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storage in silicon anodes via
Sn–Ni heterostructures and graphene conductive
networks: interface regulation mechanisms
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and Wang Xiaomin*b

Silicon-based anodes are considered promising candidates for next-generation lithium-ion batteries

because of their ultrahigh theoretical capacity. However, their practical application is still hindered by

severe volume variation, low electronic conductivity, and unstable interfacial evolution during repeated

lithiation/delithiation. In this work, a Sn–Ni@Si heterostructured silicon-based anode with tunable

graphene content was constructed through a facile solution-assisted route followed by thermal

treatment. Among the investigated samples, the optimized Sn–Ni@Si-2 composite with 25 wt% graphene

exhibited the best overall electrochemical performance, delivering an initial coulombic efficiency of

87.81% at 0.1C and maintaining a reversible capacity of 677.09 mAh g−1 after 100 cycles at 0.5C.

Structural and electrochemical analyses suggest that the improved performance is associated with the

synergistic effects of a continuous graphene conductive framework, improved dispersion of active

components, and a stabilized interfacial chemical environment involving Si–O–Sn bonding. The

optimized composite also shows reduced charge-transfer resistance and enhanced Li+ diffusion kinetics

compared with the graphene-free counterpart. In addition, density functional theory calculations based

on a simplified interfacial model indicate that interfacial electronic coupling may contribute to the

enhanced charge-transfer behavior observed experimentally. This work provides a feasible strategy for

improving the lithium storage performance of silicon-based anodes through synergistic interfacial

regulation and conductive-network design.
1. Introduction

In recent years, the growing demand for advanced electronic
devices and electric vehicles has driven extensive development
of rechargeable lithium-ion batteries (LIBs).1 Owing to their
high energy density, long cycle life, low self-discharge rate, and
minimal memory effect, LIBs have been widely adopted in
portable electronics and electric mobility applications.2,3

Conventional commercial LIBs typically employ graphite-based
anodes, which exhibit a theoretical specic capacity of only 372
mAh g−1.3 This limitation increasingly fails to satisfy the
requirements of modern energy storage systems,4 underscoring
the need for alternative anode materials. Silicon has emerged as
a promising candidate due to its high theoretical capacity of
4200 mAh g−1, the highest among all known anode materials
for LIBs.5 In addition to its exceptional capacity, silicon is
abundantly available, accounting for 26.4% of the Earth's crust
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by mass,5 which further supports its potential for large-scale
application in next-generation high-energy-density batteries,
further supporting its potential for widespread application.3,6,7

Unlike carbon-based materials,3 which possess a layered struc-
ture enabling lithium intercalation, silicon stores lithium
through an alloying/dealloying mechanism—a process it shares
with other metal-based anodes such as Sn and Ge.8–10 Silicon
undergoes volume expansion of up to 300% during lithiation
and delithiation,11 leading to fragmentation, unstable solid
electrolyte interfaces (SEIs), and degradation of electrode
structure,12 which reduces cycling stability.13,14 Currently, the
addition of small percentages of silicon (8–10% in most cases)
to graphite anodes is limited commercially, but different phases
involve different redox reactions, which can cause changes in
both the particles and the solid electrolyte interface (SEI),
leading to severe capacity degradation.14–16

Considerable efforts have been devoted to improving silicon-
based anodes through heterostructured or multicomponent
design.17,18 In particular, coupling Si with Sn-containing phases
has been demonstrated to alleviate volume variation, provide
additional electrochemically active components, and improve
structural stability during cycling.19–23 Meanwhile, conductive
carbon matrices such as graphene and graphdiyne can
RSC Adv., 2026, 16, 26623–26638 | 26623
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effectively enhance electron transport, maintain particle
dispersion, and buffer the mechanical stress induced by
repeated lithiation/delithiation.23–25 These studies indicate that
both interfacial engineering and conductive-network construc-
tion are benecial for improving the electrochemical perfor-
mance of Si-based anodes.19,25,26 However, the synergistic
integration of SnNi interfacial regulation with a graphene
conductive framework remains insufficiently explored, espe-
cially with respect to the simultaneous optimization of struc-
tural integrity, charge-transfer kinetics, and interfacial
stability.19,25,27

Despite these advances, silicon-based anode materials still
face several critical challenges, including substantial volume
variation during cycling, low electronic conductivity, unsatis-
factory initial coulombic efficiency, and unstable interfacial
evolution.19,28 Structural nanosizing can relieve mechanical
stress to a certain extent, while carbon compositing improves
conductivity and helps buffer volume changes.25,28 In addition,
the introduction of metallic components with relatively high
conductivity is expected to reduce internal resistance and
facilitate charge transfer.27,28 Nevertheless, achieving a stable
balance among high capacity, structural robustness, and
interfacial stability remains a major challenge for silicon-based
anodes, particularly under repeated alloying/dealloying
conditions.19,25

In this work, a Sn–Ni@Si heterostructured silicon-based
anode with tunable graphene content was constructed to
address the intrinsic drawbacks of silicon anodes, including
severe volume variation, poor conductivity, and unstable inter-
facial evolution. Different from previously reported single-
component coating or simple carbon-composited strategies,
the present design combines a Sn–Ni interfacial phase with
a graphene conductive framework to simultaneously regulate
structural integrity, charge transport, and interfacial
stability.19,25,27 The optimized Sn–Ni@Si-2 composite exhibits an
improved initial coulombic efficiency of 87.81% at 0.1C and
maintains a reversible capacity of 677.09 mAh g−1 aer 100
cycles at 0.5C, together with reduced charge-transfer resistance
and enhanced Li+ diffusion kinetics. Combined electrochemical
characterization and simplied DFT analysis further suggest
that the improved electrochemical performance originates from
the synergistic effects of conductive-network construction and
interfacial electronic modulation. This work provides a feasible
strategy for the rational design of multicomponent silicon-
based anodes through synergistic interface and conductivity
engineering.

2. Experiment
2.1 Material synthesis

Dissolve an excess of basic nickel carbonate in an appropriate
amount of ammonia solution to prepare a saturated solution,
and let it stand for 24 hours. Dissolve 0.3 g of SnCl4 in 10 mL of
deionized water. Mix 5 mL, 10 mL, 15 mL, and 20 mL of the
saturated ammonium nickel carbonate solution with the SnCl4
solution, respectively, to prepare Reagent A. Mix 0.5 g of silicon
nanopowder with 10 mL of anhydrous ethanol and sonicate for
26624 | RSC Adv., 2026, 16, 26623–26638
30 minutes to prepare Reagent B. Mix Reagent A with Reagent B
and sonicate for another 30 minutes. Subsequently, transfer the
mixture to a magnetic stirrer at 90 °C for evaporation to remove
the solvent, yielding the SnxNiyO2 precursor. The SnxNiyO2

precursor was transferred to a tube furnace and calcined at
600 °C for 3 hours under an argon atmosphere. The resulting
composites were named Sn–Ni@Si-5 mL to Sn–Ni@Si-20 mL,
corresponding to the amount of nickel carbonate added,
respectively.

2.2 Material characterization

The phase and crystalline state of the samples were determined
by X-ray diffraction (XRD) at a scan rate of 10 mm min−1.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM/HRTEM) were used to examine the micro-
structure, particle distribution, and interfacial structure of the
materials. The elemental composition and valence states of the
Sn–Ni@Si sample surface were analyzed using X-ray photo-
electron spectroscopy (XPS).

2.3 Electrochemical tests

The resulting samples were used as active materials and mixed
with a conductive agent (Super P) and binders (CMC and SBR)
in a mass ratio of 70 : 15 : 15. An appropriate amount of deion-
ized water was added to form a uniform slurry. The slurry was
then evenly coated onto a copper foil substrate, vacuum-dried at
80 °C for 12 hours, and die-cut into circular electrode sheets.
The electrode sheets were pressed and then dried again under
vacuum for later use. The areal density of the active material in
the resulting working electrode was controlled at approximately
3.7 mg cm−2. Assemble CR2032 button cells in an Ar-
atmosphere glove box, using lithium foil as the counter elec-
trode and reference electrode, Celgard 2400 as the separator,
and an electrolyte composition of 1.0 M LiPF6 in EC : DEC = 1 :
1 vol% with 5.0% FEC and 1.0% VC.

Using the LANHE battery testing system, electrochemical
performance was evaluated through cyclic testing at a constant
current density within the 0.1–1.5 V voltage window, with
ambient temperature maintained between 25 and 35 °C.
Electrochemical impedance spectroscopy (EIS) was conducted
with a CHI660E electrochemical workstation, and cyclic vol-
tammetry (CV) measurements were carried out at a scan rate of
0.1 mV s−1.29

2.4 Calculation details

In this study, all rst-principles calculations were carried out
based on density functional theory (DFT) within the CASTEP
module in Materials Studio.30 The generalized gradient
approximation (GGA) in the Perdew–Burke–Ernzerhof (PBE)
form was adopted for the exchange–correlation functional, and
ultraso pseudopotentials were used to model electron–ion
interactions. Long-range van der Waals interactions were
incorporated using the Tkatchenko and Scheffler (TS) disper-
sion correction scheme. Aer convergence tests ensuring energy
errors below 1 meV per atom, a plane-wave cutoff energy of
700 eV was selected, and k-point sampling was conducted with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a 3 × 3 × 2 Monkhorst–Pack grid. During geometry optimiza-
tion, all atomic positions were fully relaxed until the following
convergence thresholds were reached: self-consistent eld (SCF)
tolerance below 1 × 10−6 eV per atom, energy change per atom
less than 1 × 10−5 eV, maximum atomic displacement
below 0.001 Å, and maximum Hellmann–Feynman force below
0.03 eV Å−1.31,32
3. Results and discussion
3.1 Electrochemical analysis

The electrochemical performance of the samples was evaluated
using a half-cell conguration. Cyclic voltammetry (CV)
measurements were performed within a potential window of
0.01–1.5 V at a scan rate of 0.1 mV s−1 to probe the redox
behavior and reversibility of the electrode materials.33 As shown
in Fig. 1a, the initial ve CV curves of sample A are presented. In
the rst cathodic scan, two pronounced reduction peaks located
at approximately 0.77 and 0.42 V can be primarily ascribed to
electrolyte decomposition and the concomitant formation of
the solid electrolyte interphase (SEI) layer. These peaks gradu-
ally diminish in subsequent cycles, suggesting reduced irre-
versible interfacial reactions and the formation of a relatively
more stable electrode/electrolyte interface. A distinct cathodic
peak emerging at ∼0.17 V is associated with the alloying reac-
tion of Si with Li, leading to the formation of amorphous LixSi
(Si / LixSi). During the subsequent anodic process, two
oxidation peaks centered at ∼0.35 and ∼0.51 V are observed,
corresponding to the stepwise dealloying of LixSi to Si.34

Notably, the anodic peak intensities progressively increase
Fig. 1 Electrochemical performance of the Sn–Ni@Si samples without g
0.1 mV s−1; (b) initial galvanostatic charge/discharge curves of samples
sample A at 0.5C; (d) cycling performance of samples A–D at 0.5C; and (e
0.5C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
upon cycling without signicant shis in peak positions, sug-
gesting an activation process and improved electrochemical
reversibility. This behavior can be attributed to the gradual
stabilization of the electrode/electrolyte interface and enhanced
utilization of active materials, implying favorable structural
integrity of the Sn–Ni@Si composite during repeated lithiation/
delithiation.35

The initial galvanostatic charge–discharge proles of all
samples, measured at 0.1C within a voltage window of
0.01–1.5 V, are presented in Fig. 1b.36 At 0.1C, sample A delivers
a high initial discharge capacity of 3247.05 mAh g−1 with
a coulombic efficiency of 80.22%. In comparison, samples B, C,
and D exhibit lower initial discharge capacities of 1942.47,
1612.32, and 1680.12 mAh g−1, accompanied by coulombic
efficiencies of 64.79%, 54.52%, and 55.77%, respectively. When
the current density is increased to 0.5C, the initial discharge
capacity of sample A decreases to 2146.98 mAh g−1 while
maintaining a coulombic efficiency of 78.08%. Under identical
conditions, samples B, C, and D deliver capacities of 1064.04,
684.91, and 731.47 mAh g−1, with improved coulombic effi-
ciencies of 80.68%, 79.90%, and 79.03%, respectively. Research
has shown that while increasing the tin–nickel content can
improve structural stability and electrical conductivity, it may
also reduce the relative proportion of active silicon, thereby
creating a trade-off between capacity and cycling stability. An
increase in nickel (Ni) content typically leads to a decrease in
initial discharge capacity at low current densities. While higher
tin–nickel (Sn–Ni) content can improve conductivity and buff-
ering effects, excessive addition may reduce the effective silicon
(Si) content, resulting in a decrease in specic capacity.
raphene: (a) cyclic voltammetry (CV) curves of sample A measured at
A–D at 0.1C; (c) first three galvanostatic charge/discharge profiles of
and f) comparison of the cycling performance of sample A at 0.1C and

RSC Adv., 2026, 16, 26623–26638 | 26625
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Meanwhile, the variation in initial coulombic efficiency
becomes less pronounced at higher current density, suggesting
similar interfacial reaction behavior under fast charge–
discharge conditions.

Fig. 1c shows the galvanostatic charge–discharge proles of
the Sn–Ni@Si composite (sample A) over the rst three cycles at
0.5C. The rst discharge curve exhibits a long and at plateau,
corresponding to the alloying reaction between Li and Si to form
Li–Si phases.37 The subsequent cycles display highly over-
lapping proles, indicating good electrochemical reversibility.
Combined with the CV results, this behavior suggests a rela-
tively more stable interfacial evolution during the initial cycles,
which may be associated with reduced continuous SEI recon-
struction.38 The cycling performance of the electrodes was
evaluated at 0.5C, as shown in Fig. 1d. A general trade-off
between initial capacity and cycling stability is observed with
increasing Sn/Ni content. Sample A delivers the highest initial
capacity of 2146.98 mAh g−1 but undergoes rapid capacity
decay, retaining only 487.3 mAh g−1 aer 50 cycles. In contrast,
samples with higher Sn/Ni content exhibit lower initial capac-
ities but improved capacity retention. Further cycling tests at
0.1C and 0.5C (Fig. 1e and f) reveal a more gradual capacity
decay at lower current density. Aer 100 cycles, the reversible
capacities follow the order: sample D (316.5 mAh g−1) > sample
B (277.4 mAh g−1) > sample C (219.4 mAh g−1) > sample A (36
mAh g−1), indicating enhanced cycling stability with increased
Sn/Ni incorporation.
Fig. 2 Morphology and elemental distribution of sample A: (a–f) scannin
transmission electron microscope (TEM) images; and (j) corresponding e
scale bar is included in each image.

26626 | RSC Adv., 2026, 16, 26623–26638
The improved cycling stability can be attributed to the
synergistic effects of Sn and Ni. The formation of Sn–Ni phases
provides an electrically conductive framework and acts as
a buffering matrix to mitigate the volume variation of Si during
repeated lithiation and delithiation. However, excessive incor-
poration of Sn/Ni reduces the fraction of active Si, leading to
decreased capacity. For sample A, the rapid capacity fading is
likely associated with severe volume expansion of Si, resulting
in electrode pulverization, unstable solid electrolyte interphase,
and loss of electrical contact during cycling.
3.2 Micromorphological characterization

The morphology and elemental distribution of sample A (Sn–
Ni@Si-5 mL) were characterized using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and energy-dispersive X-ray spectroscopy (EDS), as shown in
Fig. 2. Fig. 2a–f reveal that the composite exhibits an irregular
aggregate structure, with particles of varying sizes and shapes,
indicating a heterogeneous morphology. Fig. 2g–i present TEM
images of the sample, revealing distinct lattice fringes at the
interface corresponding to SnO2, which can be attributed to the
SnO2(110) crystal plane (JCPDS No. 41-1445). The SnO2 at the
interface may help buffer the volume changes of silicon during
charge–discharge cycles and maintain local electron transport
pathways. Elemental mapping results (Fig. 2j) show that Sn and
Ni are distributed relatively uniformly throughout the
composite, with some overlapping regions, indicating close
g electron microscope (SEM) images at different magnifications; (g–i)
nergy-dispersive X-ray spectroscopy (EDS) maps of Si, O, Sn, and Ni. A

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contact between these components and the absence of signi-
cant phase separation. This distribution facilitates the forma-
tion of continuous conductive pathways within the electrode.
Furthermore, energy-dispersive X-ray spectroscopy (EDS) anal-
ysis indicates the presence of oxygen species on the surface,
suggesting partial surface oxidation of the material-a common
phenomenon in silicon-based composites exposed to ambient
conditions. The silicon detected on the surface is primarily in
an oxidized state.

To further elucidate the phase composition and chemical
states of the prepared materials, X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS) analyses were subse-
quently conducted.

Fig. 3a presents the XPS survey spectrum of sample A. The
characteristic peaks of Sn are clearly observed, while the Ni-
related signal is relatively weak, which is likely due to the low
Ni content and the limited surface sensitivity of the XPS
measurement. Therefore, the XPS results mainly suggest the
participation of Ni-containing species rather than providing
a rigorous quantitative determination of Ni content. High-
resolution spectra of Si 2p, Sn 3d, and O 1s are shown in
Fig. 3b–d. The Si 2p spectrum can be deconvoluted into two
Fig. 3 (a) XPS full-spectrum scan of sample A; (b–d) high-resolution ma

© 2026 The Author(s). Published by the Royal Society of Chemistry
components centered at 98.7 and 103.2 eV, corresponding to Si–
Si and Si–O bonds, respectively, indicating partial surface
oxidation of silicon.38 The Sn 3d spectrum exhibits two peaks
located at 486.6 eV (Sn 3d5/2) and 495.37 eV (Sn 3d3/2), arising
from spin–orbit splitting. The binding energies are consistent
with oxidized Sn species, suggesting the presence of SnOx on
the material surface.39,40 The O 1s spectrum shows a dominant
peak at approximately 532.3 eV, which can be attributed to
metal–oxygen bonds (e.g., Sn–O and Si–O), further supporting
the existence of surface oxide species.41

Fig. 4 presents the XRD pattern of sample A. Distinct
diffraction peaks located at 2q = 28.4°, 47.3°, 56.1°, 69.1°, and
76.4° can be indexed to the (111), (220), (311), (400), and (331)
planes of crystalline Si (JCPDS No. 77-2108), indicating that the
crystalline structure of Si is well maintained aer the synthesis
process.38 The relatively weak diffraction intensity of the oxide
and intermetallic phases may be attributed to their low
concentration and possible partial amorphization, which is
commonly observed in nanostructured or composite systems.
In addition to the Si phase, several weak diffraction peaks can
be assigned to SnO2 (JCPDS No. 41-1445), SiO2 (JCPDS No. 85-
0865), and Ni3Sn (JCPDS No. 35-1362) phases,42 suggesting the
ps of Si/Sn/O elemental.

RSC Adv., 2026, 16, 26623–26638 | 26627
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Fig. 4 XRD plot of sample A.
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coexistence of oxide species and intermetallic compounds
within the composite. The presence of SnO2 and SiO2 is
consistent with the partial surface oxidation observed in the
XPS analysis. The formation of the Ni3Sn phase is likely attrib-
uted to the interaction between Sn and Ni during the synthesis
process, which can facilitate the construction of a conductive
network and improve structural stability.43 However, consid-
ering the weak intensity of these peaks, the XRD results mainly
provide supportive rather than denitive evidence for the
presence of Ni-related phases.

Overall, the XRD results conrm the coexistence of crystal-
line Si, oxide species, and Sn–Ni intermetallic phases, providing
structural support for the enhanced electrochemical perfor-
mance of the composite.

3.3 Characterization of microscopic morphology aer
addition of graphene

To investigate the effect of graphene incorporation on the
structural properties of the composite, different amounts of
graphene were introduced into sample A, yielding Sn–Ni@Si-1
(20 wt%), Sn–Ni@Si-2 (25 wt%), and Sn–Ni@Si-3 (30 wt%).
The synthesis procedure remained consistent with that
described previously. The resulting materials were systemati-
cally characterized and evaluated.

The SEM images aer graphene incorporation are shown in
Fig. 5a–h. For Sn–Ni@Si-1, graphene appears as loosely
distributed akes with incomplete surface coverage, and slight
agglomeration of Si, Sn, and Ni particles can still be observed,
indicating insufficient structural integration at low graphene
content. Correspondingly, the carbon signal in EDS mapping is
relatively weak. High-resolution TEM (HRTEM) images of the
graphene-containing Sn–Ni@Si sample (Fig. 5i–l) reveal clear
lattice fringes corresponding to Ni3Sn(101) (d = 0.312 nm)
(JCPDS No. 35-1362) and Si(111) (d = 0.313 nm) (JCPDS No. 77-
2108), indicating well-dened crystalline domains at the inter-
face. The graphene sheets are observed surrounding the
26628 | RSC Adv., 2026, 16, 26623–26638
composite particles, forming a continuous conductive network
that can facilitate electron transport. These observations
suggest that the graphene framework helps maintain close
contact between Sn–Ni and Si phases, potentially buffering
volume changes and supporting interfacial stability during
repeated lithiation/delithiation cycles. While this provides
direct evidence of local interface integrity, it should be noted
that the complete heterostructure including the graphene
network is inferred rather than fully quantied.

In contrast, Sn–Ni@Si-2 exhibits a more continuous and
interconnected graphene network, within which Si and metal
particles are uniformly embedded. The elemental mapping
reveals a more homogeneous distribution of C, Sn, Ni, and Si,
suggesting improved structural integration. Such a congura-
tion is expected to facilitate the formation of an effective
conductive network and enhance electron transport. For Sn–
Ni@Si-3, excessive graphene leads to the formation of stacked
lamellar structures, as observed in the SEM images. This over-
coverage may partially block active sites and hinder ion trans-
port, which could negatively affect electrochemical
performance.44–47

Energy-dispersive X-ray spectroscopy (EDS) of the graphene-
containing Sn–Ni@Si sample indicates a composition of Si
72.7 wt%, O 13.1 wt%, C 10.3 wt%, Sn 2 wt%, and Ni 2 wt%
(Fig. 5m and n). The carbon content reects the presence of
graphene, forming a conductive network around the composite
particles. Sn and Ni are relatively uniformly distributed with
some overlapping regions, suggesting close contact between
these components and potential formation of continuous
conductive pathways. The presence of oxygen indicates partial
surface oxidation of the silicon-based material. These results,
combined with TEM observations of lattice fringes at the
interface, support the formation of a multicomponent
composite with well-integrated Sn–Ni and Si domains
embedded in the graphene conductive framework, which may
contribute to buffering volume changes and improving inter-
facial stability during cycling. In addition, the reduced intensity
of the O signal compared to the carbon-free sample suggests
that graphene may suppress surface oxidation to some extent.
The uniformly distributed Si signal also implies improved
dispersion of active materials within the carbon matrix.48,49

Overall, an appropriate graphene content (25 wt%) not only
constructs a continuous conductive network, but also improves
the spatial dispersion of Si and Sn–Ni species and strengthens
their interfacial contact. Such structural integration is expected
to alleviate local stress concentration during repeated
lithiation/delithiation, thereby suppressing particle pulveriza-
tion and maintaining electronic percolation within the elec-
trode. In addition, the reduced surface O signal, the increased
fraction of reduced Si species, and the detection of Si–O–Sn
bonding collectively suggest that graphene incorporation helps
stabilize the local chemical environment and promotes the
formation of a more robust interfacial structure. By contrast,
insufficient graphene coverage cannot effectively integrate the
active components, whereas excessive graphene stacking may
partially block active sites and impede ion transport. Therefore,
the 25 wt% graphene content provides the most favorable
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Morphological and elemental distribution characterization of graphene-containing samples: (a–h) SEM images of the Sn–Ni@Si-1, Sn–
Ni@Si-2, and Sn–Ni@Si-3 samples at different magnifications; (i–l) TEM images; and corresponding EDS elemental distribution maps for Si, C, O,
Sn, and Ni (m and n). A scale bar is provided in each image.
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balance among structural integrity, interfacial stability, and
electron/ion transport.

Fig. 6a presents the XRD patterns of the samples with
different graphene contents. Compared with the graphene-free
sample, the diffraction peaks associated with Sn-containing
phases become less pronounced with increasing graphene
© 2026 The Author(s). Published by the Royal Society of Chemistry
content, which may be attributed to the reduced crystallinity or
lower detectable content of these phases aer graphene
incorporation.

To further investigate the chemical states and interfacial
characteristics, XPS analysis was performed. As shown in the
high-resolution spectra, Sn is present in both metallic and
RSC Adv., 2026, 16, 26623–26638 | 26629

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02735k


Fig. 6 XPS characterization of the graphene-containing samples: (a) survey spectra of all samples; (b) high-resolution C 1s spectrum of Sn–
Ni@Si-2; (c) high-resolution Si 2p spectrum; and (d) high-resolution O 1s spectrum.
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oxidized states, indicating the coexistence of multiple Sn
species. The O 1s spectrum exhibits peaks at approximately
532.6 and 531.5 eV, which can be assigned to metal–oxygen
bonds (e.g., Sn–O) and interfacial bonding congurations such
as Si–O–Sn, respectively.50,51 These results suggest the presence
of interfacial interactions between Si, Sn, and oxygen-
containing species.

Taking sample 2 as a representative example, the deconvo-
luted C 1s spectrum (Fig. 6b) shows three main components at
284.4, 285.2, and 285.9 eV, corresponding to C–C, C–O, and
O]C–O bonds, respectively. The dominant C–C peak indicates
that graphene largely retains its sp2 carbon structure, while the
presence of oxygen-containing functional groups suggests
partial surface oxidation of carbon species.38

As shown in Fig. 6c and d, the Si 2p spectrum exhibits
a slight shi toward lower binding energy aer graphene
incorporation, indicating an increased proportion of reduced Si
species. Quantitative analysis reveals that the fraction of Si0

increases from 55% to 78%, while a certain proportion of
interfacial Si–O–Sn species is also detected. This behavior
suggests that graphene may play a role in stabilizing the
reduced state of Si and modifying the interfacial chemical
environment.52–55

Fig. 7 presents the X-ray diffraction (XRD) patterns of all
samples. Prominent diffraction peaks located at 2q = 28.4°,
47.3°, 56.1°, 69.1°, and 76.4° can be indexed to the (111), (220),
(311), (400), and (331) planes of crystalline Si,56 respectively,
indicating that the incorporation of graphene does not alter the
crystalline structure of Si (JCPDS No. 77-2108). For sample
group 1, additional diffraction peaks at 2q = 30.7° and 32.1°
26630 | RSC Adv., 2026, 16, 26623–26638
corresponding to SnO2 (JCPDS No. 86-2264) are observed, which
may arise from localized exposure of the active components,
possibly associated with non-uniform carbon coverage. Mean-
while, the signicant attenuation of SiO2-related peaks suggests
a suppressed oxidation of Si in the presence of graphene.

In sample group 2, a noticeable decrease in the intensity of
the Si (111) peak, along with a slight shi of the (220) peak, is
observed. Such variations may be indicative of lattice distortion
and interfacial interactions between Si and the surrounding
matrix. These features are consistent with the presence of
a conductive graphene framework that could modulate the local
structural environment and promote interfacial coupling
among Si, Sn, and Ni. However, further characterization is
required to unambiguously verify the formation of
heterojunctions.57,58
3.4 Electrochemical analysis aer adding graphene

The electrochemical performance of the as-prepared samples
was evaluated in half-cells using cyclic voltammetry (CV) and
galvanostatic charge–discharge measurements. As shown in
Fig. 8a–c, all samples exhibit three cathodic peaks during the
rst cycle. The initial two peaks are associated with the forma-
tion of the solid electrolyte interphase (SEI), while the charac-
teristic peak at ∼0.17 V corresponds to the alloying reaction of
Si with Li to form amorphous LixSi. The subsequent anodic
peaks located at ∼0.26–0.30 V and ∼0.54 V are attributed to the
dealloying process.

Among all samples, Sn–Ni@Si-2 shows the smallest SEI-
related peak area, suggesting that graphene incorporation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 X-ray diffraction (XRD) patterns of all investigated samples, showing the phase evolution after graphene incorporation.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
0/

20
26

 6
:1

0:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
effectively suppresses irreversible interfacial reactions during
the initial lithiation process. Moreover, the CV curves from the
2nd to 3rd cycles exhibit an overlap exceeding 90%, indicating
highly reversible electrochemical behavior and a more stable
electrode/electrolyte interface. This result implies that the
optimized graphene content not only improves electrical
contact within the electrode, but also contributes to a more
stable interfacial evolution during early cycling.

The initial charge–discharge curves (Fig. 8d and Table 1)
show that the discharge capacity gradually decreases with
increasing graphene content, while the initial coulombic effi-
ciency (ICE) of each sample remains relatively stable. At a 0.1C
rate, Sn–Ni@Si-2 exhibits moderate discharge capacity and
relatively high ICE, indicating an optimal balance between
active material utilization and interfacial stability.

At higher rates (0.5C), all samples exhibit reduced capacities.
Nevertheless, Sn–Ni@Si-2 retains ∼74.2% of its low-rate
capacity, outperforming Sn–Ni@Si-3, where excessive gra-
phene stacking likely hinders Li+ diffusion, and Sn–Ni@Si-1,
where incomplete graphene coverage limits the effective utili-
zation of active material. This result indicates that the electro-
chemical role of graphene is not simply dependent on its
amount, but rather on how effectively it constructs an inter-
connected conductive framework around the active particles.
With an optimized content, graphene can preserve charge-
transport pathways even under repeated volume variation,
thereby improving rate capability and reducing polarization.
© 2026 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 8e, aer three cycles, Sn–Ni@Si-2 exhibited
a reversible capacity of 1388.7 mAh g−1 at a 0.5C rate, equivalent
to 61.98% of its capacity at a 0.1C rate, with a capacity decay of
only 6.97%. This is consistent with the high overlap of the CV
curves, conrming its excellent cycling stability.

Electrochemical impedance spectroscopy (EIS) was further
conducted to investigate charge-transfer and ion-diffusion
kinetics. As shown in Fig. 8f and g, all samples display
a typical Nyquist prole consisting of a high-frequency semi-
circle and a low-frequency Warburg tail, corresponding to
charge-transfer resistance (Rct) and Li+ diffusion, respectively.59

Notably, Sn–Ni@Si-2 exhibits the lowest Rct value (73.04 U),
which is signicantly reduced compared with the graphene-free
counterpart, indicating that the introduction of graphene
markedly accelerates interfacial charge transfer. The Li+ diffu-
sion coefficient derived from theWarburg slope (Fig. 8h) further
conrms that Sn–Ni@Si-2 possesses the most favorable ion-
transport properties (D z 1.71 × 10−13 cm2 s−1). Combined
with the structural characterization results, these ndings
suggest that the optimized graphene framework enhances
electron transport, while the Si–O–Sn interfacial structure and
improved particle dispersion help maintain open ion-transport
channels during cycling. As a result, both charge-transfer
kinetics and Li+ diffusion are simultaneously improved.

D ¼ R2T2

2A2n4F 4C2s2
(1)
RSC Adv., 2026, 16, 26623–26638 | 26631
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Fig. 8 Electrochemical performance of the graphene-containing samples: (a–c) cyclic voltammetry (CV) curves of the investigated samples
measured in the voltage range of 0.01–1.5 V at a scan rate of 0.1 mV s−1; (d) initial galvanostatic charge/discharge profiles recorded at 0.1C; (e)
first three galvanostatic charge/discharge profiles of Sn–Ni@Si-2 at 0.5C; (f) electrochemical impedance spectroscopy (EIS) Nyquist plots of the
samples; (g) fitted solution resistance (Rs) and charge-transfer resistance (Rct) values; and (h) linear relationship between Z0 and u−1/2 used to
evaluate Li+ diffusion behavior.

Table 1 First discharge capacity and ICE of samples at 0.1C and 0.5C

Sample 0.1C ICE First discharge capacity (mAh g−1) 0.5C ICE First discharge capacity (mAh g−1)

Sn–Ni@Si-5mL 80.22% 3247.05 78.08% 2146.98
Sn–Ni@Si-1 85.85% 2745.54 95.09% 2060.26
Sn–Ni@Si-2 87.81% 2240.40 94.11% 1663.01
Sn–Ni@Si-3 86.74% 2200.73 96.01% 1560.66
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In eqn (1), R denotes the ideal gas constant, T represents the
thermodynamic temperature during lithium-ion battery opera-
tion, A indicates the electrode area, n is the charge transferred
during the redox reaction, F is Faraday's constant, and C is the
molar concentration of lithium ions in the active material.41

In comparison with sample A, the graphene-incorporated
samples exhibit signicantly improved long-term cycling
stability at 0.5C. As shown in Fig. 9a, the initial discharge
capacities of samples 1, 2, and 3 are 2060.26, 1663.01, and
1560.66 mAh g−1, respectively. All samples undergo rapid
26632 | RSC Adv., 2026, 16, 26623–26638
capacity decay during the initial cycles, which can be attributed
to continuous SEI formation and irreversible reactions among
SiOx, Sn, and Li during repeated lithiation/delithiation
processes. Notably, all electrodes maintain a high coulombic
efficiency exceeding 97% aer the initial activation stage. This
interpretation is consistent with previous studies showing that
conductive carbon frameworks and interfacial engineering can
help mitigate interfacial instability in alloying-type anodes.19

Aer 50 cycles, samples 1, 2, and 3 retain capacities of
692.16, 1020.67, and 489.56 mAh g−1, corresponding to capacity
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cycling performance of the graphene-containing samples over 100 cycles: (a) cycling stability at 0.5C; and (b and c) comparison of the
cycling performance at 0.1C and 0.5C.
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retention rates of 35.01%, 64.54%, and 32.42%, respectively.
Aer 100 cycles, the capacities further decrease to 321.57,
677.09, and 603.55 mAh g−1, indicating that sample 2 exhibits
the most stable cycling performance among all samples.
Although the graphene-containing samples exhibit improved
cycling stability within 100 cycles, longer-term cycling evalua-
tion is still required to further assess their durability under
extended operating conditions. The capacity fading can be
Table 2 Electrochemical performance comparison of representative Si-b

Sample Current density/mA g−1 Cycles

SiVC 1000 100
SMG@C 100 75
Si@WO3@C 1000 100
Si–Ni3Sn2 300 50
TiO2/SiOx/Si 1000 100
Sn–Ni@Si 500 100
Sn–Ni@Si 100 100

© 2026 The Author(s). Published by the Royal Society of Chemistry
attributed to the repeated volume variation of silicon, which
leads to particle pulverization, loss of electrical contact, and
continuous reconstruction of the electrode/electrolyte interface.
In addition, the presence of inactive buffering phases may
reduce the overall active material fraction, which also contrib-
utes to the observed capacity decay.

Similarly, under long-term cycling at 0.1C (Fig. 9b and c), the
graphene-modied electrodes demonstrate markedly enhanced
ased composite anodes reported in the literature and the present work

Capacity/mAh g−1 ICE Ref.

796 62.5% 64
1124 56.9% 65
610 81% 66
576.6 76% 67
421 55% 68
677.09 87.8% This work
493.5 80.5% This work

RSC Adv., 2026, 16, 26623–26638 | 26633
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stability compared with sample A, which retains only 36 mAh
g−1 aer 100 cycles. In contrast, samples 1, 2, and 3 deliver
capacities of 116.3, 493.5, and 451.8 mAh g−1, respectively. The
superior cycling stability of the graphene-containing samples
can be attributed to the multiple functions of graphene in the
composite electrode. First, graphene forms a continuous
conductive framework that improves electronic transport and
helps preserve electrical contact among active particles during
repeated cycling. Second, the exible carbon network can
partially buffer the volume variation of Si, thereby alleviate
stress accumulation and suppress particle pulverization. Third,
graphene incorporation promotes the formation of a Si–O–Sn
interfacial phase and amore stable local chemical environment,
which together help stabilize the electrode/electrolyte interface
and mitigate irreversible side reactions. Therefore, the opti-
mized Sn–Ni@Si-2 sample achieves the best balance between
mechanical integrity, conductivity, and interfacial stability,
resulting in the most stable long-term cycling performance
among all investigated samples.

Interestingly, the cycling curves of the graphene-containing
samples exhibit slight uctuations (sawtooth-like features)
accompanied by partial capacity recovery during prolonged
cycling. This behavior is commonly associated with gradual
electrode activation, where previously inaccessible active sites
become electrochemically available due to structural rear-
rangement, electrolyte penetration, and the dynamic evolution
of the SEI layer. Such activation processes have been widely
reported in Si-based and transition metal oxide anodes. At the
initial stage, the presence of Sn and Ni may partially limit the
accessibility of Si to Li+, while continuous cycling facilitates
electrolyte inltration into the interior of the electrode through
microstructural evolution (e.g., cracks and pores), thereby
progressively activating additional Si domains. This gradual
activation contributes to the observed capacity recovery
behavior.60–63
Fig. 10 Electronic energy band structure maps and partial wave state d

26634 | RSC Adv., 2026, 16, 26623–26638
This study also systematically compared the electrochemical
performance of various silicon-based heterostructures and
carbon-coated anodematerials previously reported. As shown in
Table 2, the Sn–Ni@Si composite developed in this study
demonstrated relatively good performance in terms of initial
coulombic efficiency and cycling stability.
3.5 First principles calculations

To gain insight into the interfacial electronic properties, density
functional theory (DFT) calculations were performed on
a simplied SnO2/SiOx interfacial model.69–72 It should be noted
that this model does not explicitly include Ni or graphene and
therefore provides only a partial representation of the experi-
mental Sn–Ni@Si/graphene system. The calculated electronic
structure indicates enhanced local charge distribution at the
SnO2/SiOx interface, which qualitatively supports the experi-
mental observations of improved charge-transfer kinetics and
interfacial stability. In combination with TEM observations
showing lattice fringes of SnO2 and EDS mapping conrming
close contact of Sn and Ni with Si, these results suggest that the
interfacial phases may contribute to buffering volume changes
and maintaining electronic pathways during lithiation/
delithiation cycles. Therefore, the DFT analysis provides
mechanistic insight that complements the experimental char-
acterization without overextending the model beyond its
simplications.

As shown in Fig. 10,41 both SnO2 and SiOx exhibit semi-
conducting characteristics. The calculated band structures
indicate that the Fermi level is located near the valence band
maximum (VBM) for both materials. For SnO2, the conduction
band minimum (CBM) and VBM are located at the G-point,
whereas for SiOx they are distributed near the X-point.41,59,63 The
calculated band gaps are 1.23 eV for SnO2 and 0.65 eV for SiOx.64

These values are smaller than experimental results, which can
ensity maps (PDOS) of each sample (a) SiOx (b) SnO2 (c) SiOx@Sn.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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be attributed to the well-known bandgap underestimation
inherent in standard DFT calculations (e.g., GGA/PBE func-
tionals). Nevertheless, the relative trends in electronic structure
remain reliable for qualitative analysis.65–67

The total and partial density of states (DOS/PDOS) analyses
reveal that, in SiOx, both the VBM and CBM are primarily
dominated by Si 2p and O 2p orbitals, with Si 2p states
contributing signicantly near the CBM. In SnO2, the VBM
mainly originates from O 2p orbitals with minor contributions
from Sn 4d states, while the CBM is dominated by Sn 5s states
with hybridization from O 2p orbitals.

Upon formation of the SiOx@SnO2 heterostructure,
a noticeable shi of the Fermi level toward the valence band is
observed, accompanied by an increased density of states near
the Fermi level. This indicates enhanced electronic conductivity
and suggests strong interfacial electronic coupling between
SiOx and SnO2.

Furthermore, the PDOS of Sn atoms exhibits a pronounced
feature around −1.1 eV below the Fermi level, which can be
attributed to the redistribution of electronic states induced by
interfacial bonding. This behavior suggests strong chemical
interactions at the SiOx/SnO2 interface, which facilitate charge
transfer and contribute to the formation of a well-coupled
heterointerface.41 These results provide qualitative insight into
interfacial electronic behavior and support experimental
trends, but do not directly validate the full Sn–Ni@Si/graphene
system.

4. Conclusions

In summary, a Sn–Ni@Si multicomponent silicon-based anode
with tunable graphene content was successfully prepared, and
the inuence of graphene incorporation on structure and
electrochemical performance was systematically investigated.
The results show that an optimized graphene content of
25 wt% is benecial for constructing a continuous conductive
network, improving particle dispersion, and promoting the
formation of a Si–O–Sn interfacial environment. As a result,
the Sn–Ni@Si-2 composite delivers an improved initial
coulombic efficiency of 87.81% at 0.1C and maintains
a reversible capacity of 677.09 mAh g−1 aer 100 cycles at 0.5C.
The enhanced electrochemical performance is mainly associ-
ated with the synergistic effects of the conductive graphene
framework, the buffering role of the Sn–Ni phase, and the
interfacial stabilization related to Si–O–Sn bonding. In addi-
tion, simplied DFT calculations suggest that local interfacial
electronic coupling may contribute to the improved charge-
transfer behavior observed experimentally. Although the opti-
mized samples exhibited improved cycling stability over 100
cycles, capacity decay was still observed during long-term
cycling; therefore, further long-term cycling tests are
required to comprehensively evaluate their durability and
practical applicability. Through the synergistic engineering of
interfaces and conductivity, this study demonstrates the
feasibility of this silicon–tin–nickel modication and provides
valuable insights for the rational design of multi-component
silicon-based anodes.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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