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NMCB811 (LiNip gC0p1Mng10;,) and other high-Ni chemistries are
promising cathode candidates for high-performance electric
vehicles, owing to their high energy density and reduced cobalt
content. However, their long-term cycling stability is hindered by
surface degradation, particularly when paired with conventional
electrolytes and a lithium metal anode. Electrolyte additives
represent a practical approach to enhance interfacial stability and
improve overall battery performance by promoting the formation
of a robust electrolyte-electrode interphase (EEI). In this study,
(VC) and
tris(trimethylsilyl)lborate (TMSB) additives on single-crystal SC-
NMCS811||Li cells. While TMSB only increases the open-circuit
voltage and initial overpotential, it delivers superior capacity

we revisit the effects of vinylene carbonate

retention at C/3 compared to cells containing only VC or a dual
additive system (VC and TMSB). Notably, under fast-charging
conditions (1C, 2C, and 5C), the dual-additive system significantly
outperforms other formulations, achieving markedly enhanced
long-term capacity retention. Comprehensive electrochemical
and spectroscopic analyses reveal that the VC/TMSB dual-
in NMCS811,
mitigates structural degradation by forming a thin, LiF-deficient

additive system suppresses surface transition
cathode-electrolyte interface (CEIl) layer. Moreover, they promote
smooth and dense Li deposition and generate a LiF-deficient
solid-electrolyte interphase (SEI). Consequently, the synergistic
stabilization of both the CEl and SEI effectively limits the overall
cell impedance growth during extended cycling. These findings
provide key insights into co-additive strategies for engineering
stable interfaces in high-energy Ni-rich Li-metal batteries.
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Introduction

Lithium-ion batteries (LIBs) have dominated and will continue
to dominate the electric vehicle and energy storage markets due
to their superior performance, offering high energy density,
power density, and efficiency. Current LIB technology primarily
uses cathode materials such as LiFePO, or layered oxides (LiNi,-
Mn,Co,_,,0,) paired with a graphite anode. However, the
growing demand for higher energy density has increased
interest in lithium metal anodes coupled with Ni-rich (LiNi,-
Mn,Co;,yO0,, X = 0.6) cathodes. Thus, such a cell
configuration (Ni-rich||Li) is considered the next step toward
commercialization, as it maximizes the energy density of LIBs.
However, their operation typically requires higher cutoff
voltages (=4.4 V), which accelerates side reactions and
contributes to both bulk and surface degradation of electrode
materials. For instance, Ni-rich cathodes usually undergo
surface reconstruction, where the layered structure transforms
into electrochemically inactive rock-salt or spinel phases due to
oxygen loss and transition metal migration.>® In addition,
electrolyte oxidation at high voltages leads to an unstable
cathode-electrolyte interphase (CEI), thus promoting more side
reactions and TM dissolution.” These coupled surface and bulk
degradation processes collectively compromise the structural
integrity and electrochemical reversibility of NMC cathodes.
Several strategies have been explored to mitigate the surface
degradation and improve stability and compatibility of layered
cathode materials, including doping, coating, and electrolyte
engineering.” For example, our previous results demonstrate
that dual Mg/Ti-doping leads to surface-enrichment of Ti at the
LiNiO, particle surface, which effectively enhances the surface
oxygen and contributes to a more robust surface structure,
thereby improving cycling performance.®” In addition, Mg/Mn
co-doping enhances the structural stability of LiNiO,,
suppresses nickel dissolution, mitigates electrochemical
irreversibility, and improves the cycling stability.® Another
significant contribution is the comprehensive study by Aurbach
and co-workers, who employed a “top-down” approach to
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investigate NCMS811 doped with various cations, including
Mg>, AP, sit', Ti*', zr*', and Ta>".° Among these, Ta>" was
identified as a particularly promising dopant for enhancing the
performance of Ni-rich cathodes. Surface coating is a critical
strategy for enhancing the interfacial stability of Ni-rich layered
oxide cathodes, as it effectively mitigates surface degradation,
transition metal dissolution, and oxygen release under high-
voltage cycling conditions.” The protective layers have been

cataloged into several types: the chemically and
electrochemically inactive coatings,'®"* the Li" conductive
13-15

coatings, mainly referring to the Li-containing compounds,
and the electron conducting coating.’®™® These coatings serve
as physical and chemical barriers that significantly improve
structural integrity and long-term electrochemical performance.

Other than the doping and coating methods, electrolyte
formulation plays a crucial role in determining the performance
of batteries, influencing their electrochemical properties,
electrode stability, and long-term durability, especially under
elevated temperatures or cut-off voltages."® For instance, we
developed localized high-concentration electrolytes (LHCEs)
that can enable the formation of effective interfacial layers.*
Another widely adopted strategy is the incorporation of high-
voltage-resistant solvents, including fluorinated carbonates,
sulfone-based solvents, and phosphate esters, which enhance
oxidative stability and suppress oxygen release from Ni-rich
surfaces.”’ > Additionally, the inclusion of weakly solvating
solvents combined with fluorinated lithium salts further refines
interfacial compatibility by reducing parasitic reactions and
facilitating the construction of a uniform and stable CEL>***®
Together, these electrolyte design strategies have been shown to
dramatically improve the long-term cycling performance, rate
capability, and high-voltage stability of NMC811-based lithium-
ion batteries.

In addition, additives are essential components of advanced
electrolyte systems, offering diverse chemical functionalities
that enhance battery performance.*®*” A wide range of
electrolyte additives have been reported to promote the
formation of a thin and stable cathode-electrolyte interphase
(CEl), including film-forming agents such as vinylene carbonate
(VC),”® and boron-based additives like tris(trimethylsilyl)borate
(TMSB), as well as phosphate/phosphite, fluorinated, sulfur-
containing, and silicon-based additives. Amongst these
additives, VC has been consistently employed as a standard
additive for NMC cathodes, where its oxidation and subsequent
polymerization on the particle surface help suppress rock-salt
phase formation.? In addition, VC serves as an effective lithium
stabilizer for lithium metal batteries by promoting the
formation of a robust solid electrolyte interphase (SEI) on the Li
anode.”® Additionally, VC can regulate the Li deposition
morphology via formation of polymeric species on the surface
of lithium and improve the uniformity and mechanical strength
of the SEI layer.’®*" Tris(trimethylsilyl)borate (TMSB) was
reported to be an efficient film-forming additive on high-voltage
cathode materials, to form a thin, dense, and uniform CEI layer
consisting of Si-O and B-O bonds.*> TMSB also prefers to be
oxidized compared to the standard electrolyte solution, forming

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a stable and low-impedance film on the spinel LNCM cathode.
Unlike other additives, this doesn't negatively impact the rate
capability.** In addition, the presence of TMSB in the electrolyte
can suppress the electrolyte decomposition and transition metal
dissolution.***> In cells with Ni-rich cathodes and lithium metal
anodes, degradation of the cathode, i.e., metal dissolution and
gas generation, can impact the formation and stability of the
solid electrolyte interphase (SEI) on the anode, and vice versa.
However, existing research primarily focuses on the impact of
either the cathode or the anode, leaving a critical gap in
understanding how these components interact. In particular, it
remains unclear whether the combined use of TMSB and VC as
electrolyte additives can effectively enhance the overall stability
and performance of Ni-rich Li metal cells. Addressing this gap
is crucial for developing a comprehensive strategy to improve
battery performance.

In this study, we employed a single-crystal NMC811 cathode
and Li metal anodes as the cell platform to systematically revisit
the roles of TMSB and VC as electrolyte additives. The cycling
performance of cells containing individual (VC or TMSB) and
dual VC/TMSB additives in a conventional baseline electrolyte
was evaluated at both low and high current rates. Notably, the
dual additive system significantly improves long cycling
performance, achieving capacity retention of approximately
68%, 67%, and 75.6% after 500 cycles at 1C, 2C, and 5C,
respectively, compared to less than 30% retention in cells with
the baseline electrolyte alone. Comprehensive electrochemical
and spectroscopic analyses revealed that the baseline electrolyte
tends to promote LiF accumulation. While single additives (VC
or TMSB) initially reduce LiF formation, their effectiveness
diminishes with extended cycling, leading to a slight increase in
LiF content. In contrast, the dual-additive system maintains a
relatively stable, thin CEI, effectively suppressing LiPFg
decomposition and LiF buildup, and leading to a smooth Li
deposition after extended cycling. These findings demonstrate
the synergistic effect of VC and TMSB in stabilizing the CEI and
SEI, thereby improving the performance and longevity of Li-
metal batteries. By exploring the dual-additive approach and its
impact on both electrodes, this work highlights a promising
pathway toward high-efficiency, high-stability lithium metal
battery systems.

Results and discussion

We first evaluated the cell performance containing single-crystal
LiNig g3sMng 06C00.110, (SC-NMC, Fig. S1) as the cathode, Li
metal as the anode (SC-NMC]||Li), and a baseline electrolyte (BL,
LP57:1 M LiPF, dissolved in EC: EMC with a 3:7 weight ratio)
with or without additives of VC or TMSB (Fig. S2). We are aware
that the concentration of electrolyte additives significantly
affects the formation of the SEI and CEIL Previous studies
identified ~2 wt% VC***” or ~1 wt% TMSB**** as optimal for
interfacial stability; therefore, we adopted 2 wt% additives in
this work for comparison. Closely examining the initial charge
voltage profiles (Fig. 1a) reveals that the cells containing the BL
or VC additive exhibit a relatively smooth voltage rise at the very
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Fig. 1 Battery performance. (a) Initial charge profiles of the cells containing an electrolyte without and with different additives, (b) statistical OCV
data as a function of various electrolyte additives, long-term cyclability of cells without and with other additives cycled at C/3 (c), 1C (d), 2C (e),
and 5C (f). The cycling data were averaged across at least three cells, and the standard deviations were included to indicate variability. 1C means
charge/discharge cells within one hour to 220 mAh g * capacity. All the cells were cycled within a voltage range of 3.0-4.5 V vs. Li/Li*. BL:1 M
LiPFg dissolved in EC: EMC with the 3:7 weight ratio, VC: BL electrolyte with 2% volume ratio of VC, TMSB: BL electrolyte with 2% volume ratio of
TMSB, and dual: BL electrolyte with 2% volume ratio of VC and 2% volume ratio of TMSB.

beginning. In contrast, the cells containing TMSB or dual
additives display a pronounced voltage increase, characterized
by a distinct voltage hump. In addition, we monitored the open
circuit voltage (OCV) of the cells during the resting period
before electrochemical cycling (Fig. 1b). For most lithium-ion
batteries, the OCV typically ranges from 3.0-3.2 V vs. Li/Li",
reflecting the intrinsic chemical potential difference between
the cathode and Li anode, as observed in the cells containing
the BL or VC additive. In contrast, the cells containing TMSB-
only or dual additives exhibited a relatively higher OCV within
3.3-3.5 V vs. Li/Li'. TMSB can interact with PFs and exert

324 | RSC Appl. Interfaces, 2026, 3, 322-332

shielding effects on Li'-anion pairs, thereby altering dipole
orientation and the surface electric double-layer. Thus, the
slightly elevated OCV may be attributed to the increased electric
double-layer potential.®® In the subsequent electrochemical
charging, TMSB begins to decompose and form an interfacial
layer, disrupting the initial solvation structure. This interphase
formation, coupled with solvation rearrangement, increases cell
impedance, consistent with the EIS results, which show a sharp
increase in resistance after the activation cycles (Fig. 2f).
Consequently, the elevated energy barrier associated with Li*
extraction manifests as the initial voltage hump.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 dQ/dV and EIS analyses. dQ/dV curves of the SC-NMC]|Li cells cycled at 1C within the voltage range of 3.0-4.5 V vs. Li/Li* in the 1st, 50th,
100th, 150th, and 200th cycles with (a) BL and (b) dual additives. (c) Summary of dQ/dV peak shifts in SC-NMC||Li cells containing different
electrolyte additives after 200 cycles at 1C within the voltage range of 3.0-4.5 V vs. Li/Li*. (f) Nyquist plot of the SC-NMC]||Li cells before cycling,
in the discharge of 3.0 V after two activated cycles at C/3, and after 100 cycles at 2C containing different electrolyte additives: (d) BL and (e) dual
additives. (f) Summary of EIS fitting results of the SC-NMC]||Li cells containing different electrolyte additives.

To investigate the impact of electrolyte additives under
different operating conditions, we assessed the cyclability of
cells with and without additives across a range of C-rates
(Fig. 1 and S3 and S4), assuming that the applied C-rate
affects the formation and distribution of decomposition
products at both the cathode and anode interfaces.”® These
interfacial variations can significantly impact the properties
of the SEI/CEI, ultimately impacting long-term cycling
stability. At C/3, the average initial capacity of 198.4 (BL),
200.1 (VC), 198.1 (TMSB), and 196.8 (dual) mAh g * was
achieved, and the capacity retention was 78.8%, 82.6%,
92.9%, and 87.9%, respectively, after 100 cycles. It was
demonstrated that the cells with additives improved the
cycling stability, particularly those with the TMSB-only
additive. However, the roles of different additives on long-
term cycling stability diverge at high C-rates. At 1C, the initial
discharge capacities were 189.9, 189.8, 182.3, and 181.1 mAh
g for cells with BL, VC, TMSB, and dual additives,
respectively. After 500 cycles at 1C, the capacity retention
varied significantly among the cells with different additives
with the retention of 41.5% (BL), 68.2% (VC), 60.3% (TMSB),
and 75.0% (dual), respectively. At an even higher current rate,
the cells can deliver a capacity retention of 29.7% (BL), 42.3%
(VC), 20.3% (TMSB), and 67% (dual) at 2C, and 26.5% (BL),
70% (VC), 31.7% (TMSB), and 75.7% (dual) at 5C after 500
cycles, respectively. Cells with the TMSB-only additive
typically exhibit poorer capacity retention at high C-rates (1C,

© 2026 The Author(s). Published by the Royal Society of Chemistry

2C, or 5C) than those cycled at C/3. In contrast, the cells
containing dual additives show significantly improved cycling
stability. In addition, the coulombic efficiency (CE) of the
cells containing the dual additives outperforms those
containing the BL or single VC or TMSB additive (Fig. S3).
Overall, while TMSB alone enhances cycling stability at the
low C-rate but remarkably compromises it at high C-rates,
the combination of VC and TMSB offers superior stability
under high-rate conditions. The phenomenon further
supports that the chemical composition and properties of the
EEI layer vary with current density, leading to different
cyclability at low and high C-rates. These rate-dependent
variations in the composition of the EEI layer are consistent
with other reported studies.*® Additionally, we evaluated the
cell performance using a polycrystalline NMC cathode (PC-
NMC) and Li metal cycled at both 2C and 5C. The results
(Fig. S5) show that cells with dual additives achieve 86.1%
(2C) and 85.4% (5C) capacity retention after 300 and 500
cycles, respectively. The capacity retention is significantly
higher than that of the cells cycled in BL or with the TMSB
additive. The conclusion is consistent with these cells using a
SC-NMC cathode. This validates the conclusion that the
combined use of VC and TMSB additives exhibits a
synergistic effect in stabilizing interfacial formation.

We conducted lithium stripping and plating experiments
in Li||Li symmetric cells at 1 mA em™>, approximating the
current density of 1C cycling in the SC-NMC]||Li cells (Fig.
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S7). The symmetric cells with the BL electrolyte exhibit a
relatively stable and flat overpotential around 0.1 V (Fig. S7a).
In contrast, those containing electrolytes with additives show
noticeable fluctuations in overpotential over 200 hours (Fig.
S7b-d). In particular, cells containing the TMSB additive have
a much lower initial overpotential, while those with dual
additives exhibit a slightly higher initial overpotential.
Despite this, all cells maintained stable operation for 200
hours. In contrast, these additives did not effectively enhance
the cyclability of symmetric Li cells. As cycling progressed to
400 h (Fig. S8), the stripping/deposition overpotential
gradually increased for all cells. This increase was particularly
pronounced for cells containing only TMSB, where the
overpotential exceeded 0.4 V, whereas cells with the VC/TMSB
dual additive maintained overpotentials below 0.3 V. These
observations indicate that the dual-additive formulation
better stabilizes Li plating/stripping and preserves interfacial
integrity on the SC-NMC cathode, while TMSB alone is less
effective at suppressing interfacial degradation under
extended cycling.

To further investigate the mechanisms behind the
performance enhancement observed at high C-rates with the
dual additives, we analyzed the evolution of dQ/dV curves
and electrochemical impedance of the SC-NMC||Li cells
containing different electrolyte formulations at 1C (Fig. 2 and
S6). The SC-NMC cathode exhibits three primary redox
couples in the dQ/dV curve, corresponding to the phase
transformations from H1 to M, M to H2, and H2 to H3 as the
voltage increases.’”"! Typically, the redox couples’ peak shifts
and intensity reductions indicate structural degradation in
the NMC cathode.”>"® For example, in the cells containing
the BL electrolyte (Fig. 2a), the three redox couples
consistently shift by approximately 0.17-0.19 V to higher
voltages during oxidation and by about 0.15-0.20 V to lower
voltages during reduction from the first cycle to 200 cycles.
Cells with TMSB showed very similar behavior to those with
baseline electrolytes, with shifts of 0.16-0.21 V and 0.14-0.25
V during oxidation and reduction, respectively (Fig. S6a). In
contrast, cells containing the VC additive only shifted voltage
by 0.06-0.08 V and 0.06-0.13 V during oxidation and
reduction, respectively (Fig. S6b). Surprisingly, the cells with
the dual additives had the smallest voltage shift, by 0.04-0.05
V and 0.04-0.08 V during oxidation and reduction,
respectively (Fig. 2b). In summary, the cells containing the
dual additives displayed minimum voltage shifts after 200
cycles, which might be attributed to enhanced structural
stability afforded by the robust EEI layer formed on the SC-
NMC surface or Li metal surface.

The structural evolution from the surface to bulk, along
with the formation of solid-state interfacial layers on both
the cathode and anode, contributes to impedance buildup.
Thus, we monitored the impedance evolution of -cells
containing different electrolyte additives at 2C (Fig. 2d-f and
S9). In fresh cells, all Nyquist plots exhibit a semicircle
followed by a linear slope, corresponding to charge-transfer
resistance and Warburg diffusion, respectively. After one

326 | RSC Appl. Interfaces, 2026, 3, 322-332
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cycle, all cells, with or without additives, exhibit two
semicircles, as the left-most and second semicircles at high
and mid frequencies representing interfacial and charge-
transfer resistance, respectively. To decouple impedance
evolution, we fitted these spectra using an equivalent circuit
(Fig. S10) to quantify impedance changes, and the results are
summarized in Fig. 2f and Table S1. In summary, after the
formation cycles, cells with VC-only and dual additives
exhibited the lowest interfacial impedance, with the dual-
additive cell showing the lowest charge transfer resistance. In
contrast, the TMSB-only cell displayed the highest interfacial
and charge transfer resistance. After 100 cycles, all cells
showed a significant reduction in the overall resistance (sum
up between interfacial and charge transfer resistance) (Table
S1). This suggests that these cells begin forming a thick
interfacial layer and periodically dissolve and re-form during
the subsequent cycling. Particularly for the cell containing
the TMSB additive, it appears that the TMSB additive
promotes the formation of the thickest EEI layer, which is
also the least stable and tends to dissolve during cycling.
This likely contributes to the poorest capacity retention at
high C-rates. In contrast, the cell with dual additives
maintains the lowest impedance after 100 cycles, aligning
with its superior electrochemical performance. The results
suggest that the dual additives promote a more stable
interface formation and suppress impedance growth.

To correlate impedance and cycling performance with
interfacial chemistry, we first conducted soft X-ray absorption
spectroscopy (XAS) to examine the surface chemistry of SC-NMC
cathodes after activation and 200 cycles at 2C (Fig. 3a-c). Soft
XAS in fluorescence yield (FY) and total electron yield (TEY)
modes are used to probe electronic states of samples in the
subsurface (~50 nm) and surface (~10 nm) regions,
respectively.** We focused on the Ni L-edge spectrum due to
Ni's dominant role in redox reactions in NMC811 and the
chemical instability of Ni*" in organic electrolytes. In its pristine
state, the Ni nominal oxidation state is approximately +2.875, as
indicated by the peak ratio of L; to the right/left (Fig. S11). The
slightly lower peak ratio in TEY mode relative to the FY mode
suggests a more reduced surface in NMC811, associated with
some degree of Li'/Ni*" cation mixing.">"® After 200 cycles at
2C, all samples exhibited very similar peak shapes and
intensities in FY mode, indicating a comparable bulk Ni
oxidation state (Fig. 3a). In contrast, TEY spectra (Fig. 3b)
revealed markedly lower surface oxidation states that varied
depending on the electrolyte additives, as evidenced by a
reduced L; right peak. We further quantified the L; right/left
peak intensity ratio (Fig. 3c) and compared it to LiNiO,(Ni**)
and NMC111(Ni*") reference materials. These results indicate
that the bulk Ni oxidation state after cycling was around +3,
slightly higher than the pristine state, likely due to Li-deficiency,
consistent with the observed capacity loss. Notably, for all
samples except the one cycled with dual VC/TMSB additives, a
difference in the ratio between TEY and FY modes was
observed. We attribute this difference to a surface-to-bulk
oxidation gradient and the extent of surface reconstruction.”®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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different electrolyte additives. Cryo-TEM images of the NMC particles in the pristine state (d and g), cycled at 2C for 100 times in the BL electrolyte

(e and h), and cycled at 2C for 100 times with the dual additives (f and i).

SC-NMC cycled in the BL electrolyte exhibited the lowest peak
ratio, indicating that the surface Ni was in the lowest oxidation
state, consistent with more severe surface degradation and
structural changes. Soft XAS analysis demonstrates that the
dual-additive electrolyte forms a stable interfacial layer with a
more homogeneous chemical and structural distribution from
the surface to bulk, effectively protecting the NMC surface.

We performed cryo-TEM analysis on SC-NMC particles in
their pristine state and after 200 cycles at 2C, without and with
dual additives (Fig. 3d-i). The pristine SC-NMC surface
appeared clean and well-defined. However, after electrochemical
cycling, the NMC particles became highly fragile under the
electron beam, even at very low electron doses, making detailed
imaging challenging. Despite this, several particles from each
sample were successfully examined. Both cycled NMC samples

© 2026 The Author(s). Published by the Royal Society of Chemistry

exhibited a distinct interfacial layer. Although the thickness of
the CEI varied among particles, the average CEI thickness on
SC-NMC cycled in the baseline electrolyte was approximately
10-30 nm. In contrast, the SC-NMC cycled with dual additives
formed a much thinner CEI, typically 3-6 nm. These
observations are consistent with the results obtained from soft
XAS analysis.

To investigate the chemical composition of the CEI, X-ray
Photoelectron Spectroscopy (XPS) was performed on cycled
cathode chips, probing C 1s, O 1s, F 1s, B 1s, and Si 2p signals
(Fig. 4 and S12 and S13). Each spectrum was deconvoluted into
several distinct chemical species or bonding environments
through peak fitting (Table S2). After the initial activation cycles,
the cathode cycled in the BL electrolyte exhibited the highest
levels of carbides, C-O bonds, and LiF, but the lowest C-C,
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Fig. 4 XPS analysis of the cycled SC-NMC cathodes: (a) C 1s, (b) O 1s and (c) F 1s after the activation cycles and (d) C 1s, (e) O 1s and (f) F 1s after

100 cycles at 2C between 3.0 and 4.5 V.

PVDF, and polymeric Li,PO,F,. The carbide (C-Li or C-TM)
species may originate from the decomposition of the carbonate
solvent, leading to bonding with surface lithium or transition
metals that have dissolved from the NMC lattice.*” This
indicates the formation of an initial interfacial layer enriched in
inorganic species and deficient in organic components. In
contrast, the dual additive electrolyte yielded the highest signal
of Me-O (Me = transition metals), PVDF and polymeric species,
along with the lowest LiF content, consistent with a thinner CEI
that allows detection of bulk Me-O signals and binder-related
species embedded in the cathode. Although LiF is often
regarded as a stabilizing component,”**° our results (in
agreement with Hu et al.>""%) suggest that higher LiF content
does not necessarily correlate with improved cycling stability.
After 100 cycles, the dual additive sample showed a slight
decrease in organic species (C-C and C=O0) and an increase in
inorganic components (CO, and C-O), while Me-O, PVDF, Li,-
POyF;, and LiF contents remained largely unchanged, indicating
minimal CEI thickness evolution. B 1s and Si 2p signals were
only detected in cathodes cycled with TMSB-containing
electrolytes (sole TMSB and dual additives) after 100 cycles (Fig.
S13), suggesting gradual TMSB decomposition into B-O, Si-O,
and Si-C species. The presence of Si-C bonds aligns with
carbide features in the C 1s spectra, and the absence of these
bonds in the dual-additive sample implies that VC suppresses
Si-C formation, which may otherwise compromise CEI stability.
Overall, the dual-additive electrolyte promotes a robust, LiF-

328 | RSC Appl. Interfaces, 2026, 3, 322-332

deficient, inorganic-rich CEI with minimal growth over cycling
—consistent with the observed impedance trends and
electrochemical performance. These findings indicate that
achieving long-cycle performance in NMC||Li cells require
combined electrolyte additives that foster the formation of a
thin, stable, and compositionally optimized CEI layer.

To elucidate the effect of the dual-additive electrolyte on
interfacial stability, the Li metal anodes were examined after
cycling at 2C (Fig. 5). SEM images clearly distinguish the surface
morphologies obtained from different electrolytes (Fig. 5a-c).
The Li anode cycled in the BL electrolyte exhibited a porous,
mossy, and uneven surface, indicative of uncontrolled Li
nucleation and dendritic growth during repeated stripping/
plating (Fig. 5b). Such morphology typically leads to increased
surface area and continuous electrolyte decomposition. In
contrast, the Li anode cycled in the dual-additive electrolyte
displayed a compact and uniform surface (Fig. 5c), suggesting
that the additives effectively modulate Li' flux and promote
homogeneous deposition. This morphological improvement
implies a stabilized SEI and enhanced cycling durability under
high current operation.

To further investigate the interfacial chemistry, XPS
analyses of the Li anodes were performed after 100 cycles at
2 C (Fig. 5d-g). The C 1s spectra of both samples reveal
similar major SEI components, C-C/C-H, C-O, and O-C=0,
suggesting comparable solvent decomposition pathways. A
minor O—C-O peak appears in the dual-additive system,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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likely originating from additional organic carbonate species,
indicating slightly increased solvent participation in SEI
formation. In addition, Li,CO; is present in lower amounts
in the dual additive system. The O 1s spectra show a similar
distribution of organic (C—=O0, C-0) and inorganic (Li,O, Li,-
CO;) species in both systems, suggesting that the overall
organic/inorganic composition of the SEI remains relatively
unchanged by the additives. More distinct differences are
observed in the F 1s region. Both samples contain P-F and
C-F signals, typically derived from LiPFs decomposition;
however, the LiF peak (~685 eV) is notably weaker in the
dual-additive electrolyte. The Li 1s spectra corroborate this
observation, confirming a reduced LiF content on the anode
surface. These results demonstrate that the dual additives
suppress LiPF; decomposition, thereby limiting secondary
LiF accumulation on both NMC and Li metal surfaces. Since
LiF is an electronically insulating phase that can impede Li"
transport when overly thick, its suppression leads to a more
ionically conductive SEI layer. Collectively, these findings
indicate that while the fundamental SEI chemistry remains
similar, the dual-additive electrolyte alters the formation
kinetics of interfacial species. The resulting SEI possesses
lower LiF content and improved uniformity, which effectively
reduces interfacial resistance, enhances ion transport, and
stabilizes Li deposition during high-rate cycling. This

© 2026 The Author(s). Published by the Royal Society of Chemistry

mechanistic understanding of both the cathode and anode
explains the superior electrochemical performance and long-
term stability of NMC||Li cells employing the dual-additive
electrolyte.

Conclusions

In this study, we systematically revisited the role of TMSB and
VC electrolyte additives in SC-NMC]||Li metal cells, evaluating
their individual and combined effects on cycling performance
under various current rates. Our results demonstrate that while
TMSB increases the OCV and initial overpotential due to the
modification in the Li" solvation structure and electric double
layer, an electrolyte containing the TMSB additive can
significantly enhance cyclability at C/3. In particular, the dual-
additive system (VC/TMSB) significantly enhances long-term
cycling stability at high C-rates, achieving capacity retentions of
approximately 68%, 67%, and 75.6% after 500 cycles at 1C, 2C,
and 5C, respectively—substantially outperforming the cells in
the baseline electrolyte, which retains less than 30% of its initial
capacity. Electrochemical and spectroscopic analyses reveal that
the BL electrolyte promotes excessive LiF accumulation on both
the cathode and anode surfaces. In contrast, the dual-additive
formulation synergistically promotes the formation of a thinner,
more stable, and LiF-deficient EEIL This robust EEI effectively
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suppresses surface structural degradation of the NMC cathode
and mitigates overall cell impedance growth during extended
cycling. Overall, this work elucidates the synergistic function of
VC and TMSB at both electrodes, offering valuable insights into
co-additive design for advancing high-energy lithium metal
battery technology.
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