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interfacial design of SnO2

thin-film anodes for high-performance
lithium-ion batteries
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Nurbolat Issatayev, abd Arailym Nurpeissova,ab Zhumabay Bakenov abd

and Aliya Mukanova *ab

The continuous demand for high-performance lithium-ion batteries (LIBs) has accelerated the

development of microscale energy storage systems with improved specific and volumetric capacities.

Tin oxide (SnO2) is a promising anode material due to its high theoretical capacity and favorable lithiation

properties; however, its practical application is hindered by significant volume changes and unstable

electrode–electrolyte interfaces during cycling. Here, we systematically investigate the impact of thin

film morphology and artificial interface engineering on the electrochemical performance of radio

frequency (RF) magnetron-sputtered SnO2 anodes. By optimizing deposition and annealing parameters,

we achieve porous SnO2 architectures with enhanced cycling stability. A subsequent carbon coating

reduces electrolyte contact and buffers volume expansion, while the incorporation of 5 wt% vinylene

carbonate (VC) into the electrolyte enables the formation of a robust, elastic solid electrolyte interphase

(SEI). The dual approach – combining engineered porosity with interfacial stabilization – significantly

improved capacity retention, suppressed polarization, and ensured high coulombic efficiency over 200

cycles. Post-mortem scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS)

analyses confirm that the carbon coating and VC worked synergistically to preserve structural integrity,

minimized side reactions, and promoted favorable SEI composition. These results highlight an effective

strategy for designing durable, high-capacity SnO2-based thin film anodes for next-generation LIBs.
1 Introduction

Lithium-ion batteries (LIBs) are widely recognized as satisfac-
tory solutions for powering numerous devices, owing to their
low self-discharge rate, long cycle life and high conversion
efficiency, and the ease with which they can be fabricated into
exible designs.1–3 Increasing demands for specic power and
energy density are driving the development of LIBs with
improved performance.4 In this context, particular attention is
being paid to microscale energy storage systems, where
compactness, high energy efficiency, and stable operation in
a limited volume are critical. To meet these evolving require-
ments, it is crucial to develop active thin lm materials that
offer improved specic and volumetric capacities.1,5 Currently,
niversity, Kabanbay Batyr Ave. 53, Astana

a@nu.edu.kz

Ave. 53, Astana 010000, Kazakhstan

ture Sciences, L.N. Gumilyov Eurasian

010000, Kazakhstan

Engineering, School of Engineering and

abanbay Batyr Ave. 53, Astana 010000,

2820
the main research focus is on two key classes of anode mate-
rials: metal oxides and carbons.6–9

Among various metal oxides, tin oxide (SnO2) stands out as
a very promising anode material for LIBs due to its high theo-
retical capacity of 1494mAh g−1, which signicantly exceeds the
value of metallic Sn, as well as its resistance to oxidation and
environmental safety.10,11 Electrochemical lithiation of SnO2

anodes typically occurs through three sequential processes,
each associated with different voltage ranges and capacitance
contributions, as described below:

Insertion: SnO2 + xLi+ + xe− % LixSnO2 (1)

Conversion: SnO2 + 4Li+ + 4e− % Sn + 2Li2O

>1.2 V vs. Li/Li+ with z 711 mAh g−1 (2)

Alloying/dealloying: Sn + xLi+ + xe− % LixSn (0 # x # 4.4)

>0.5 V vs. Li/Li+ with z 783 mAh g−1 (3)

A transformation reaction occurs at relatively moderate
potentials (∼1.2 V and 0.5 V vs. Li/Li+).12 These potentials help to
reduce the likelihood of lithium plating on the anode and
minimize polarization. The high electrical conductivity of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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lithiated phases and the ability of SnO2 to form stable nano-
structures determine its overall effectiveness.

The practical use of SnO2-based anodes is limited by a large
volumetric expansion (∼250%) during lithiation and delithia-
tion, which induces mechanical stress, damages the electrode
structure, and reduces cyclic stability.13 Additionally, such
drastic volume changes disrupt the formed solid electrolyte
interphase (SEI), forcing its continual reformation. This leads to
ongoing Li and electrolyte consumption and further degrades
electrochemical performance.14 Maintaining a durable, stable
SEI layer is thus essential both for preserving electrode integrity
and preventing continued electrolyte decomposition.

Fine-tuning radio frequency (RF) magnetron sputtering
parameters – such as sputtering power, working pressure,
substrate temperature, and Ar/O2 ratio – can allow to tailor SnO2

thin lm morphology that effectively buffers volumetric
changes during lithiation/delithiation. Prior studies of porous
SnO2 nanostructures have shown that uniform pores (2–30 nm)
yield high reversible capacities (up to ∼645 mAh g−1) and
excellent retention (∼95%) over 100 cycles.15 In magnetron-
deposited metal oxides, increased sputtering power and pres-
sure can enhance adatom mobility, promote grain boundary
formation, and introduce voided or columnar morphologies. By
optimizing these variables, we anticipate achieving a porous
SnO2 architecture that can maintain structural integrity and
deliver improved lithium storage performance in thin lm
anodes.16 Moreover, magnetron sputtering, as used in this study
(Table TS1), is considered a scalable technique since its
parameters (gas ow, RF power, pressure, and substrate
temperature) can be precisely controlled and adapted to large-
area substrates. This makes it widely applicable in industrial
coating processes, although the relatively high cost and lower
deposition rates compared with solution-based methods may
limit its scalability.

Carbon (C) coatings on SnO2 signicantly reduce the direct
exposure of the active material to the electrolyte, making them
more inert than bare SnO2. This helps suppress unwanted
electrolyte decomposition during cycling and promotes a more
stable SEI formation.17 Vinylene carbonate (VC) preferentially
decomposes in the rst few cycles, forming a dense, elastic, and
chemically robust SEI.18,19 This SEI prevents continuous elec-
trolyte breakdown, curtails formation of resistive byproducts,
andmaintains high coulombic efficiency (CE). Together, carbon
coating and VC additive are capable to reinforce SEI integrity –
mechanically, electronically, and chemically – leading to
substantially improved cycling performance of SnO2-based
anodes. In contrast to prior studies that used either carbon
coatings or VC alone, our work establishes a coupled design
rule: a crack-tolerant porous microstructure (via sputter/anneal
control) combined with an amorphous carbon shell plus VC to
yield a LiF-rich, elastic SEI. To our knowledge, such an inte-
grated morphology-plus-SEI strategy has not been previously
reported.

In contrast to prior SnO2 studies that applied either carbon
coatings or VC additives in isolation, our work establishes
a coupled design rule for thin-lm SnO2 anodes: (i) rst engi-
neer a crack-tolerant, porous microstructure via sputter/anneal
© 2025 The Author(s). Published by the Royal Society of Chemistry
control to minimize polarization and accommodate strain, and
(ii) then stabilize the interface by combining an amorphous
∼20 nm carbon shell with 5 wt% VC to build a LiF-rich, elastic
SEI. To our knowledge, such an integrated morphology-plus-SEI
strategy, demonstrated on RF-sputtered thin lms with
controlled loading, and supported by a full electrochemistry-
EIS-XPS/SEM evidence chain, has not been reported.

In this study, we systematically investigated SnO2 thin lm
anodes fabricated via RF magnetron sputtering, focusing on
how deposition conditions can be optimized to engineer
a porous architecture that buffers volume expansion during
lithiation/delithiation. By tuning sputtering parameters, we aim
to foster a porosity and grain boundaries, enhancing structural
resilience and ion storage. Following this, we applied a carbon
coating to reduce direct SnO2 – electrolyte contact – thus sup-
pressing parasitic reactions – and introduced 5 wt% VC in the
electrolyte to form a dense, elastic SEI. Our results reveal that
this dual strategy – morphology via sputtering and interfacial
stabilization via C-coating + VC – signicantly improves cyclic
stability, electronic conductivity, demonstrating a promising
route for high-performance SnO2-based thin lm anodes.

2 Experimental part
2.1. Material preparation

SnO2 anode thin lms were deposited by radio frequency (RF)
magnetron sputtering (Angstrom Engineering Inc.) using the Sn
metallic target (5.08 cm diameter × 0.635 cm thick, 99.994–
99.999% pure, Kurt J. Lesker Company) in the mixture of high
purity Ar and O2 (15 : 15 sccm) gases. The substrate used was
a pre-cleaned stainless steel (SS) spacer with a diameter of
15.8 mm and a thickness of 0.5 mm from AME Energy, onto
which an intermediate layer of titanium (∼10 nm Ti) was
deposited from Ti target (Kurt J. Lesker Company) to enhance
the adhesion of the active layer to the substrate. The process was
carried out at a base pressure below 2 × 10−6 torr, deposition
pressure of 5 mTorr, at a power of 60 W (∼2.96 W cm−2), at
room temperature (RT) and at 300 °C (Table TS1) and
a substrate rotation speed of 10 rpm, which contributed to the
formation of a uniform deposition with an active mass in the
range of 0.55–0.65 mg. To eliminate surface contaminations
and to provide a consistent target voltage, the Sn target was pre-
sputtered in the Ar and O2 atmospheres for 20 minutes before
deposition.

Then, the SnO2 lms deposited on SS at RT and at 300 °C
followed by annealing at 620 °C for 2 hours at a heating rate of
10 °C min−1 in ambient atmosphere in muffle furnace to foster
structure and morphology. Aer annealing, the samples were
cooled naturally to RT. For convenience, the SnO2 samples
deposited at RT and 300 °C were denoted as SnO2-RT and SnO2-
300, respectively. The post-annealed lms were labeled as SnO2-
RT-620 and SnO2-300-620 as presented in Table TS2. The
deposition rate of the lms was monitored by INFICON Quartz
Crystal Monitor (QCM) and the mass of thin lms were checked
with ultra-microbalance before and aer sputtering/annealing
of thin lms (Mettler Toledo XP2U Ultra Microbalance). The
mass of the samples was in the range of 0.55–0.65 mg.
RSC Adv., 2025, 15, 32810–32820 | 32811
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A Turbo Coater AGB7232 (Agar Scientic, UK) was used as
the carbon coating system for single-time coating of as-
deposited and annealed SnO2 thin lms without any anneal-
ing aer C-coating. The samples of the modied SnO2 (by C
coating and VC adding) thin lm electrodes were marked as
SnO2–C and SnO2–C–VC (Table TS3).

2.2. Material characterization

To study the structure and morphology of the samples, their
comprehensive physicochemical characterization was done
using various analytical methods. Morphological analysis was
carried out using scanning electron microscopy (SEM, JEOL
JSM-IT800, Japan) and a transmission electron microscope
(TEM, JEOL JEM-1400 Plus, JEOL, Peabody, MA, USA). The
crystal structure was studied by X-ray diffraction (XRD) on
a SmartLab (Rigaku) setup using Cu Ka radiation (lCuKa1 =

1.54056 Å, lCuKa2 = 1.54439 Å) in the Bragg–Brentano reection
geometry. The XRD data were obtained over a 2q range from 5 to
70° at a scan rate of 5° min−1 using 40 kV, 30 mA X-ray. X-ray
photoelectron spectroscopy (XPS) (Shimazu-Kratos Analytical,
UK) was utilized to investigate the elemental composition and
oxidation states of the samples.

For post-mortem characterization by SEM and XRD, cycled
electrodes were washed with ethyl methyl carbonate (EMC),
whereas unwashed electrodes were used for elemental compo-
sition analysis (XPS).

2.3. Electrochemical investigations

The CR2032 galvanic cells have been assembled with the ob-
tained thin-lm SnO2 anodes. A Celgard 2400 polypropylene
membrane was used as a separator and lithium metal chips
(99.9% MTI Co.) as an opposite and reference electrode. The
assembly was carried out in an Ar-sealed glove box (MBRAUN
LABMaster Pro, Germany) under a high-purity argon atmo-
sphere with <0.1 ppm H2O and <0.1 ppm O2 to avoid moisture
and oxygen contamination. A commercial 1 M LiPF6 in
a mixture of ethyl carbonate (EC), dimethyl carbonate (DEC),
and ethyl methyl carbonate (EMC) (1 : 1 : 1 by vol%) was used as
the bare electrolyte. To obtain an electrolyte with the addition of
VC, 5 wt% VC was added to the commercial electrolyte, followed
by mixing in a glove box lled with argon.

Electrochemical testing was performed using cyclic voltam-
metry and potentiostatic electrochemical impedance spectros-
copy (CV, PEIS, VMP3, BioLogic Instruments, France) and
galvanostatic charge–discharge cycling with a multichannel
battery testing system (Neware Co., Shenzhen, China) at a 0.1C
rate (1C = 1494 mAh g−1) within a potential range of 0.01 to 3 V
vs. Li+/Li.

3 Results and discussions

All SnO2 thin lm electrodes were prepared by RF magnetron
sputtering from ametallic Sn target onto Ti-coated SS substrates
using an Ar/O2 gas mixture (15 : 15 sccm) under a constant
pressure of 5 mTorr. Amorphous SnO2 is generally reported to
offer superior cycling performance due to its structural
32812 | RSC Adv., 2025, 15, 32810–32820
exibility and enhanced ability to accommodate volume
changes during lithiation and delithiation.20 In this study, both
amorphous and crystalline forms of tin oxide were systemati-
cally investigated. Sputtering was performed at either RT and
300 °C to examine how deposition temperature inuences the
lm's morphology, crystallinity, and, most importantly,
electrochemical behavior. To further promote crystallization
and morphology, the as-deposited lms underwent annealing
at 620 °C. Aer guring out the optimal condition, the superior-
performance electrode was used further as a base for articial
SEI engineering.
3.1. The effect of deposition and post-annealing conditions
on SnO2 thin lm anode cycling performance

In order to clarify the inuence of deposition parameters and
subsequent heat treatment on the properties of SnO2 thin lms,
a comprehensive analysis of their structure, surface
morphology, and electrochemical behavior was carried out.
Fig. 1 shows the XRD patterns of the lms obtained under
different conditions: immediately aer deposition, as well as
aer subsequent annealing. From the XRD patterns, it can be
seen that the SnO2 lms obtained at RT and 300 °C exhibit
different crystal structure. While the former demonstrates
slight broad peak ascribed to amorphous or nanocrystalline
structure, the latter became crystallized during deposition, as
evidenced by the appearance of clearly dened reections cor-
responding to the tetragonal structure of SnO2 (JCPDS card no.
00-041-1445), including diffraction peaks at 2q = ∼26.7° (110),
∼33.9° (101),∼37.9° (200),∼51.7° (211) and∼66.2° (301).21 This
is due to the fact that the relatively high substrate temperature
during deposition promotes the diffusion of atoms and their
ordered arrangement in the crystal lattice, which leads to the
formation of the tetragonal phase of SnO2 already during the
lm growth. An annealing at 620 °C led to obvious crystalliza-
tion of the amorphous SnO2-RT,20,22 but did not affect much
already crystallized SnO2-300. The absence of any extraneous
peaks in the lms indicates their phase purity aer heat treat-
ment in air.

The surface morphology was analyzed by scanning electron
microscopy. SEM images (Fig. 1c–e) show the morphology of
SnO2 lms under different deposition and annealing condi-
tions. The SnO2-RT sample, as shown in the top view (Fig. 1b),
has a dense structure with uniformly distributed nanoclusters.
This observation is further supported by the cross-sectional
SEM image (Fig. FS1a), which shows a well-dened columnar
structure with vertically aligned grains and narrow inter-
columnar spaces, characteristic of lms deposited at low
substrate temperatures. Aer annealing in air (Fig. 1c), the
structure became more uniform and granular, indicating
improved porosity and the formation of microcracks.23 Mean-
while, the sample deposited at 300 °C (Fig. 1d) has a more
distinct granular structure due to thermal activation of grain
growth during deposition. The subsequent annealing (Fig. 1e)
enhanced the surface granulation and crystallinity. Thus, both
the deposition temperature and the post-annealing signicantly
affected the morphology and structure of the lms.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of SnO2 thin films deposited under different conditions; SEM surface images of SnO2 thin films (b) SnO2-RT, (c) SnO2-RT-
620, (d) SnO2-300, (e) SnO2-300-620.
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The reduction in particle size might positively contribute to
the mechanical stability of the anode due to the uniform
distribution of mechanical stresses arose from volume changes
during lithiation and delithiation. The ne-grained structure
usually reduces the tendency to aggregation, ensures reversible
volume changes, and maintains the integrity of the material
during cycling. In this context, samples annealed in air at high
temperatures and possessing a homogeneous porous
morphology are expected to demonstrate the greatest potential
in terms of capacity and cyclic stability.

The lithiation behavior of the SnO2 thin lm electrodes was
thoroughly examined through galvanostatic charge–discharge
proles (Fig. 2a and b), CV (Fig. 2c), and differential capacity
(dQ/dV, Fig. 2d), all of which consistently reect the character-
istic three-step reaction mechanism of SnO2-based anodes.
During the rst discharge cycle, at potentials above 1.2–1.5 V,
Li+ ions are inserted into the SnO2 crystal lattice with the
formation of intermediate compounds of the LixSnO2 type (eqn
(1)), which is accompanied by a smooth decrease in potential. A
distinct plateau at approximately 1.2 V is observed in all
samples, corresponding to the irreversible conversion of SnO2

to metallic Sn and Li2O (eqn (2)). This process is accompanied
by SEI formation and accounts for the initial irreversible
capacity loss.24 Upon further discharge below 0.5 V, a broad
plateau or peak arises from the alloying of lithium with Sn to
form LixSn (0 # x # 4.4) (eqn (3)), which is the primary
contributor to capacity in subsequent cycles (Fig. 2a and b). The
CV curves in Fig. 2c exhibit a cathodic peak around 0.8 V
(conversion) and a broad feature below 0.5 V (alloying), while
dQ/dV analysis in Fig. 2d reveals corresponding cathodic and
anodic peaks near 0.8 V and 0.6/1.3 V, respectively. In the
charging process, a gradual potential increase in the range of
0.2–1.5 V reects the dealloying of LixSn and partial reoxidation
of Sn.25 The anodic peaks at ∼0.6 V (dealloying) persist across
multiple cycles, indicating reversible behavior, whereas the di-
minishing intensity of the ∼1.3 V peak suggests that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
reformation of SnO2 is largely irreversible. Collectively, these
electrochemical features conrm that aer the initial cycle, the
capacity is predominantly governed by the highly reversible
alloying/dealloying reaction between Li and Sn.

Among the studied electrodes, the SnO2 lm deposited at
room temperature and post-annealed in air (SnO2-RT-620, blue
curve) exhibited the most outstanding performance. In the rst
cycle (Fig. 2a), it delivered the highest discharge capacity of
approximately 1623 mAh g−1, with well-dened plateaus corre-
sponding to the conversion of SnO2 to Sn and subsequent
alloying with Li+, indicating efficient reaction kinetics and high
active material utilization. The superior performance of the
SnO2-RT-620 electrode can be attributed to its crystal and
morphological structure.

As conrmed by XRD (Fig. 1a), annealing induced the crys-
tallization of initially amorphous SnO2 into a well-dened
tetragonal phase. Additionally, SEM image (Fig. 1c) reveals
a more homogeneous and porous morphology, which promotes
Li+ diffusion, buffers volume changes during cycling, and
ensures the mechanical stability of the electrode – factors
collectively contributing to improved cycling stability. Impres-
sively, even aer 50 cycles (Fig. 1c), the SnO2-RT-620 electrode
retained a capacity of about 795 mAh g−1, nearly twice that of
the next-best sample, and maintained a stable potential prole,
reecting the formation of a robust SEI and good structural
integrity.

By contrast, the SnO2 sample deposited at 300 °C and
annealed in air (SnO2-300-620, green curve) showed a lower
initial capacity (∼1398 mAh g−1), yet better retention than the
non-air-annealed counterparts, maintaining ∼252 mAh g−1

aer 50 cycles. The moderate performance of this electrode
suggests that while elevated deposition temperature aids crys-
tallinity, the air-annealing step is still crucial for optimizing
electrochemical activity and stability.

The samples deposited without air annealing showed infe-
rior behavior. The SnO2-300 anode (red curve) exhibited an
RSC Adv., 2025, 15, 32810–32820 | 32813
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Fig. 2 Potential profiles of all samples at 0.1C in (a) 1st and (b) 50th cycles, (c) CV of SnO2-RT-620 at a scan rate of 0.1 mV s−1 and (d) dQ/dV of
SnO2-RT-620 at 0.1C, (e) cycle performance of SnO2 anodes at 0.1C.
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initial capacity of∼1398 mAh g−1, but it rapidly declined within
50 cycles, accompanied by a loss of distinct voltage features,
indicating degradation of active material and poor SEI stability.
Similarly, the SnO2-RT sample (black curve) showed a lower
initial capacity (∼1239 mAh g−1) and even sharper fade,
demonstrating that the lack of thermal treatment limits the
electrochemical reversibility and structural robustness of the
electrode.

The SnO2-RT-620 sample exhibits markedly lower IR-drop,
activation polarization, and overall polarization compared to
its non-annealed and 300 °C counterparts, indicating signi-
cantly enhanced charge transport and reaction kinetics. In
Fig. 2a and b, the blue curves (SnO2-RT-620) display a noticeably
smaller voltage jump at the onset of lithiation, reecting lower
internal resistance likely attributable to improved lm
32814 | RSC Adv., 2025, 15, 32810–32820
conductivity and reduced interface impedance. Concurrently,
CV scans in Fig. 2c show sharper, less shied redox peaks for
SnO2-RT-620, signaling more facile Li+ insertion/extraction and
smaller kinetic barriers. The minimal divergence between its
charge and discharge proles – even aer 50 cycles – further
conrms its superior overall polarization stability. This
contrasts with the larger voltage gaps and broader, shiing
peaks seen in SnO2-RT and SnO2-300, which suggest higher
polarization and SEI instability. Collectively, these results
demonstrate that post-deposition air annealing at 620 °C opti-
mizes crystallinity and microstructure, thereby reducing resis-
tance and enabling stable, low-polarization lithiation behavior.
From Fig. 4d, a peak splitting and shi reduce over cycles for
SnO2-RT-620 is indicative of low and stable polarization in this
sample.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The long-term cycling performance shown in Fig. 2e clearly
highlights the superior stability of the SnO2-RT-620 anode,
which retained 710 mAh g−1 (46%) aer 100 cycles at 0.1C
within 0.01–3 V – outperforming all other samples. This result
reects not only high initial capacity but also better structural
resilience, stable SEI and minimal side reactions at the elec-
trode–electrolyte interface.26,27 In contrast, the SnO2-RT sample
showed rapid capacity loss, stabilizing around 20 mAh g−1,
likely due to poor lm integrity and unstable interfaces. The
SnO2-300 and SnO2-300-620 samples exhibited intermediate
behavior, with the latter showing improved retention owing to
post-annealing up to 70 cycles.
3.2. Articial SEI engineering

Recognizing that SEI behavior is not universal, interface engi-
neering for SnO2 was pursued. While, for instance, Si-based
anodes require exible, self-healing SEIs, SnO2 demands
a chemically stable interface that resists irreversible lithium
loss, particularly from Li2O formation. To enhance capacity
retention and overall electrochemical stability through interface
design, the SnO2 thin lm deposited at RT and post-annealed in
air – previously referred to as SnO2-RT-620 – was selected for
further study and for convenience renamed SnO2-bare (Table
TS3). Despite its best performance over other investigated
Fig. 3 SEM images of (a) SnO2-bare, (b) SnO2–C and TEM image of (c)

© 2025 The Author(s). Published by the Royal Society of Chemistry
anodes, this electrode exhibited gradual fading, likely due to
mechanical degradation and/or excessive SEI growth.21,28

To suppress parasitic reactions and stabilize the interface,
surface modications were introduced. Specically, C-coating
on SnO2 lms have been applied and tested in 1 M LiPF6 elec-
trolyte (EC : DEC : EMC 1 : 1 : 1) with and without 5 wt% VC.

The SEM images (Fig. 3a and b) clearly show the difference in
morphology before and aer coating. SnO2 is characterized by
pronounced aggregation and a rough surface. Aer the depo-
sition of the carbon layer, a denser, ne-grained structure is
formed with less visible cracks between clusters. Thus, C-
coating reinforced the surface of thin lm hidden open SnO2

sides that is supposed to block extensive reaction of electrolyte
with SnO2. TEM images (Fig. 3c and d) further conrm the
presence of an amorphous carbon layer uniformly surrounding
the SnO2 particles. The SnO2–C sample (Fig. 3d) shows a clear
coating of about 20 nm thickness around the periphery of the
particles, which serves as direct evidence of shell formation. In
contrast, the untreated sample (Fig. 3c) shows an unstructured,
less dense surface. Thus, the carbon coating may act as a buffer,
reducing side reactions between the electrolyte and the active
material.29 The XRD analysis of SnO2–C did not reveal charac-
teristic carbon peaks, which is more likely due to its amorphous
or nanocrystalline state (refer to Fig. FS2).
SnO2-bare, (d) SnO2–C thin films.
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Fig. 4a–c present the charge–discharge proles of SnO2

anodes with different modications – bare SnO2 (black), C-
coated SnO2 (red), and C-coated SnO2 with 5 wt% VC additive
(blue) – measured at 0.1C. Already in the initial cycles (Fig. 4a),
the advantages of surface engineering become evident: while
the bare SnO2 rapidly develops signicant voltage hysteresis,
the carbon-coated samples display smoother, more gradual
curves. By the 100th cycle (Fig. 4b), the SnO2–C anode exhibits
the most stable and reproducible prole, underscoring the
effectiveness of the carbon shell in stabilizing the electrode–
electrolyte interface, mitigating SEI growth, and suppressing Sn
nanoparticle aggregation.30 The introduction of VC at this stage
brings comparable, though initially less pronounced, benets.

A striking shi emerges by the 200th cycle (Fig. 4c). While the
SnO2–C electrode begins to lose capacity and shows signs of
surface aging – likely due to persistent volumetric changes – the
Fig. 4 Potential profiles of SnO2 anodes at 0.1C at (a) 1st cycle, (b) 10
performance of SnO2 anodes at 0.1C.

32816 | RSC Adv., 2025, 15, 32810–32820
SnO2–C–VC maintains both its curve shape and capacity
retention. This enhancement is attributed to VC's role in
forming a stable and elastic SEI during the rst cycles, which
continues to protect the electrode surface from long-term
degradation.31,32

This evolution is further claried in Fig. 4d and FS3, which
track the dQ/dV proles across cycling. All samples exhibit
a prominent cathodic peak near 0.8 V in the rst cycle, associ-
ated with the reduction of SnO2 to Sn and Li2O formation, along
with lower-potential features for LixSn intermetallics. However,
only the C-coated samples, particularly with VC, preserve
distinct and well-dened dQ/dV peaks throughout 200 cycles –

an indicator of robust reaction reversibility and stable structural
evolution. In contrast, bare SnO2 quickly loses these features,
reecting irreversible material degradation and increased
impedance.
0th cycle, (c) 200th cycle and (d) the dQ/dV of anodes and (e) cycle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Importantly, both C-coated electrodes demonstrate mark-
edly reduced polarization and lower IR drops over time, espe-
cially SnO2–C–VC. Their overlapped potential proles and
minimized voltage offsets (Fig. 4a–c) point to enhanced elec-
tronic connectivity, efficient ion transport, and a stable SEI. The
dual approach – carbon coating combined with VC – proves
synergistic in suppressing both ohmic and activation
polarization.

Fig. 4e encapsulates the cumulative impact on long-term
cycling. In the rst ∼20 cycles, all samples generally exhibit
a steady decline in capacity. This early capacity decay primarily
originates from irreversible processes such as SEI formation,
electrolyte decomposition, and partial conversion reactions,
which together can be considered an activation process.14

Following this initial stage, the electrodes generally demon-
strate more stable cycling performance. The bare SnO2 anode
suffers a steep capacity decline, dropping from 1623 to just 391
mAh g−1, primarily due to SEI instability and tin aggregation.
The SnO2–C electrode benets from improved conductivity and
surface stabilization, reaching 1091 mAh g−1 at 100 cycles, but
ultimately declines as by-products accumulate and the carbon
shell degrades.17 In contrast, the SnO2–C–VC maintains a high
and stable capacity of 918 mAh g−1 aer 200 cycles, with CE
consistently above 98% (Fig. FS4). This impressive durability
highlights the formation of a robust, elastic SEI mediated by VC,
which effectively blocks side reactions and material
degradation.

EIS measurements aer 200 cycles (Fig. FS5) denitively
conrm the benecial effects of carbon coating and VC additive
on interfacial stability and charge transport. The Nyquist plots
clearly demonstrate that the bare SnO2 anode exhibits the
largest semicircle and highest total resistance, pointing to
substantial interfacial polarization and sluggish ion transfer. In
contrast, the SnO2–C electrode shows a marked reduction in
impedance, reecting improved electronic conductivity and
a more stabilized interface due to the protective carbon layer.
Most notably, the SnO2–C–VC sample displays the smallest
semicircle and lowest resistance among all samples, indicating
the formation of a highly conductive and robust SEI layer
enabled by the VC additive. This trend, further emphasized in
the low-impedance region (inset), provides compelling evidence
that the combined approach of carbon coating and VC incor-
poration not only mitigates resistive losses at the interface but
Fig. 5 SEM images of SnO2 anodes: (a) SnO2-bare after 200 cycles, (b)

© 2025 The Author(s). Published by the Royal Society of Chemistry
also ensures efficient ion/electron transport over prolonged
cycling.

Thus, the results illustrate that the synergistic combination
of carbon coating and VC additive substantially enhances both
the structural and electrochemical longevity of SnO2 anodes,
primarily through interfacial stabilization and the suppression
of resistive losses.

The post-mortem SEM and XPS analysis were performed to
understand the differences in the surface morphology and
chemical composition of SEI in the differently modied SnO2

electrodes aer long-term cycling.
SEM images (Fig. 5) reveal that aer 200 cycles, the bare SnO2

anode shows pronounced cracking and surface degradation,
consistent with its rapid capacity fade and low efficiency in
Fig. 4e. The SnO2–C electrode retains a more cohesive structure
with fewer cracks, while some larger particles observed may
arise from the carbon coating, which can encapsulate bigger
regions of material but cannot fully accommodate repetitive
expansion over cycling—explaining its moderate performance
decline. In contrast, SnO2–C–VC maintains a smooth, intact
surface with minimal damage, directly corresponding to its
stable capacity and high efficiency. Overall, the enhanced
morphology with carbon coating and VC is closely linked to
improved cycling stability and durability.

To obtain data on the elemental composition and chemical
states of the anodes with SEI, XPS measurements were per-
formed for fresh SnO2, SnO2–C (before cycling), and the cycled
electrodes aer 200 cycles – SnO2, SnO2–C, and SnO2–C–VC
(without washing). The obtained spectra are shown in Fig. 6a–f.
The Sn 3d spectra aer 200 cycles with different coatings (SnO2–

C–VC, SnO2–C, SnO2) show two distinct components: Sn 3d5/2
(∼486.5–486.7 eV, red outline) and Sn 3d3/2 (∼494.8–495.0 eV,
blue outline) (Fig. 6b), with a characteristic spin–orbit separa-
tion of ∼8.3 eV, indicating the presence of Sn4+ as SnO2.33,34 A
signicant shi of Sn 3d5/2 to ∼485.9 eV was observed, signi-
cantly lower than that of oxidized Sn4+ (∼486.6 eV) and slightly
higher than that of metallic Sn0 (∼485.2 eV). This low binding
energy may reect the reduction of Sn2+ (SnO) or the formation
of a Li–Sn alloy, where the Sn atoms are given excess electron
charge from Li.35 In addition, the spectrum contains a peak at
∼487.0 eV with a higher intensity, which most likely corre-
sponds to oxidized forms of Sn, presumably Sn4+, and reects
the incorporation of Sn into SnO2.36
SnO2–C after 200 cycles, and (c) SnO2–C–VC after 200 cycles.

RSC Adv., 2025, 15, 32810–32820 | 32817
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Fig. 6 XPS spectra corresponding to the (a) survey scan, (b) fitted Sn-3d, (c) fitted O 1s spectrum, (d) C 1s, (e) F 1s (f) Li 1s core level regions of
SnO2 anodes before and after cycling.
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The main peak of lattice oxygen is at ∼530.5 eV, which is
typical for heteroatomic oxide thin lms SnO2 with strong Sn–O
bonds. Aer 200 charge–discharge cycles, a peak at∼531.3 eV is
observed in the O 1s spectra, which is usually associated with
adsorbed surface oxygen (–OH, H2O) formed on the surface
aer operation (Fig. 6c).37,38

The C 1s spectra show a complex structure (Fig. 6d): themain
peak ∼284.6–285.0 eV (red) corresponds to C–C/C]C (carbon
matrix), the secondary ∼286.0 eV (blue) – C–O/C–OH, and
∼288.5 eV (violet) – C]O/O–C]O, indicating functional
groups/contamination.39 Aer cycling, the intensity of the
components increases, especially the peak ∼286 eV, indicating
the accumulation of organic SEI products or carbon decompo-
sition during the process. In the sample with VC, the greatest
increase in C–O components occurs, indicating an active
interaction with the electrolyte.

The F 1s spectra recorded exclusively for the samples aer
200 cycles show three main components at 684.4–685.7 eV
(Fig. 6e). These peaks correspond, respectively, to the residual
32818 | RSC Adv., 2025, 15, 32810–32820
adsorbed uorophosphate compounds (originating from the
electrolyte salt LiPF6 and its decomposition products such as
LixPFy, LixPOyFz) and the decomposition product of LiF, which
is the key component of the SEI layer. Similarly, Li1s compo-
nents at 55–56 eV, associated with the deposition of uoro-
phosphate compounds and LiF, can also be used for this
assessment (Fig. 6f). The particularly pronounced Li 1s peak in
the SnO2–C–VC sample conrms the formation of a dense SEI
with a high proportion of inorganic lithium uorides.40

The carbon coating signicantly enhanced the cycling
performance of SnO2 anodes by protecting surface from exces-
sive electrolyte decomposition, buffering volume changes and
improving electrical conductivity. However, SEM analysis (Fig. 5)
revealed that over extended cycling, the C-coated SnO2 develops
larger surface particles and shows moderate agglomeration,
likely due to the coating's limited ability to accommodate
ongoing expansion and contraction. As a result, capacity reten-
tion declines aer prolonged cycling, indicating partial loss of
coating integrity. In contrast, incorporating 5 wt% VC with the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbon coating yields a much more stable and uniform electrode
morphology, with minimal cracking or agglomeration. This
improvement, reected in the sustained high capacity (918 mAh
g−1), can be attributed to the formation of a robust, elastic SEI
stabilized by VC. Supporting XPS studies conrm that VC
increases the fraction of benecial inorganic LiF in the SEI,
reducing side reactions and degradation. Overall, the combined
use of carbon coating and VC effectively preserves structural
integrity and durability of the SnO2 anode over long-term cycling.

4 Conclusion

In this study, SnO2 thin lm anodes were fabricated by RF
magnetron sputtering, and the effects of deposition conditions
and post-annealing on their electrochemical performance were
systematically investigated. The SnO2 lm deposited at room
temperature and post-annealed in air at 620 °C demonstrated
the highest capacity, ner particle size, and superior cycling
stability compared to both as-deposited lms and those sput-
tered at higher temperatures.

Engineering an articial SEI through carbon coating signif-
icantly improved cycling performance during the initial 100
cycles by enhancing conductivity and buffering volume
changes. However, the durability of this modication was
limited upon extended cycling due to gradual loss of coating
integrity. Remarkably, the combined strategy of carbon coating
with electrolyte modication using 5 wt% VC provided robust
long-term protection, leading to outstanding capacity retention.
This synergistic approach enabled the formation of a highly
conductive and elastic SEI, stabilized by VC, which effectively
suppressed side reactions and maintained interface stability.

As a result, the SnO2–C–VC thin lm anodes achieved
a stable reversible capacity of approximately 918 mAh g−1 with
minimal degradation over 200 cycles, while consistently exhib-
iting coulombic efficiencies around 98%. Post-mortem SEM and
XPS analyses conrmed the enhanced structural integrity and
favorable SEI chemistry afforded by this dual-modication
approach. Overall, these ndings underscore the importance
of simultaneous morphology and interface engineering for the
development of durable, high-performance SnO2-based anodes
for next-generation lithium-ion batteries.
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