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A B S T R A C T

Lithium-ion batteries using LiNi0.5Co0.2Mn0.3O2/graphite electrodes were investigated to clarify the effect of 
lithium sulfonate and sulfate electrolyte additives on interfacial impedance evolution. Electrochemical imped
ance spectroscopy, voltammetry, scanning electron microscopy, and X-ray photoelectron spectroscopy (XPS) 
were employed to analyze interfacial changes after cycling. Additives with intermediate solubility (0.5–2 wt%), 
particularly CH3OSO3Li, most effectively suppressed impedance growth compared with both sparingly and 
highly soluble salts. Total cell impedance decreased by up to 30% after 300 cycles relative to a vinylene 
carbonate-containing baseline electrolyte, while maintaining comparable capacity retention. Cyclic voltammetry 
showed no distinct redox features attributable to additive decomposition, indicating negligible electrochemical 
decomposition. XPS detected sulfur-containing interphase species at both electrodes without measurable changes 
in apparent interphase thickness. These results suggest that impedance suppression is associated with additive 
solubility and interfacial composition. The findings provide practical insight into electrolyte design for con
trolling interfacial impedance.

1. Introduction

Lithium-ion batteries (LIBs) are widely used in portable electronics 
and electric vehicles (EVs), where energy density and internal imped
ance are key performance factors. Control of the interfacial impedance 
at the electrode/electrolyte interface is important because reduction of 
internal resistance is required to shorten charging times in LIBs [1,2].

In 1999, we proposed the concept of a “functional electrolyte,” in 
which a small amount of an additive is introduced to regulate the 
electrode/electrolyte interfacial structure through preferential interfa
cial reactions [3,4]. This approach enables modification of interfacial 
properties without altering electrode materials, requiring only adjust
ment of the electrolyte composition [5–7]. In the present study, this 
concept serves as a general framework for interpreting additive-driven 
interfacial effects.

Conventional additives such as vinylene carbonate (VC) form a solid 
electrolyte interphase (SEI) on graphite through reductive decomposi
tion [8–10], while cathode electrolyte interphases (CEIs) are generally 
formed via oxidative decomposition and interfacial coordination 

processes [11–13]. However, the CEI is typically thinner and more 
difficult to characterize than the SEI, and its formation mechanisms 
remain less clearly understood.

In addition to sacrificial decomposition-type additives, sulfur- 
containing lithium salts, such as sulfonates and sulfates, have been re
ported to influence interfacial behavior and impedance evolution [14]. 
For example, lithium fluorosulfonate (FSO3Li) has been shown to reduce 
charge-transfer resistance in LiFePO4/graphite cells, although its effect 
has been associated with electrochemical decomposition processes [15]. 
In contrast, our previous studies suggested that lithium 
methanesulfonate-derived species could be detected on electrode sur
faces after cycling [16], indicating possible interfacial involvement in 
the absence of clear evidence of distinct electrochemical decomposition.

Although sulfur-containing lithium salts have been widely studied as 
electrolyte additives, a systematic comparison of solubility-dependent 
impedance behavior under practical full-cell conditions has not been 
reported. The role of solubility as a design parameter also remains un
clear, particularly with respect to whether effective impedance sup
pression requires sacrificial electrochemical decomposition or whether 
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other interfacial processes may contribute under practical operating 
conditions.

In this study, lithium salts containing sulfonate and sulfate functional 
groups were comparatively investigated in NCM523/graphite pouch 
cells. The selected additives include sparingly soluble lithium meth
anesulfonate (CH3SO3Li), moderately soluble sulfate-based salts such as 
lithium methanesulfate (CH3OSO3Li) and lithium ethanesulfate 
(C2H5OSO3Li), and highly soluble sulfonate salts including lithium tri
fluoromethanesulfonate (CF3SO3Li) and lithium fluorosulfonate 
(FSO3Li). Through this comparative approach, the possible relationship 
between additive solubility and impedance evolution was examined 
using electrochemical and surface analytical techniques under practical 
cycling conditions.

2. Experimental

2.1. Chemical materials

The electrolyte consisting of 1 M LiPF6 in ethylene carbonate (EC)/ 
dimethyl carbonate (DMC) (1:2 by volume; ≤10 ppm H2O and ≤30 ppm 
HF) was supplied by MU Ionic Solutions Co., Ltd. (Japan). Vinylene 
carbonate (VC), DMC, lithium methanesulfate (CH3OSO3Li), lithium 
ethanesulfate (C2H5OSO3Li), and lithium fluorosulfonate (FSO3Li) were 
also purchased from MU Ionic Solutions Co., Ltd. (Japan). Lithium 
methanesulfonate (CH3SO3Li) was obtained from Kanto Denka Kogyo 
Co., Ltd. (Japan), and lithium trifluoromethanesulfonate (CF3SO3Li) was 
purchased from FUJIFILM Wako Pure Chemical Co., Ltd. (Japan).

2.2. Electrode materials

The positive and negative electrodes are hereafter referred to as the 
cathode and anode, respectively. The electrode sheets were fabricated 
according to a previously reported procedure [16].

The cathode consisted of LiNi0.5Co0.2Mn0.3O2 (NCM523) as the 
active material and was coated onto aluminum (Al) foil using a mixture 
of NCM523, acetylene black (AB), and polyvinylidene fluoride (PVdF) at 
a weight ratio of 92:5:3. The areal loading was 9.5 mg cm− 2, and the 
electrode density after pressing was 2.5 g cm− 3. The thickness of the 
cathode active material layer was approximately 38 μm.

The anode consisted of natural graphite (NG) as the active material 
and was coated onto copper foil using a mixture of NG, styr
ene–butadiene rubber (SBR), and carboxymethyl cellulose (CMC) at a 
weight ratio of 98:1:1. The areal loading was 5.5 mg cm− 2, and the 
electrode density after pressing was 1.45 g cm− 3. The thickness of the 
anode active material layer was approximately 48 μm.

Relatively thin electrodes were intentionally employed to minimize 
liquid-phase resistance and concentration polarization under high-rate 
conditions.

2.3. Pouch-type cells

The cathode and anode sheets described in Section 2.2 were 
assembled into pouch-type cells with a nominal capacity of 19 mAh. The 
cathode active area was 4 cm × 3 cm, and the cells were cathode-limited. 
The N/P ratio, defined as the ratio of the initial anode charge capacity to 
the initial cathode charge capacity, was approximately 1.3.

A 20 μm-thick trilayer polypropylene/polyethylene/polypropylene 
(PP/PE/PP) separator (Ube Maxell Co., Ltd., Japan) was placed between 
the electrodes. After electrolyte injection (1.0 mL per cell), the cells were 
vacuum-sealed under approximately 85% vacuum and subjected to a 
formation cycle to ensure electrolyte wetting and gas removal.

The formation protocol consisted of charging to 4.2 V under 
constant-current/constant-voltage (CCCV) mode, followed by dis
charging to 3.0 V under constant-current (CC) mode at 1C (based on 
nominal capacity). After the initial formation cycle, the cells were 
opened, degassed, and resealed under reduced pressure.

2.4. Symmetric cells

At 50% state of charge (SOC), pouch cells were disassembled in an 
argon-filled glove box, and both electrodes were rinsed twice with DMC. 
Electrode laminate sheets (3 cm × 4 cm) were punched from the central 
region into disks. The NCM523 cathode was punched into 14 mm 
diameter disks, and the NG anode was punched into 15 mm diameter 
disks.

To separately evaluate cathode and anode impedance, symmetric 
NCM523/NCM523 and NG/NG CR2032 coin cells were assembled ac
cording to a previously reported procedure [14]. A 20 μm-thick trilayer 
PP/PE/PP separator (19 mm diameter) was placed between identical 
electrodes. A glass fiber separator (Whatman GF/A, Cytiva; 16 mm 
diameter) was additionally inserted to improve electrolyte retention.

Approximately 0.2 mL of electrolyte (1 M LiPF6 in EC/DMC = 1:2 (v/ 
v) with 2.5 wt% VC) was added prior to cell assembly.

Symmetric cells were prepared from pouch cells harvested after the 
6th and 301st cycles. Because the samples originated from different 
pouch cells, slight variations in impedance values may be present. 
Therefore, the reported values represent the average of two indepen
dently prepared cells.

2.5. Cycling performance and impedance evaluation

Galvanostatic charge–discharge tests of pouch cells were performed 
using an ACD-M02C battery testing system with an AC impedance 
measurement option (ASKA Electronic Co., Ltd., Japan) at 25 ◦C and a 
1C rate (1C = 19 mA).

Electrochemical impedance spectroscopy (EIS) measurements for 
symmetric NCM523/NCM523 and NG/NG CR2032 coin cells were car
ried out using an SP-150 potentiostat (Bio-Logic Science Instruments, 
France) at 25 ◦C and 50% state of charge (SOC). An AC amplitude of 10 
mV was applied over a frequency range from 500 kHz to 1 mHz.

The impedance of pouch cells was also measured under identical 
conditions, except that the frequency range was 200 kHz to 1 mHz.

All measurements were conducted using at least two independently 
prepared cells. Representative spectra are shown for clarity, and sym
metric cell results are reported as averaged values to reduce cell-to-cell 
variation. The impedance spectra were fitted using ZView 4.1b software 
(Scribner Associates, Inc.) with the equivalent circuit models shown in 
Fig. S1, and the fitting parameters are summarized in Tables S1-S4.

2.6. Reductive decomposition potential

The reductive decomposition behavior was evaluated by cyclic vol
tammetry (CV) using an SP-150 potentiostat (Bio-Logic Science In
struments, France). A stainless steel mesh welded to a stainless steel 
plate was used as the current collector for the working electrode, onto 
which the NG electrode was attached.

A three-electrode beaker cell configuration (NG/Li/Li; working/ 
counter/reference) was employed. Measurements were conducted at 25 
◦C at a scan rate of 0.1 mV s⁻¹ over a potential range of 0.005–2.0 V vs. 
Li/Li+. The baseline current fluctuation was within ±0.01 mA cm⁻² 
under the present measurement conditions. Current responses within 
this range were regarded as baseline fluctuations rather than distin
guishable additive-derived electrochemical features.

2.7. Oxidative decomposition potential

A typical conductive additive in NCM523 cathodes, AB, was 
employed as the working electrode according to the procedure reported 
in Ref. 15. Because AB is commonly used as a conductive additive in 
NCM523 cathodes and provides a high electrochemically active surface 
area, it facilitates detection of additive oxidation behavior. However, the 
oxidative response obtained with AB may not fully reproduce the 
behavior of practical NCM523 electrodes.
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A slurry was prepared by mixing AB (DENKA BLACK Li-400, Denka 
Co., Ltd., Japan) with a 5 wt% PVdF solution in NMP (#9305, Kureha 
Corporation, Japan) at an AB:PVdF mass ratio of 70:30. The slurry was 
coated onto Al foil, dried at 70 ◦C, and roll-pressed. The electrode was 
then welded to a 0.5 mm-thick Al plate to serve as the AB working 
electrode. The total loading (AB + PVdF) was approximately 0.59 mg 
cm− 2, corresponding to 0.41 mg cm− 2 of AB.

Linear sweep voltammetry (LSV) was performed using SP-150 
potentiostat (Bio-Logic Science Instruments, France) in a three-electrode 
glass cell configuration (AB/Li/Li). Measurements were conducted at 25 
◦C by scanning from the open-circuit voltage (OCV) toward the anodic 
direction at 5 mV s− 1 until the current reached 100 mA. The oxidative 
decomposition potential was defined as the potential at which the cur
rent density reached 0.4 mA g− 1 (normalized to AB mass).

2.8. Electrode surface analysis

Scanning electron microscopy (SEM) and X-ray photoelectron spec
troscopy (XPS) were used to analyze the cathode surface of NCM523 and 
the anode surface of graphite. Samples were obtained by disassembling 
full NCM523/NG cells after the fifth discharge cycle. Each electrode was 
rinsed twice with DMC to remove residual electrolyte and then dried. 
SEM observations were performed using a JSM-7001F (JEOL Ltd., 
Japan). XPS measurements were conducted using an ESCA 5600 
(ULVAC-PHI, Japan).

The composition and thickness of the SEI were evaluated by XPS 
following a previously reported procedure [16]. Because the electrode 
surface is rough and porous, unetched regions may remain within pores 
during sputtering. Therefore, the apparent SEI thickness was defined as 
the sputtering depth at which the carbon atomic fraction (excluding 
lithium) reached 95%.

3. Results and discussion

3.1. Molecular structures of the investigated additives

Lithium methanesulfonate (CH3SO3Li), which was previously iden
tified as a surface-related species in our earlier work [16], was investi
gated together with structurally related sulfonate- and sulfate-based 
lithium salts.

Fig. 1 shows the molecular structures of the investigated additives: 
(a) CH₃SO₃Li (low solubility), (b) FSO₃Li (high solubility), (c) CF3SO3Li 
(high solubility), (d) CH3OSO3Li (intermediate solubility), and (e) 
C2H5OSO3Li (intermediate solubility).

These compounds differ in substituent groups (–CH3, –CF3, –F, 
–C2H5), linkage structure (sulfonate vs. sulfate), and solubility in the 
present electrolyte system, providing a basis for comparing their effects 
on impedance evolution.

The solubility of each additive in 1 M LiPF6 in EC/DMC (1:2 v/v) 
containing 2.5 wt% VC was estimated at room temperature by visual 
inspection. The additives were added incrementally to the electrolyte 
under stirring, and the highest concentration at which no visible un
dissolved solid remained was taken as the approximate solubility limit. 
The obtained values were used to classify the additives into low-, 

intermediate-, and high-solubility categories.

3.2. Cycle performance of NCM/NG pouch cells

The influence of the additives on cycling behavior was evaluated 
using NCM523/NG pouch cells. The apparent solubility limits of the 
additives in 1 M LiPF6 in EC/DMC (1:2 v/v) containing 2.5 wt% VC were 
estimated to be <0.1 wt% for (a), ~0.5 wt% for (d), and ~2 wt% for (e). 
These concentrations were selected to ensure complete dissolution 
under the present test conditions. Additives (b) and (c), which exhibited 
high solubility (>20 wt%) in the base electrolyte, were evaluated at 1 wt 
% (Table 1). This concentration was selected as a practical level that 
ensured complete dissolution while minimizing potential side reactions, 
including Al current collector corrosion during extended cycling.

Fig. 2 shows the cycling performance of the pouch cells containing 
each additive. Under 1 C cycling at 25 ◦C, all cells exhibited highly 
similar capacity retention over 300 cycles, indicating that the incorpo
ration of sulfonate- and sulfate-based lithium salts does not adversely 
affect long-term cycling stability within the investigated concentration 
range.

The similar capacity retention observed for all cells provides a stable 
basis for evaluating impedance evolution independently of capacity 
fade. Therefore, the differences discussed in Sections 3.3–3.5 are 
attributed primarily to interfacial phenomena rather than bulk 
degradation.

3.3. Electrode impedance analysis using symmetric cells

Symmetric cells were employed to separately evaluate impedance 
contributions from the anode and cathode. Hereafter, “no additive” re
fers to the baseline electrolyte containing 2.5 wt% VC as the sole 
additive.

Because symmetric cells consist of two identical electrodes, the 
measured impedance represents the combined response of both elec
trodes. After subtraction of the bulk electrolyte impedance, the 
remaining impedance was divided by two to estimate single-electrode 
behavior.

At the anode, impedance values remained relatively stable during 
cycling. For the baseline electrolyte, the anode impedance was 3.3 Ω at 
the 6th cycle and 3.8 Ω at the 301st cycle (Fig. 3). Similar trends were 
observed for all additives, suggesting that anode processes contribute 
only marginally to overall impedance evolution.

In contrast, cathode impedance showed a significant increase during 

Fig. 1. Chemical structures of the investigated additives.

Table 1 
Estimated additive solubility and pouch cell cycling performance.

Additive Estimated solubility 300th/5th (%) 300th CE (%)

Ref. (VC only) - 94.64 99.90
CH3SO3Li <0.1 wt% 95.40 99.86
CH3OSO3Li ~0.5 wt% 96.95 99.89
C2H5OSO3Li ~2 wt% 98.98 99.83
FSO3Li >20 wt% 94.40 99.91
CF3SO3Li >20 wt% 93.75 99.82
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cycling. For the baseline electrolyte, it increased from 7.7 Ω to 16.5 Ω 
(6th to 301st cycle). Among RSO3Li additives, CH3SO3Li and FSO3Li 
showed moderate suppression of impedance growth, whereas CF3SO3Li 
exhibited behavior similar to the baseline. ROSO3Li additives exhibited 
smaller impedance increases, particularly CH3OSO3Li (5.8 → 12.4 Ω), 
followed by C2H5OSO3Li (6.1 → 13.2 Ω). These results suggest that 
impedance evolution under the present conditions is primarily influ
enced by cathode-side processes.

The high-frequency intercept showed negligible variation across all 
systems, indicating that the bulk electrolyte impedance remained 
essentially constant. Thus, the differences in impedance are attributed 

primarily to interfacial processes rather than changes in ionic conduc
tivity, consistent with the similar R₀ values listed in Tables S1–S4.

Total cell impedance reduction followed the order: CH3OSO3Li 
(~30%) > C2H5OSO3Li (~24%) > FSO3Li (~17%) > CH3SO3Li (minor 
change) > CF3SO3Li (slight increase ~6%), relative to the baseline 
electrolyte (Fig. 4).

Impedance spectra of both symmetric and full cells exhibited a mid- 
frequency semicircle (102–10◦ Hz), commonly associated with interfa
cial charge-transfer resistance. The growth of this feature during cycling 
was significantly suppressed in ROSO3Li-containing systems, while the 
high-frequency intercept remained unchanged. These results indicate 

Fig. 2. Cycling performance of NCM/NG pouch cells using 1 M LiPF6 in EC/DMC (1:2) with 2.5 wt% VC and additive at 25 ◦C.

Fig. 3. Impedance spectra at 25 ◦C of NG/NG (a,b,e,f) and NCM523/NCM523 (c,d,g,h) symmetric cells. (a–d) CH3SO3Li, FSO3Li, and CF3SO3Li; (e–h) CH3OSO3Li and 
C2H5OSO3Li. (i, j) NCM523/NG full cells with CH3SO3Li, FSO3Li, and CF3SO3Li; (k, l) full cells with CH3OSO3Li and C2H5OSO3Li. Panels (a, c, e, g, i, k) show the 6th 
cycle, and (b, d, f, h, j, l) show the 301st cycle.
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that the observed impedance reduction is primarily associated with 
suppression of cathode interfacial impedance growth.

3.4. Electrochemical stability of additives

To examine whether the observed impedance reduction is associated 
with electrochemical reactions of the additives, their oxidative and 
reductive stability was evaluated by linear sweep voltammetry (LSV) 
and cyclic voltammetry (CV), respectively (Fig. 5), using 1 M LiPF6 in 
EC/DMC (1:2 v/v) as the supporting electrolyte.

The oxidative current profiles obtained using the AB working elec
trode (Fig. 5, upper panel) were essentially unchanged by additive 
addition, and no additional oxidation features were observed in the 
cathode operating range.

In the reduction region using the NG working electrode (Fig. 5, lower 
panel), only minor shifts in peak position were observed, while the 
reduction onset and inflection potentials (approximately 0.9 V vs. Li/ 
Li+) remained essentially unchanged across all samples. These features 
are attributed mainly to EC reductive decomposition rather than 
additive-derived processes. The observed current responses remained 
within the baseline fluctuation range (±0.01 mA cm⁻²), and no distin
guishable additive-derived peaks were detected.

Overall, no distinguishable redox signatures attributable to the ad
ditives were detected in either CV or LSV. These results suggest that the 
additives do not undergo significant sacrificial oxidation or reduction 
under the present conditions. Accordingly, the observed impedance 
reduction is more reasonably associated with interfacial modification 
processes rather than a dominant redox decomposition pathway.

3.5. SEM analysis of electrode surfaces

Because LSV and CV measurements did not show distinct electro
chemical decomposition features of the additives (Section 3.4), SEM was 
performed to examine possible morphological changes on both elec
trodes after cycling (Fig. 6).

On the anode, the baseline (no-additive) sample exhibited relatively 
small and localized surface features. In the presence of CH3OSO3Li and 
CH3SO3Li, more widely distributed surface features were observed 
(Fig. 6, upper panel). However, CH3SO3Li showed only minor changes in 
anode impedance (Section 3.3), suggesting that the observed morpho
logical differences are not directly correlated with the impedance 
behavior. No major morphological differences were detectable by SEM, 
although the presence of ultrathin interfacial layers below the spatial 
resolution of SEM cannot be excluded.

On the cathode, no clear morphological differences were observed 
among the baseline, CH3OSO3Li-, and CH3SO3Li-containing samples 
(Fig. 6, lower panel). The small particles observed locally are attributed 
to binder or conductive carbon residues rather than additive-derived 
species. The absence of distinguishable morphological changes is 
consistent with the formation of a thin CEI below the spatial resolution 
of SEM.

3.6. XPS analysis of electrode surfaces

Because SEM observations did not provide clear evidence of additive- 
derived surface deposits (Fig. 6), XPS was performed to analyze the 
surface chemistry of both electrodes after cycling (Fig. 7).

Depth profiling of graphite electrodes revealed no significant 

Fig. 3. (continued).
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differences in apparent SEI thickness among the baseline, CH3OSO3Li-, 
and CH3SO3Li-containing systems within the experimental resolution 
(Fig. 7a–c), suggesting that SEI thickness is not the dominant factor 
governing impedance differences. Consistent with this observation, XPS 
depth profiles of the NG electrodes (Fig. S2) showed similar elemental 
distributions for the VC-only, CH3OSO3Li, and CH3SO3Li systems, sup
porting that the apparent interphase thickness was not substantially 
altered by the additives.

In the F 1 s spectra, a peak at approximately 685 eV corresponding to 

LiF was observed for the baseline (VC-containing) and CH3SO3Li sys
tems, whereas reduced LiF intensity was observed for CH3OSO3Li 
(Fig. 7d). The C 1 s, Li 1 s, and O 1 s spectra showed similar features 
across all samples, attributed to (ROCO2Li), Li2CO3, and related inor
ganic species (Fig. 7e–g).

In contrast, S 2p signals at approximately 170 eV, assigned to sulfate/ 
sulfonate-derived species, were detected exclusively in the additive- 
containing systems (Fig. 7h). These results indicate the presence of 
sulfur-containing species in the SEI without a substantial increase in 

Fig. 3. (continued).

Fig. 4. Comparison of impedance spectra at 25 ◦C for (a) NG/NG, (b) NCM523/NCM523, and (c) NCM523/NG cells.
Impedance reduction rates are shown relative to the baseline electrolyte (No additive = VC only).
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interphase thickness. The greater impedance suppression observed for 
CH3OSO3Li may therefore be related to differences in the distribution 
and/or chemical environment of sulfur-containing species, rather than 
SEI thickness.

For NCM523 cathodes, no pronounced differences were observed in 

the F 1 s, C 1 s, Li 1 s, or O 1 s spectra among the samples (Fig. 7i–l). S 2p 
signals at approximately 170 eV were again detected in the additive- 
containing systems (Fig. 7m), while a weak background signal was 
also present in the baseline electrolyte.

This background sulfur is attributed to residual sulfate species 

Fig. 5. Electrochemical stability of 1 M LiPF6 in EC/DMC (1:2, v/v) containing additives, evaluated by LSV (upper, working electrode: AB; counter/reference: Li/Li⁺) 
and CV (lower, working electrode: NG; counter/reference: Li/Li⁺).

Fig. 6. SEM images (backscattered electron mode) of electrodes after cycling. Upper: anode; lower: cathode.
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originating from the coprecipitation synthesis of the NCM precursor (e. 
g., NiSO4, CoSO4, and MnSO4) [17]. The increased S 2p intensity in the 
additive-containing samples suggests enrichment of sulfur-containing 
species in the CEI. SEM did not reveal clear morphological changes, 
and the detection of transition-metal signals (Ni, Co, Mn) at the outer
most surface suggests that the CEI is thin and within the effective 
probing depth of XPS rather than forming a thick surface layer.

3.7. Interfacial origin of impedance reduction

The SEI composition is discussed based on established models re
ported previously [18–21], while the CEI structure is considered in 
accordance with reported models for layered oxide cathodes [22]. 
Typical CEI components such as LiF and LixPOyFz have been widely 
reported in the literature [23–26].

The absence of distinct oxidative or reductive features in CV and LSV 
measurements suggests that CH3SO3Li and CH3OSO3Li do not undergo 
significant electrochemical decomposition within the investigated 
voltage window. Accordingly, sulfur-containing species detected by XPS 
are attributed to sulfonate- or sulfate-derived species incorporated into 
the interphase. Minor chemical transformations below the detection 
limit cannot be completely excluded.

A dependence of impedance evolution on additive solubility was 
observed. Sparingly soluble additives (<0.1 wt%) are unlikely to pro
vide sufficient interfacial availability, whereas highly soluble salts (>20 
wt%) are expected to remain predominantly in the bulk electrolyte. In 
contrast, additives with intermediate solubility (0.5–2 wt%) consistently 
exhibited the most effective suppression of charge-transfer resistance 
growth.

These results are consistent with a scenario in which moderately 
soluble sulfate species may be preferentially distributed near the 

electrode/electrolyte interface. Although direct structural evidence of 
molecular arrangement at the interface is not available, the consistency 
across electrochemical, impedance, and surface analyses suggests that 
the interfacial distribution of sulfate-related species is an important 
factor associated with impedance suppression, rather than conventional 
sacrificial decomposition pathways (Fig. 8). Further investigations of 
solvation structure (e.g., Raman spectroscopy) and interfacial dynamics 
(e.g., in situ EIS) would provide direct validation of this interpretation. It 
should be noted that the present results do not provide a complete 
spectroscopic comparison across the entire solubility range, and the 
proposed interfacial enrichment interpretation should therefore be 
regarded as a working model requiring further validation.

Recent studies have attributed the effects of electrolyte additives 
mainly to interphase formation and its influence on electrochemical 
performance [27,28]. In contrast, the present study examines a series of 
sulfur-containing lithium salts and suggests that additive solubility may 
be associated with impedance evolution and suppression of 
charge-transfer resistance growth during cycling. Although the under
lying mechanism remains to be clarified, these findings provide a 
complementary perspective to conventional interphase-based in
terpretations and indicate that additive solubility may represent an 
additional factor influencing interfacial impedance evolution.

Because all measurements were conducted at a fixed E/C ratio, the 
influence of electrolyte loading on additive availability and interfacial 
behavior was not investigated in the present study. Furthermore, the 
observed relationship between additive solubility and impedance evo
lution was established only under the electrolyte loading conditions 
employed here and should not be directly generalized to practical low- 
E/C cells without further validation.

Fig. 7. XPS depth profiles of NG electrodes (a–c). XPS spectra of NG (d–h) and NCM523 (i–m): F 1 s, C 1 s, Li 1 s, O 1 s, and S 2p, corresponding to the baseline 
electrolyte (VC only), CH3OSO3Li, and CH3SO3Li, respectively.

K. Abe et al.                                                                                                                                                                                                                                     Electrochimica Acta 574 (2026) 149342 

8 



4. Conclusion

Lithium salts containing sulfonate and sulfate functional groups were 
comparatively investigated as electrolyte additives for impedance con
trol in NCM523/NG pouch cells operated under practical 1 C cycling 
conditions. Among the additives examined, ROSO3Li-type additives, 

particularly CH3OSO3Li, exhibited the most effective suppression of 
cathode impedance growth compared with the baseline electrolyte, 
while maintaining stable capacity retention for over 300 cycles. Full-cell 
impedance measurements showed up to a 30% decrease in total cell 
impedance after 300 cycles at 25 ◦C relative to the VC-containing 
baseline electrolyte.

Fig. 7. (continued).
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Electrochemical measurements revealed no distinct additive-derived 
redox features within the investigated voltage window. SEM analysis 
showed no significant morphological differences correlated with 
impedance evolution. In contrast, XPS depth profiling confirmed the 
presence of sulfur-containing species at both cathode and anode surfaces 
in the additive-containing systems, although no measurable increase in 
the apparent interphase thickness was observed. These results indicate 
that sulfur-containing species are incorporated into the interphase 
without formation of a thick decomposition-derived layer.

Impedance suppression was found to be associated with additive 
solubility under the conditions investigated in this study. Low solubility 
(<0.1 wt%) likely limits interfacial availability, whereas excessively 
high solubility (>20 wt%) may reduce effective interfacial participation 
due to preferential retention in the bulk electrolyte. In contrast, mod
erate solubility (0.5–2 wt%) appears to provide conditions favorable for 
interfacial modification.

Overall, the combined electrochemical and surface analytical results 
are consistent with an interfacial-enrichment interpretation rather than 
a conventional sacrificial decomposition pathway. The present findings 
suggest that additive solubility may represent an important parameter 
influencing interfacial behavior in LIB electrolytes. Further in situ 
spectroscopic studies and solvation structure analysis would be valuable 
for direct investigation of the proposed interfacial behavior.
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