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Abstract

Silicon-based anode materials are highly promising for next-generation lithium-ion batteries (LIBs)
due to their superior theoretical capacity. However, their practical implementation is hindered by
challenges such as high-volume expansion and low electrical conductivity, leading to rapid
capacity degradation. In this study, we synthesized a SiO-Ag composite via a self-selective
electroless deposition method to address these limitations. The incorporation of Ag nanoparticles
significantly enhanced electrical conductivity and mitigated volume expansion, resulting in
improved electrochemical performance. Structural analysis confirmed silver nano clusters
distributed on SiO, facilitating efficient lithium-ion transport and charge transfer. Electrochemical
evaluations demonstrated an initial Coulombic efficiency of 60.9%, higher than that of pristine
S10 (47.8%), along with superior cycling stability over 1000 cycles at 1C with capacity retention
of 75% and enhanced rate performance. The reduced charge-transfer resistance, verified through

electrochemical impedance spectroscopy, further highlights the beneficial role of Ag modification.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

These findings provide a viable strategy for optimizing Si-based anodes, paving the way for high-

performance and durable LIBs.
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1. Introduction

Lithium-ion batteries (LIBs) are extensively utilized in portable electronics and electric vehicles
due to their high energy density, long cycle life, and environmental compatibility!. Conventional
graphite anodes, despite their stability, are limited by a low theoretical specific capacity of 372
mAh g!, restricting the further improvement of energy density?3. As the demand for energy
storage with higher capacity grows, finding alternative anode materials with superior energy
density to replace graphite has become a critical challenge. Silicon (Si), with an ultrahigh
theoretical capacity (~4200 mAh g™') and suitable lithiation potential, is a promising candidate for
next-generation LIB anodes*%. However, its practical application is hampered by significant
volume expansion (>300%) during lithiation/delithiation and poor intrinsic electrical conductivity,
leading to pulverization, unstable solid electrolyte interphase (SEI) formation, rapid capacity

fading, and poor rate performance. -1,

Silicon monoxide (SiO) has attracted attention as an alternative to pure silicon owing to its
moderate theoretical capacity (~2100 mAh g™') and relatively better cycling stability!'!~'4. The in-
situ formation of Li,SiO4 and Li,0O during initial lithiation provides a mechanically robust matrix
that buffers volume fluctuations and stabilizes Si nanoclusters'%!5. Nevertheless, SiO still suffers
from sluggish Li*/electron transport and structural instability under high current densities,

resulting in limited rate capability and rapid capacity decay during long-term cycling.'®.

To overcome these challenges, significant efforts have been made to enhance electrical
conductivity and cyclic stability through structural engineering and conductive modifications.
Porous architectures, carbon coatings, and metal oxide shells effectively buffer volume changes

and shorten Li* diffusion paths, improving cycling performance.!”?*. These combinations also
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help accommodate the volume changes during cycling, resulting in significantly improved
electrochemical performance. Carbon coating is a widely adopted method to improve the electrical
conductivity and accommodate volume changes in LIB electrodes 2°-?%. Embedding metals within
silicon-based materials has shown promise in providing additional electrical conductivity and
mitigating volume expansion, offering a potential pathway to enhance the performance of SiO-
based anodes in LIBs 13231, For instance, TiO,., coated porous SiO has demonstrated improved
SEI stability and high-rate capability (423.4 mAh g™! after 500 cycles at 2.0 A g™') due to oxygen-
deficient TiO, providing conductive pathways and a robust interfacial layer 2. Similarly,
embedding conductive metals such as silver (Ag) significantly improves electronic conductivity
and mitigates stress during cycling. Ag nanoparticles, when uniformly dispersed within SiO or Si
matrices, reduce charge transfer resistance and accelerate Li* diffusion, resulting in superior

reversible capacity and rate performance 333,

Silver-modified SiO composites have proven to be an effective approach, with Ag providing

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

efficient electron conduction that improves the electrical conductivity of the material. For example,
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Si/Ag@SiOy and P-SiNPs/Ag@C anodes exhibited remarkable rate performance (1099 mAh g™
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at 2 A g™') and excellent long-term cycling stability (706 mAh g™ after 300 cycles at 1 A g™),
attributed to the conductive Ag network and porous structure suppressing SiO pulverization 3334,
Building on these advances, this study explores a self-selective electroless (galvanic displacement)
deposition strategy that fundamentally differs from conventional metal-decoration approaches.
Through a spontaneous redox-driven process conducted under mild conditions, Ag nanoclusters
are nucleated and directly anchored onto the SiO surface without the need for external reducing
agents, high-energy ball milling, template-assisted synthesis, or multi-step carbonization

treatments. Importantly, this deposition process simultaneously induces controlled surface etching,
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leading to the generation of additional porosity. As a result, a coupled structural evolution occurs:
(1) formation of a surface-anchored conductive Ag network and (ii) development of ion-accessible
porous pathways. This integrated conductive—porous architecture enhances electronic transport
and electrolyte infiltration concurrently, rather than addressing these factors independently.
Consequently, the SiO-Ag composite exhibits improved charge-transfer kinetics (lower interfacial
resistance and reduced Warburg impedance), enhanced apparent Li* diffusion behavior, and stable
long-term cycling performance at 1C. Therefore, the significance of this work lies in the process—
structure—transport integration enabled by the self-selective electroless route, rather than in the

mere addition of Ag.

2. Experimental Section

2.1 Materials Synthesis

All reagents were of analytical grade and used without further purification. Commercial silicon
monoxide (Si0, 99.8%, ~10um, Alfa Aesar) was employed as the starting material. 2 grams of
Si0 powder were dispersed in 2 M hydrofluoric acid (HF) and treated for 20 minutes. Subsequently,
10 mM silver nitrate (AgNO;) solution was introduced into the suspension at room temperature,
followed by stirring for certain time to facilitate the deposition of silver on the SiO surface by
galvanic displacement reaction. The resulting product was filtered, thoroughly washed with
deionized water to remove residual silver precursors, and dried in a vacuum oven at 100 °C

overnight. The obtained material was designated as Si0-Ag.
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2.2 Materials Characterization

The crystal structure of the powders was examined using X-ray diffraction (XRD) with a Rigaku
instrument (X'pert Philips PMD, Cu Ka radiation, A = 1.5406 A). The surface morphology and
chemical composition were studied using a field-emission scanning electron microscope (FE-SEM,
Hitachi S-4800). Specific surface areas, pore sizes, and pore volumes of the samples were
determined using the Brunauer-Emmett-Teller (BET) method with Quantachrome instruments
(Autosorb-1Q and Quadrasorb SI). X-ray photoelectron spectroscopy (XPS) spectra were obtained

using a ThermoFisher (NEXSA) micro-focused monochromatic X-ray system.

2.3 Electrochemical Measurements

Electrochemical tests were conducted using CR2025-type half-coin cells, which were assembled

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

in an argon-filled glove box with moisture and oxygen levels below 0.1 ppm. Lithium metal foil

(500 pum thick) served as both the counter and reference electrode. The working electrodes were
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prepared by coating a slurry of active material (SiO, SiO-Ag), conductive additive (Super P), and
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binders (carboxymethyl cellulose (CMC) and polyacrylic acid (PAA)) in a mass ratio of
80:5:7.5:7.5, respectively, on 10 pum thick copper foil. The loading of active material was
controlled in the range of 1.1-1.2 mg cm™ for all electrodes. The coated copper foils were dried
at 100 °C for 6 hours and subsequently cured under vacuum at 150 °C for 1 hour. The electrodes,
with a diameter of 14 mm, were punched, welded onto spacers, and vacuum-dried at 110 °C for
12 hours before assembly. The electrolyte consisted of 1.3 M LiPF¢ dissolved in a mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) (3:7 v/v) with 10 wt% fluoroethylene

carbonates (FEC) as an additive and a commercial polyethylene (PE) separator of thickness 16 um
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was used. Galvanostatic charge—discharge measurements were conducted using a TOSCAT-3100
battery cycler (TOYO ENGINEERING CORPORATION) within a voltage window of 0.005-1.5
V vs. Li/Li*. Pre-cycling was carried out at 0.05 C for one cycle for initial coulombic efficiency
and 0.1 C for two cycles within a voltage range of 0.005-2.0 V. Afterward, the cells were cycled
at a constant current density of 0.5 C (1.0 C= 1500 mA g™"). Rate capability tests were performed
at current densities ranging from 0.1 C to 5.0 C. Cyclic voltammetry (CV) was conducted using a
Biologic VSP-200 potentiostat, with a scan rate of 0.05 mV s™', across a voltage range of 0.005—
2.0 V versus Li/Li*. The AC impedance measurements were conducted with an amplitude of 5SmV

over the frequency range of 10mHz to 1 MHz before cycling.

3. Results and Discussion

Figure 1 illustrates the structural and crystalline characteristics of the SiO-Ag composite. In Figure
la, a schematic illustration depicts the synthesis of the SiO-Ag composite via a self-selective
electroless deposition process Eq.1. Commercial SiO (Alpha) powder was dispersed in 2 M
hydrofluoric acid (HF) for 20 minutes. Subsequently, 10 mM silver nitrate (AgNO;) was added,
and the suspension was stirred at room temperature for 5 minutes to facilitate silver deposition
(optimal sample. See Supporting information, Figure S1). The resulting mixture was filtered,
thoroughly rinsed with deionized water to remove residual silver precursors, and dried overnight

in a vacuum oven at 100 °C, yielding the SIO—Ag composite.

Si+4Ag™ + 6F —>SiF2™ + 4Agl......... Eq.1

Page 8 of 21
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During the galvanic displacement process in the HF-containing solution, partial surface dissolution
of SiO occur, potentially forming soluble hexafluorosilicate species 3. In our system, this
controlled etching is beneficial, as it generates additional surface porosity that improves electrolyte
accessibility and Li* transport. At the same time, Ag nanoclusters nucleate on the SiO surface,
forming conductive pathways 337, However, excessive etching could increase side reactions;
therefore, deposition time was carefully optimized to balance porosity generation and structural

stability.

Figure 1b presents the X-ray diffraction (XRD) patterns of the SiO and SiO-Ag samples. The SiO
sample exhibits a broad peak, characteristic of an amorphous structure, while the SiO-Ag sample
displays additional sharp peaks corresponding to crystalline silver (marked by e). These results
confirm the successful incorporation of crystalline Ag nanoparticles on SiO. Figure 2a-b, shows
scanning electron microscopy (SEM) images illustrating the morphological differences between

SiO (Figure 2a) and SiO-Ag (Figure 2b) samples. Figure 2a reveal the smooth and compact surface

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

morphology of SiO, with no porosity. In contrast, Figure 2b highlights the significant structural

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 8:59:04 AM.

changes in SiO-Ag upon silver incorporation. The SiO-Ag sample exhibits a porous structure with
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evenly distributed silver particles visible as bright spots account for 16.24 wt% (Figure S2). These
Ag-particles are well-embedded on the SiO, suggesting effective integration of silver. The
enhanced porosity and uniform distribution of silver contribute to improved surface area and
facilitate better ionic and electronic conductivity, which are critical for enhancing the
electrochemical performance of the composite material 383, This morphological transformation
underscores the role of silver in altering the microstructure of SiO to create a more

electrochemically favorable architecture.
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Table 1 and Figure 2¢ and d, illustrate the nitrogen adsorption-desorption isotherms and pore size
distribution curves for SiO and SiO-Ag, highlighting their textural properties. The SiO sample
exhibits a surface area of 0.54 m?/g, a pore volume of 0.0017 m?/g, and an average pore diameter
of 4.7 nm. In contrast, the SiO-Ag composite demonstrates a significantly enhanced surface area
of 6.16 m?/g, a pore volume of 0.025 m?/g, and an average pore diameter of 13.95 nm. The nitrogen
adsorption-desorption isotherms (Figure 2¢) show a marked increase in the adsorption volume for
SiO-Ag at higher relative pressures, indicating the development of a mesoporous structure upon
HF treatment and the incorporation of silver. Similarly, the pore size distribution (Figure 2d)
reveals that Si10-Ag possesses a broader pore size range, centered around 13.95 nm, compared to
the smaller and less pronounced pores of SiO. These results suggest that the introduction of silver
not only enhances the surface area and pore volume but also promotes the formation of larger pores,
which are beneficial for improving electrolyte accessibility and ion diffusion during

electrochemical processes “°.

Figure 3 presents the X-ray photoelectron spectroscopy (XPS) analysis of SiO and SiO-Ag samples,
revealing their elemental composition and chemical states. Figure 3a shows the wide-scan XPS
spectra of Si0 and SiO-Ag highlight the distinct elemental features of the samples. For SiO, peaks
corresponding to Si 2p, Si 2s, and O Is are observed, consistent with the silicon and oxygen
composition of the material. In the SiO-Ag spectrum, additional peaks attributed to Ag 3d confirm
the successful incorporation of silver into the composite. The presence of C 1s in both spectra
likely arises from surface contamination. Figure 3b shows the high-resolution O 1s spectrum of
Si0-Ag displays a deconvolution into two distinct peaks located at 532.49 eV and 535.29 eV,
corresponding to oxygen species. The peak at 532.49 eV is attributed to Si—O bonds 3*, while the

higher binding energy peak at 535.29 eV may indicate oxygen associated with surface adsorbed
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species or defects ' which does not appears in SiO sample (Figure S3a). These features confirm
the presence of oxygen-related functionalities within the SiO matrix. Figure 3¢ shows the high-
resolution Si 2p spectrum for SiO-Ag reveals the coexistence of multiple silicon oxidation states.
Peaks corresponding to Si¢, Si*, Si**, Si**, and Si** are observed, demonstrating the presence of
silicon in varying degrees of oxidation within the composite. SiO (Figure S3b) exhibits similar
oxidation states, confirming that the incorporation of Ag into SiO does not alter its composition.
This observation aligns with the results obtained from the XRD analysis. Figure 3d shows Ag 3d
Spectrum for SiO-Ag sample confirms the presence of metallic silver. The two peaks at 368 eV
and 374 eV correspond to Ag 3ds/, and Ag 3ds/,, respectively, with a spin-orbit splitting of 6 eV,
indicative of metallic silver. This result confirms that silver is incorporated in its metallic state 42,
which is critical for enhancing the electrical conductivity of the composite. The XPS analysis
confirms the successful integration of silver onto the SiO surface. The coexistence of metallic

silver and various silicon states contributes to the improved conductivity and electrochemical

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

performance of the SiO-Ag composite. These results provide valuable insights into the chemical

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 8:59:04 AM.

composition and bonding environment, essential for understanding the material's enhanced

(cc)

functionality.

Figure 4 illustrates the electrochemical performance of SiO and Si0-Ag samples using coin cell,
showcasing their cyclic voltammetry, charge-discharge profiles, cycling stability, and rate
capabilities. Figure 4a, presents the cyclic voltammetry (CV) profiles of SiO and Ag-doped SiO
(S10-Ag) electrodes, recorded in the voltage range of 0.01 to 3.0 V vs Li/Li", providing insights
into their electrochemical behavior. Both electrodes exhibit a broad cathodic peak below 0.5 V,
corresponding to the lithiation of SiO to form Li,Si and the decomposition of electrolyte, leading

to SEI (solid electrolyte interphase) formation. The anodic peaks observed around 0.3-0.6 V
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represent the delithiation process of Li,Si. Notably, the SiO-Ag electrode exhibits sharper and
more pronounced current responses compared to the pristine SiO, indicating improved
electrochemical reversibility and faster redox kinetics. The higher peak intensity and steeper slope
of the redox peaks in the SiO-Ag sample suggest enhanced conductivity, likely attributed to the
introduction of highly conductive silver nanoparticles. This improvement facilitates more efficient
charge transfer during the electrochemical reaction, consistent with the enhanced cycling and rate
performance observed in earlier galvanostatic tests. Thus, Ag doping significantly boosts the
electrochemical activity of the SiO-based anode material. In Figure 4b, the charge and discharge
capacities are shown to be significantly higher for SiO-Ag (2050.52 mA h g™ and 1249.17 mA h
g™!, respectively), compared to SiO (1868.58 mAh g™ and 892.89 mA h g™), resulting in initial
Coulombic efficiencies (ICE) of 47.8% for SiO and 60.9% for SiO-Ag. Figure 4c demonstrates
the long-term cycling stability, where SiO-Ag exhibits superior capacity retention of 78% after
300 cycles, compared to 51% for SiO at 0.5C (1C = 1500 mA g). The first decay in the capacities
of samples is due to the volume expansion effect of silicon particles in the cycling process. The
repetitive volume changes could fracture the SEI layers and result in a more extensive exposure of
Si active sites during the lithiation process. The fresh active site could provide more sites to store
charge, thereby increasing capacity after few initial cycles %13, It should be noted that the specific
capacities reported in this study are normalized to the total mass of active material, including the
Ag component in the Si0-Ag composite (<16 wt%). Although Ag does not significantly contribute
to Li storage within the investigated voltage range, its incorporation enhances electronic
conductivity and charge-transfer kinetics. To further confirm the effect of Ag on SiO, Ag was
selectively removed using a solution containing 1 mole of HF and 0.06 moles of H,O,. The

electrochemical performance of the samples before and after Ag removal was evaluated and is
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presented in Figure S4(a). While Pitch has been utilized as a carbon source for coating SiO anodes,
our current work identifies limitations in its suitability for SiO materials (Figure S4b). Carbon
coatings serve a similar purpose by providing a conductive network that mitigates the effects of
SiO's volume expansion during cycling. However, as previously discussed, the application of
carbon coatings on SiO anodes must be carefully optimized to balance conductivity enhancement
with potential drawbacks such as reduced capacity and increased first-cycle irreversible capacity
43, Results demonstrate that Ag doping significantly improves the cycling stability. The rate
performance, as depicted in Figure 4d, reveals that S10-Ag outperforms SiO across various current
densities, with specific capacities of 1105, 775, 553, 450, and 312 mA h g™! at 0.2C, 0.5C, 1.0C,
3.0C, and 5.0C, respectively, and recovers to 877 mA h g™' when returned to 0.2C which is
marginally lower than the initial value, possibly attributed to partial material degradation induced
by high-rate cycling. In comparison, SiO shows lower capacities of 933, 660, 381, 168, and 12 mA

h g™! at the same rates, with only 286 mA h g™ upon recovery. Figure 4e, illustrates the cycling

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

performance of the anodes at a high current density of 1.0 C. After 1000 cycles, the SiO-Ag anode

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 8:59:04 AM.

retains a reversible capacity of 386 mA h g', corresponding to approximately 75% capacity
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retention for 1C compared at 3" cycle after 2 formation cycles. In contrast, the SiO anode shows
significantly lower performance, with only 10% capacity retention over the same period.
Comparative studies of the SiO, carbon composites are listed in a separate table in supplementary
information (Table. S1). Furthermore, Figure 5a and b, displays cross-sectional SEM images of
the Si0-Ag electrode (a) before and (b) after long-term electrochemical cycling. Initially, the
electrode thickness is approximately 11.5 pm, with a relatively compact microstructure. After
cycling, the electrode expands to about 15.1 um, indicating significant structural changes. This

increase in thickness and the more porous morphology suggests volume expansion and mechanical
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stress induced by repeated lithiation/delithiation processes. Despite the expansion, the electrode
maintains good structural integrity and preserving electrode stability during prolonged cycling.
These results highlight the enhanced electrochemical performance of SiO-Ag, attributed to the

improved conductivity and structural stability imparted by pore generation Ag doping 4°.

Figure 5c presents the Nyquist plot with fitting, illustrating the effect of Ag incorporation on the
electrochemical impedance of SiO. The plot depicts the imaginary impedance (Z") on the y-axis
versus the real impedance (Z') on the x-axis. The semicircle appearing at high-to-mid frequencies
represents the surface (Rg) and film resistance (Rg), while the semicircle in the low-frequency
region corresponds to the charge-transfer resistance (R.) at the electrode-electrolyte interface 4443,
The low-frequency straight-line segment indicates Warburg impedance, which is related to ion
diffusion within the electrolyte or electrode material. Compared to SiO, the SiO-Ag composite

exhibits lower Ry ,,g R and a smaller semicircle, signifying reduced surface and charge-transfer

resistance. Additionally, the steeper slope in the Warburg region suggests enhanced ionic diffusion.

The incorporation of Ag improves the composite’s electrical conductivity, promoting more
efficient charge transfer at the electrode-electrolyte interface. This improvement in ionic diffusion
may be attributed to a more interconnected network structure or reduced particle agglomeration
facilitated by Ag. This enhancement is further supported by the calculated lithium-ion diffusion
coefficients, which are significantly improved for SiO-Ag (2.2 x 10”7 cm?s™") compared to pristine
SiO (2.5 x 1072 cm? s7!) Table S2 and Figure S5. This two-orders-of-magnitude increase in D_Li*
confirms that Ag facilitates faster ion transport, likely due to a more conductive and interconnected
network or reduced particle agglomeration. Overall, the SiO-Ag composite demonstrates superior
electrochemical performance compared to pure SiO, primarily due to the synergistic effect of Ag,

which enhances charge-transfer kinetics and ion transport.
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4. Conclusion

In this study, we successfully synthesized a SiO-Ag composite using a self-selective electroless
deposition method, demonstrating its potential as an anode material for lithium-ion batteries. The
incorporation of Ag significantly enhanced electrical conductivity and mitigated volume
expansion, resulting in improved electrochemical performance. Structural and morphological
analyses confirmed the formation of a porous SiO with well-dispersed Ag nanoparticles,
promoting better lithium-ion diffusion and charge transfer. Electrochemical tests revealed a
superior initial Coulombic efficiency of 60.9%, compared to 47.8% for pristine SiO at 0.1C and
better capacity retention of 75% at 1C for SiO-Ag composite. The SiO-Ag composite also

exhibited enhanced cycling stability, maintaining a higher capacity retention of 75% for 1 after

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

1000 prolonged cycling. Additionally, rate capability tests confirmed its ability to sustain high

specific capacities at elevated current densities. These findings provide valuable insights into the

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 8:59:04 AM.

development of high-performance anode materials. Future studies may focus on further optimizing

(cc)

Ag content and exploring scalable fabrication techniques for commercial applications based on
full-cell integration, involving pre-lithiation and electrolyte optimization to address lithium

inventory loss.
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