibility of DMSO with graphite-
based anodes under the investigated conditions.**'

Overall, these results demonstrated that both
DMSO and formamide were incompatible with
graphite anode under the studied conditions. In
contrast, the LiTFSI-based electrolyte maintained a
very high CE of approximately 99.7 %.

2100
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Cycle number

Fig. 4. Coulombic efficiencies of graphite||Li*
half-cell for the studied electrolyte systems
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4. CONCLUSION

This work provided a systematic and quanti-
tative assessment of the effects of low concentra-
tions (2.5 wt%) of polar additives, namely DMSO
and formamide, on the physicochemical and elec-
trochemical behavior of a LiTFSI-based carbonate
electrolyte in graphite||Li" half-cells. Both addi-
tives exhibited strong solvating ability toward Li"
ions, leading to a moderate decrease in ionic con-
ductivity relative to the blank electrolyte, con-
sistent with increased viscosity and reinforced
solvation shells. Despite this reduction, the lithi-
um-ion transference number was enhanced from
0.35 for the blank electrolyte to 0.45 and 0.38 for
DMSO- and FA-containing electrolytes, respec-
tively, demonstrating the effectiveness of polar
additives in modulating ion-transport properties.

Electrochemical stability analysis revealed
that the pristine LiTFSI-based electrolyte pos-
sessed a wide anodic stability window of 5.45 V,
while the addition of DMSO and FA resulted in
slightly reduced stability limits of 5.15 V and 4.98
V, respectively. Cyclic voltammetry provided
mechanistic insight, showing that DMSO improved
interfacial reversibility and reduced polarization
during Li" intercalation/deintercalation, whereas
formamide suppresses diffusion-controlled farada-
ic processes and promoted a predominantly sur-
face-controlled, capacitive charge-storage mecha-
nism.

However, galvanostatic cycling clearly
demonstrated that neither DMSO nor formamide
was compatible with graphite anodes under the
investigated conditions. Both additives led to poor
coulombic efficiencies and unstable cycling trend
which were attributed to irregular and non-
protective SEI formation. In contrast, the blank
LiTFSI-based electrolyte maintained excellent in-
terfacial stability, achieving a high coulombic effi-
ciency of 99.77 %, confirming its strong compati-
bility with graphite.

While incompatible with graphite, the high
anodic stability of over 5 V of the DMSO and
formamide-containing  electrolytes  highlighted
their potential suitability for high-voltage cathode
systems. Future work will focus on evaluating
these electrolytes in full cells employing high-
voltage cathodes such as NMCS811, performing
detailed interfacial surface analyses, including X-
ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and conducting scan-
rate-dependent CV studies to further elucidate
charge-storage mechanisms. Overall, this study
provided fundamental guidance for redirecting po-
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lar solvent additives toward next-generation high-
voltage LIBs chemistries.
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