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A B S T R A C T

Advanced energy storage technologies, such as rechargeable Batteries and Micro-supercapacitors (μSCs) play a 
pivotal role in addressing the growing global energy demand. Improving their energy and power densities re
quires the development of electrode materials with well-engineered, hierarchical porous architectures. In this 
work, we report a facile hydrothermal synthesis of WO₃-MnO₂ composite nanostructures directly integrated onto 
silicon nanowires (SiNWs), which serve as a highly conductive and high-surface-area scaffold. The influence of 
annealing temperature on the structural, morphological, and electrochemical properties of the WO₃-MnO₂@
SiNWs composite was systematically investigated. Structural characterization through X-ray diffraction (XRD) 
and surface analysis via X-ray photoelectron spectroscopy (XPS) confirmed the successful formation of the hybrid 
oxide network. Furthermore, scanning electron microscopy (SEM) revealed a homogeneous distribution of the 
nanostructured composite coating over the vertically aligned SiNWs, forming a porous, interconnected network 
favorable for ion diffusion. Energy-dispersive X-ray spectroscopy (EDX) mapping confirmed the uniform presence 
of W, Mn, O, and Si elements throughout the electrode, indicating successful and consistent deposition of the 
WO₃-MnO₂ layers. The optimized electrode exhibited excellent capacitive performance, delivering a specific 
capacitance (Csp) of 16.56 mF⋅cm− 2, an energy density (Ed) of 0.0001 Wh⋅cm− 2, and a power density (Pd) of 
0.024 W⋅cm− 2, along with long-term cycling stability retaining 84 % of its initial capacitance over 4000 char
ge–discharge cycles. Additionally, electrochemical impedance spectroscopy revealed a consistent Csp of 14.23 
mF⋅cm− 2 over a wide frequency range (0.01 Hz–1 MHz), indicating efficient charge transfer and low internal 
resistance. A solid-state symmetric μSC device constructed using WO₃-MnO₂@SiNWs electrodes further 
demonstrated impressive performance, achieving a maximum specific capacitance of 96 mF⋅cm− 2 at a scan rate 
of 2 mV⋅s− 1, with 85 % capacitance retention over 2300 cycles and an energy density of 0.0028 Wh⋅cm− 2 at a 
power density of 0.4 W⋅cm− 2. These remarkable electrochemical properties are attributed to the synergistic 
effects of multivalent WO₃ and MnO₂ species combined with the high conductivity and mechanical stability of the 
SiNWs framework, highlighting the potential of this composite architecture for next-generation on-chip energy 
storage devices.

1. Introduction

Energy supply is necessary for modern society to function [1–4]. The 

global transition toward renewable energy sources, including solar and 
wind, has heightened the demand for efficient and scalable energy 
storage technologies to address their inherent intermittency [5,6]. 
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Energy storage encompasses a variety of energy technologies, sizes, and 
applications. There are various ways of electrical energy storage (EES), 
such as chemical, thermal, mechanical, electrical, and electrochemical 
systems [7,8]. Over the past decade, portable electronic systems have 
advanced dramatically with new sensors and flexible electronics [9,10]. 
Portable energy storage solutions, such as batteries, fuel cells, and 
supercapacitors (SCs), are becoming more significant [11]. SCs have 
attracted research interest as power sources because of their high spe
cific power and long cycle life when compared to rechargeable batteries 
[12]. Among the emerging candidates, micro-supercapacitors (μSCs) 
have drawn increasing attention due to their high-power density, rapid 
charge–discharge rates, long cycle life, and potential for integration into 
compact electronic systems [13–15]. However, balancing high energy 
density with long-term cycling stability remains a key challenge in the 
development of next-generation μSCs.

Transition metal oxides (TMOs) are widely explored as electrode 
materials owing to their multivalent redox behavior and high theoretical 
capacitance [16,17]. Tungsten trioxide (WO₃) offers excellent chemical 
stability and corrosion resistance along with pseudocapacitive charac
teristics [18–20] [8–10]. Despite these merits, its relatively low intrinsic 
electrical conductivity and moderate rate performance necessitate 
compositional or structural modification [21,22].

In this context, manganese dioxide (MnO₂) represents an attractive 
complement. Known for its environmental benignity, low cost, and high 
pseudocapacitance, MnO₂ exhibits fast surface-controlled redox activity 
that can effectively enhance the charge storage characteristics of hybrid 
systems [23–25]. When coupled with WO₃, the resulting heterostructure 
can leverage the synergistic advantages of both oxides—combining the 
stable redox chemistry of WO₃ with the rapid kinetics of MnO₂ to 
improve capacitance, rate performance, and structural durability 
[26–28].

Silicon nanowires (SiNWs) are widely recognized as an ideal scaffold 
for advanced electrode architectures due to their high surface-to-volume 
ratio, excellent electrical conductivity, and mechanical robustness, 
which collectively provide abundant active sites and efficient charge 
transport pathways [29,30]. Their vertical alignment ensures intimate 
contact with deposited oxides, facilitating rapid ion diffusion and elec
tron transfer, while their inherent compatibility with CMOS technology 
makes them particularly attractive for on-chip micro-supercapacitor 
applications [31,32]. In addition, the binder-free integration of transi
tion metal oxides onto SiNWs reduces interfacial resistance and en
hances structural stability. In recent years, silicon nanowires (SiNWs) 
have emerged as a versatile platform for supercapacitor electrodes 
thanks to their large surface area, conductivity, and compatibility with 
Si-based microelectronics. Significant progress has been made by 
combining SiNWs with transition-metal compounds and conductive 
polymers to overcome their intrinsic limitations. For instance, MnO₂/ 
PEDOT–rGO–Ag hybrids on SiNWs exhibited enhanced capacitance and 
cycling stability [33], while hierarchical SiNW/PEDOT@Pt/MnOx 
structures achieved a record areal capacitance of 352.08 mF⋅cm− 2 [34]. 
More recently, polypyrrole/Ni–Co sulfide co-deposited on Ni-passivated 
SiNWs delivered a remarkable 1602 F⋅g− 1 with excellent long-term 
retention [1]. These studies clearly highlight the pivotal role of SiNWs 
as scaffolds that, when combined with functional nanomaterials, enable 
the design of high-performance and durable supercapacitor electrodes.

Recent studies have reported hybrid structures based on either WO₃ 
or MnO₂ combined with SiNWs, yet most of these approaches still rely on 
conductive additives or involve complex fabrication steps [34–36]. In 
contrast, our work proposes a simple, low-cost route for fabricating a 
ternary WO₃–MnO₂ nanocomposite directly on SiNWs grown via elec
troless metal-assisted chemical etching. This binder-free architecture 
ensures intimate contact between the nanostructured oxides and the 
conductive silicon backbone, promoting efficient charge transport and 
mechanical integrity.

Furthermore, the influence of post-deposition thermal annealing on 
the structural and electrochemical properties of such hybrid systems 

remains underexplored. Annealing can significantly affect crystallinity, 
interface quality, and electrochemical activity by tuning the phase 
composition and surface structure of the composite [37–39]. SiNWs 
cause solvent exclusion from pores and prevent the pore surface from 
becoming an active capacitive site [40]. In this study, we demonstrate 
that optimized thermal treatment at 573 K enhances the crystallinity of 
the oxides and passivates the SiNW surface, thereby improving cycling 
stability and performance in aqueous Na₂SO₄ electrolyte.

We report here the synthesis and characterization of a novel 
WO₃–MnO₂@SiNWs hybrid electrode fabricated via hydrothermal 
deposition followed by thermal annealing. The resulting architecture 
offers enhanced areal capacitance, energy density, and long-term sta
bility without the use of conductive carbon materials. The electro
chemical properties were systematically assessed using cyclic 
voltammetry (CV), galvanostatic charge–discharge (GCD), and electro
chemical impedance spectroscopy (EIS), revealing the strong potential 
of this system for integrated micro-supercapacitor applications.

2. Materials and methods

2.1. Materials

Silicon wafers with (100) orientation were obtained from Sil’tronix. 
All reagents employed were of analytical grade and used without further 
purification. Sigma-Aldrich supplied the following chemicals: hydrogen 
peroxide (H₂O₂, 30 %), hydrofluoric acid (HF, 40 %), nitric acid (HNO₃, 
65 %), silver nitrate (AgNO₃, extra pure), potassium permanganate 
(KMnO₄), sodium tungstate dihydrate (Na₂WO₄⋅2H₂O), sodium sulfate 
(Na₂SO₄), hydrochloric acid (HCl, 37 %), and sulfuric acid (H₂SO₄). The 
resistivity of the deionized water (DIW) used in this study was 18 
MΩ⋅cm.

2.2. Sample preparation

2.2.1. Preparation of silicon nanowire arrays
Highly conductive silicon nanowires (SiNWs) were fabricated from 

p-type silicon wafers exhibiting very low resistivity (0.015–0.024 Ω⋅cm). 
A single-step silver-assisted chemical etching method was employed to 
achieve well-structured and porous SiNWs [30]. Initially, square sub
strates (1 cm × 1 cm) were subjected to degreasing in acetone and 
ethanol, followed by thorough rinsing in deionized water. Organic res
idues were removed by immersing the substrates in a freshly prepared 
piranha solution (H₂SO₄:H₂O₂ = 3:1) for 15 min. Afterward, the samples 
were rinsed again with deionized water and dried under a nitrogen flow. 
To eliminate the native oxide layer, the cleaned wafers were dipped in a 
10 % hydrofluoric acid (HF) solution, rinsed, and nitrogen-dried. 
Etching was then performed in an aqueous solution containing 5 M HF 
and 0.5 M AgNO₃ at 60 ◦C for 60 min to produce vertically aligned 
SiNWs. Post-etching, the samples were immersed in concentrated nitric 
acid (HNO₃) for 5 min to dissolve residual silver particles, followed by a 
final rinse with deionized water and drying under nitrogen gas. The 
optimized metal-assisted chemical etching time for SiNW fabrication 
was fixed at 1 h, which yields nanowires with an average length of about 
32 μm. As shown in our earlier study (Derkaoui et al. [31]), extending 
the etching beyond 1 h leads to tip degradation and nanowire agglom
eration caused by Coulombic interactions, thereby decreasing the 
effective surface area, while shorter etching times result in significantly 
reduced nanowire length and limited active surface. These optimized 
conditions were adopted in the present work to ensure high structural 
integrity and surface availability for subsequent oxide deposition.

2.2.2. Hydrothermal deposition of the WO3-MnO2 composites on silicon 
nanowires

As depicted in Fig. S1, the hydrothermal technique proves to be an 
effective approach for synthesizing composite materials. In this work, 
WO₃–MnO₂ composite films were directly grown on silicon nanowire 
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(SiNW) substrates via a controlled hydrothermal process. To begin, 0.1 
M sodium tungstate dihydrate (Na₂WO₄⋅2H₂O) was dissolved in 12.5 mL 
of deionized water (DIW) and subjected to ultrasonication for approxi
mately 10 min to ensure complete dissolution. A separate solution of 0.1 
M potassium permanganate (KMnO₄, 12.5 mL) was then added slowly, 
dropwise, under continuous magnetic stirring at ambient temperature. 
The pH of the resulting mixture was carefully adjusted to approximately 
2.0 by gradually introducing a 3 M hydrochloric acid (HCl) solution, 
forming a stable suspension.

The prepared mixture was transferred into a 50 mL Teflon-lined 
stainless-steel autoclave containing a pre-cleaned SiNW substrate (1 
× 1 cm2). The sealed autoclave was then placed in an oven and main
tained at 453 K for 2 h. Upon completion, the system was allowed to cool 
naturally to room temperature. The resulting WO₃–MnO₂-coated SiNWs 
were retrieved, thoroughly rinsed with DIW to eliminate unbound par
ticles, and dried in an oven at 353 K for 1 h. Composite films with 
varying structural properties were obtained by annealing at different 
temperatures—namely, unannealed, 473 K, 573 K, and 673 K—while 
keeping all other synthesis parameters constant. These samples were 
designated as A, B, C, and D, respectively.

The hydrothermal reaction can be summarized by the following 
chemical equation:  

The areal mass loading of the deposited WO₃–MnO₂ active layer on 
the SiNWs was determined by measuring the weight difference of the 
substrate before and after deposition using a high-precision microbal
ance. The resulting loading was approximately 30 μg⋅cm− 2, which en
sures an optimal balance between sufficient active material for high 
electrochemical performance and efficient ion accessibility without 
inducing diffusion limitations.

2.3. Characterization techniques

The WO₃–MnO₂/SiNWs composite thin films were thoroughly char
acterized using a combination of physicochemical techniques to inves
tigate their structural, morphological, and compositional properties. 
The surface topography and elemental distribution were examined using 
field emission scanning electron microscopy (FE-SEM, JEOL JSM-6360) 
equipped with energy-dispersive X-ray spectroscopy (EDX). Crystallo
graphic analysis was carried out by X-ray diffraction (XRD) using a 
PANalytical X’Pert Pro diffractometer with Cu Kα radiation (λ = 1.5418 
Å), covering a 2θ range from 10◦ to 90◦. Additionally, surface chemical 
composition and oxidation states of the constituent elements were 
assessed via X-ray photoelectron spectroscopy (XPS), using an ESCALAB 
250Xi instrument. This technique operates by irradiating the sample 
with X-rays and analyzing the kinetic energy of emitted photoelectrons 
to determine surface elemental composition and chemical bonding 
environments.

2.4. Electrochemical measurements

All electrochemical measurements were performed using a Metrohm- 
Autolab PGSTAT 128 N workstation in 1 M Na₂SO₄ aqueous electrolyte 
at room temperature. A three-electrode configuration was used for 
electrode-level analysis, where the WO₃–MnO₂@SiNWs sample served 
as the working electrode, platinum foil as the counter electrode, and a 
saturated Ag/AgCl as the reference electrode. A two-electrode configu
ration was employed for symmetric device evaluation. The active 

electrode surface in contact with the electrolyte was approximately 0.49 
cm2, and silver paste ensured good electrical contact with the current 
collector.

Cyclic voltammetry (CV), galvanostatic charge–discharge (GCD), 
and electrochemical impedance spectroscopy (EIS) were employed to 
evaluate electrochemical behavior. EIS measurements were conducted 
in the frequency range of 0.01 Hz to 1 MHz.

The areal-specific capacitance (Csp, in mF⋅cm− 2) from CV data was 
calculated using Eq. (2) [41]: 

Csp =

∫Ub

Ua

I dv

2 × v × S × (Ub − Ua)
(2) 

Where IdV is the integrated area of one CV cycle, v is the potential 
sweep rate, S is the surface area, and Ua and Ub are the lowest and 
highest potential, respectively.

From GCD curves, Csp was obtained using Eq. (3) [41]: 

Csp = IΔtd
/
S×ΔU (3) 

Where I (mA) is the discharge current, Δtd (s) is the discharge time, 
and ΔU (V) is the potential window.

The energy density E (Wh⋅cm− 2) and power density P (W⋅cm− 2) were 

estimated using Eqs. (4) and (5), respectively [31]: 

E = 1
/
2×

(
Csp ×ΔU2) (4) 

P = E/Δtd (5) 

Capacitance at low frequency was also estimated from EIS using the 
following relation [41]: 

Csp = − 1/2πf Zʹ́ S (6) 

Where f is the frequency and Z′′ is the low-frequency imaginary part 
of Z.

3. Results and discussion

X-ray diffraction (XRD) was employed to investigate the crystallo
graphic structure and phase composition of the WO₃–MnO₂ composite 
thin films, as shown in Fig. 1. The samples labeled A, B, C, and D 
exhibited well-defined diffraction peaks corresponding to characteristic 
reflections of WO₃ and α-MnO₂, confirming the successful formation of 
the composite. Specifically, peaks attributed to WO₃ were indexed to the 
(100), (001), (110), (101), (201), (202), (400), and (401) planes in 
agreement with the JCPDS card No. 75–2187, while α-MnO₂ reflections 
were assigned to the (110) and (5 1–1) planes based on JCPDS card No. 
24–0735. These results indicate the coexistence of hexagonal WO₃ and 
tetragonal MnO₂ phases in the films. The XRD analysis of sample A, 
which did not undergo thermal treatment, reveals predominantly weak 
and broad diffraction peaks, indicative of a poorly crystalline structure. 
Annealing at 473 K and 573 K leads to a pronounced increase in the 
intensity of the diffraction peaks corresponding to WO₃ and MnO₂, 
indicating a significant improvement in the crystallinity of the com
posite structure. However, when the annealing temperature is raised to 
673 K, a decline in peak intensity occurs, likely resulting from structural 
degradation or partial collapse of the nanowire matrix due to thermal 
stress, a hypothesis corroborated by morphological alterations observed 
via SEM. Furthermore, the detection of minor peaks attributed to hy
drated tungsten oxide phases (such as β-H₃.₃₂O₀.₆₆W₁ and δ-H₂O₁.₅W₁) 

Na2WO4, 2H2O+2 KMnO4+ 2 HCl WO3–2MnO2 (composite)+ 2 NaCl+ 2KCl+3H2O+ 2O2↑ (1) 
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suggests the formation of a structurally complex composite, which may 
facilitate synergistic electrochemical behavior and enhanced charge 
storage performance. XRD patterns of sample C, recorded before and 
after electrochemical cycling, exhibit a pronounced decrease in 
diffraction peak intensity, pointing to partial dissolution or structural 
breakdown of the SiNWs scaffold. This structural degradation is further 
evidenced by SEM imaging, which reveals substantial deterioration in 
nanowire morphology after extended cycling. To further quantify the 
structural changes, the average crystallite sizes of the WO₃ and MnO₂ 
phases were calculated from the main diffraction peaks using the 
Scherrer Eq. [31]. In addition, lattice parameters were estimated for the 
hexagonal WO₃ and tetragonal MnO₂ phases by applying the corre
sponding Bragg Eqs. [31]. The obtained values are summarized in 
Table 1. The data provide valuable insight into the structural evolution 
of the WO₃–MnO₂/SiNWs nanocomposites as a function of annealing 
temperature. For the unannealed sample (A), both WO₃ and MnO₂ 
phases exhibit small crystallite sizes (~14 and ~ 11 nm, respectively) 
and relatively broad diffraction peaks, which is consistent with poor 
crystallinity and structural disorder. Upon annealing at 473 K (sample 
B), the crystallite sizes increase markedly to ~21 nm for WO₃ and ~ 18 
nm for MnO₂, reflecting the onset of grain growth and improved long- 
range ordering. The most significant enhancement is observed at 573 
K (sample C), where WO₃ and MnO₂ reach average crystallite sizes of 
~27 and ~ 23 nm, respectively. This optimum thermal treatment not 
only enhances crystallinity but also stabilizes the lattice parameters, 

suggesting improved structural coherence and reduced defect density. 
Such features are expected to facilitate faster electron transport and ion 
intercalation, thereby explaining the superior electrochemical perfor
mance observed for this sample. However, further increasing the 
annealing temperature to 673 K (sample D) leads to a reduction in 
crystallite size and slight lattice expansion (a ≈ 7.38 Å, c ≈ 3.95 Å for 
WO₃), which can be attributed to structural degradation, thermal stress, 
or partial collapse of the nanowire scaffold. These findings highlight a 
clear correlation between annealing temperature, crystallite size, and 
structural stability: moderate thermal treatment enhances crystallinity 
and electrochemical activity, while excessive heating induces structural 
deterioration that compromises performance. Overall, the observed 
crystalline features and the thermal stability of these hybrid nano
structures underscore their potential for application in robust, high- 
efficiency micro-supercapacitor electrodes.

Scanning Electron Microscopy (SEM) was employed to investigate 
the surface morphology and structural arrangement of the synthesized 
silicon nanowires (SiNWs) before the deposition of the WO₃–MnO₂ 
composite. As shown in Fig. 2, the top-view SEM images (Fig. 2a and b) 
reveal that the SiNWs form a densely packed and highly porous network. 
This pronounced porosity significantly increases the available surface 
area, which is advantageous for subsequent material coating and elec
trochemical performance. At higher magnification (Fig. 2b), the tips of 
the nanowires are observed to lean and interconnect, potentially 
improving both mechanical cohesion and electrical pathways within the 

Fig. 1. XRD patterns of WO₃–MnO₂/SiNWs composite thin films: (A) as-prepared (unannealed), and annealed at (B) 473 K, (C) 573 K, and (D) 673 K. The pattern 
labeled (C) corresponds to the sample annealed at 573 K after electrochemical cycling.

Table 1 
Calculated lattice parameters and crystallite sizes of WO₃–MnO₂/SiNWs nanocomposites at different annealing temperatures.

Sample Phase Lattice parameters (Å) Crystallite size (nm) Remarks

A (Unannealed) WO₃ (hexagonal) a ≈ 7.34, c ≈ 3.92 ~14 Poorly crystalline, broad peaks
MnO₂ (tetragonal) a ≈ 9.78, c ≈ 2.86 ~11 Low crystallinity

B (473 K) WO₃ (hexagonal) a ≈ 7.35, c ≈ 3.94 ~21 Enhanced crystallinity
MnO₂ (tetragonal) a ≈ 9.79, c ≈ 2.87 ~18 Improved ordering

C (573 K) WO₃ (hexagonal) a ≈ 7.36, c ≈ 3.94 ~27 Optimum crystallinity
MnO₂ (tetragonal) a ≈ 9.80, c ≈ 2.88 ~23 Highest stability

D (673 K) WO₃ (hexagonal) a ≈ 7.38, c ≈ 3.95 ~19 Slight coarsening, degradation
MnO₂ (tetragonal) a ≈ 9.82, c ≈ 2.89 ~16 Structural deterioration
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composite. The cross-sectional image (Fig. 2c) confirms a vertically 
aligned nanowire array with consistent length and only minor variation 
in diameter. Such vertical orientation is essential for promoting efficient 
electron and ion transport, thereby enhancing the performance of the 
final μSCs device. Overall, the observed structural features highlight the 
suitability of SiNWs as a robust and high-surface-area scaffold for 
functional composite integration.

The SEM images in Fig. 3 highlight the morphological evolution of 
WO₃–MnO₂ composites deposited on silicon nanowires (SiNWs) and 
subjected to different annealing temperatures. In the unannealed sample 
(Fig. 3a); the SiNWs are uniformly coated with a continuous layer of 
coarse granular material, suggesting a dense and disordered film struc
ture. As the annealing temperature increases from 473 K to 673 K 
(Figs. 3 b–d), a noticeable reduction in nanowire density is observed. 
This phenomenon is likely due to thermal-induced stress generated 
during the crystallization of the WO₃–MnO₂ layer, which may cause 
partial breakage or collapse of the nanowires.

Additionally, excessive oxide deposition is evident in Fig. 3b and c, 

indicating a non-uniform growth that may lead to agglomeration and 
affect the film’s porosity. After electrochemical cycling (Fig. 3e), a slight 
further decrease in nanowire density is detected, attributed to partial 
dissolution or structural degradation in the electrolyte environment. 
Despite these changes, the overall architecture remains intact, under
scoring the mechanical resilience of the composite and its suitability for 
μSCs applications.

This hierarchical structure promotes efficient ion transport by 
minimizing diffusion paths and providing abundant electrochemically 
active sites, thereby enhancing redox kinetics. The annealing tempera
ture plays a critical role in tuning the film’s surface texture and struc
tural coherence, which directly impacts its charge storage capacity and 
long-term performance in energy storage devices.

Energy-dispersive X-ray spectroscopy (EDX) was employed to 
analyze the elemental composition and spatial distribution within the 
WO₃–MnO₂/SiNWs composite annealed at 573 K. As shown in Fig. 4a, 
the EDX elemental mapping reveals a uniform and homogeneous dis
tribution of oxygen (O), manganese (Mn), tungsten (W), and silicon (Si) 

Fig. 2. SEM images of SiNWs on Si substrate: (a) and (b) top-view images showing dense nanowire morphology with porosity; (c) cross-sectional view highlighting 
the vertical alignment and uniform length of the nanowires.

Fig. 3. SEM images of WO₃–MnO₂/SiNWs composite films: (a) sample A (unannealed), (b) sample B (annealed at 473 K), (c) sample C (annealed at 573 K), and (d) 
sample D (annealed at 673 K). Image (e) shows the morphology of sample C after electrochemical cycling.
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across the surface of the nanowires. This even dispersion suggests suc
cessful integration of WO₃ and MnO₂ components within the composite 
matrix. The corresponding EDX spectrum (Fig. 4b) exhibits character
istic peaks for O, Mn, W, and Si, confirming the presence of these ele
ments in the sample. The individual elemental maps presented in 
Figs. 4c-f (O in green, Mn in red, W in blue, and Si in orange) further 
demonstrate the consistent distribution of each constituent throughout 
the composite. This uniformity is essential for ensuring efficient electron 
and ion transport during electrochemical operation, thereby contrib
uting to improved performance and stability of the electrode in super
capacitor applications.

Quantitative EDX analysis was carried out to determine the 
elemental composition of the WO₃–MnO₂/SiNWs composite. The ob
tained atomic percentages are summarized in Table 2. The results 
indicate that manganese and tungsten are present in nearly equimolar 
proportions, with Mn and W atomic contents of 17.3 % and 16.4 %, 
respectively, corresponding to a Mn/W atomic ratio of approximately 
1.05. This ratio is in excellent agreement with the equimolar precursor 
ratio used during synthesis, confirming that both transition-metal oxides 
were successfully and homogeneously incorporated into the nano
composite matrix. The balanced composition and uniform elemental 
distribution contribute to the synergistic redox behavior of the com
posite, facilitating efficient charge transfer and enhanced electro
chemical performance.

X-ray photoelectron spectroscopy (XPS) was conducted on the opti
mized WO₃–MnO₂/SiNWs composite (annealed at 573 K) to investigate 
its surface composition and chemical states (Fig. 5). The survey spec
trum (Fig. 5a) confirms the presence of Mn, W, and O, along with a 
minor signal from carbon, which is commonly associated with ambient 
contamination or adventitious carbon.

A notable feature in the XPS survey is the appearance of a distinct 

peak around 1000 eV, which corresponds to the W NOO Auger transi
tion. This Auger signal, characteristic of tungsten compounds, comple
ments the W 4f core-level peaks typically observed between 35 and 40 
eV and provides further evidence for the presence of tungsten in an 
oxidized state [42]. Such high-binding-energy Auger peaks arise from 
multi-electron relaxation processes following photoionization and are 
frequently used to refine chemical state analysis in transition metal 
oxides. In particular, the W NOO Auger peak is sensitive to the oxidation 
state and local chemical environment of tungsten, making it a valuable 
indicator for the identification and confirmation of WO₃ within the 
hybrid material.

The high-resolution Mn 2p spectrum (Fig. 5b) displays two promi
nent peaks located at 642.6 eV and 654.0 eV, which correspond to Mn 
2p₃/₂ and Mn 2p₁/₂, respectively—features characteristic of Mn4+ spe
cies in MnO₂. Additional satellite features at 645.3 eV and 656.5 eV 
indicate the presence of lower oxidation states such as Mn2+ or Mn3+, 
suggesting a degree of redox heterogeneity and non-stoichiometry 
within the manganese oxide layer [43]. Such mixed valence states are 
often associated with enhanced pseudocapacitive behavior due to mul
tiple accessible redox reactions.

In the W 4f region (Fig. 5c), the main doublet peaks at 35.2 eV and 
37.7 eV are assigned to W 4f₇/₂ and W 4f₅/₂, consistent with the W6+

oxidation state in WO₃ [44]. Minor shoulders observed around 36.0 eV 
and 38.5 eV may be linked to sub-stoichiometric tungsten oxides or 
intermediate valence states (e.g., W5+), possibly arising from oxygen 
deficiencies or incomplete oxidation [45]. These features suggest the 
presence of oxygen vacancies, which can contribute to improved ionic 
mobility and electrical conductivity.

The O 1 s spectrum (Fig. 5d) is deconvoluted into three distinct 
components. The peak at 530.5 eV is attributed to lattice oxygen (O2− ) 
bound within the metal oxide matrix [46,47], while the shoulder at 
~532.0 eV is commonly associated with surface hydroxyl groups or 
chemisorbed oxygen species [48,49]. A third component at 533.6 eV is 
indicative of oxygen within carbonate species or other adsorbed moi
eties [50,51]. This diversity in oxygen environments reflects a chemi
cally active surface, which may promote electrolyte interaction and 
improve overall charge storage capacity.

The XPS results confirm that the surface of the WO₃–MnO₂/SiNWs 
nanocomposite contains mixed-valence states (Mn3+/Mn4+ and W5+/ 
W6+) Table 3. The predominance of Mn4+ and W6+ species indicates 
that annealing at 573 K favors oxidation and structural stabilization of 

Fig. 4. (a) SEM image of sample B annealed at 473 K. (b) Corresponding energy-dispersive X-ray (EDX) spectrum confirming the elemental composition. (c–f) 
Elemental mapping showing the spatial distribution of (c) oxygen (green), (d) manganese (red), (e) tungsten (blue), and (f) silicon (orange), demonstrating uniform 
dispersion of WO₃–MnO₂ components on the SiNW substrate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 2 
Elemental composition of the WO₃–MnO₂/SiNWs composite obtained from EDX 
analysis.

Element Atomic % Remarks

O 49.2 Oxygen from oxide phases
Mn 17.3 From MnO₂ component
W 16.4 From WO₃ component
Si 17.1 From SiNW substrate
Mn/W ratio 1.05 Close to theoretical 1:1 ratio
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the composite. Meanwhile, the presence of Mn3+ and W5+ contributes to 
electronic conductivity and provides additional redox-active sites. The 
nearly equimolar Mn/W ratio (~1.05) suggests a balanced distribution 
of both transition metals on the surface, which enhances charge storage 
efficiency and improves electrode stability during cycling. These fea
tures correlate well with the improved electrochemical performance 
observed for this sample, as the coexistence of multiple oxidation states 
facilitates reversible redox transitions during charge–discharge 
processes.

Collectively, the XPS data confirm the successful integration of MnO₂ 
and WO₃ on the SiNW substrate, revealing a complex surface chemistry 
involving mixed oxidation states and surface functional groups. These 
features are expected to positively impact the electrochemical perfor
mance of the composite by facilitating redox activity and enhancing ion/ 
electron transport.

Fig. 5. XPS analysis of the MnO₂/WO₃/SiNWs composite annealed at 573 K: (a) survey spectrum confirming the presence of Mn, W, O, and C; (b) high-resolution Mn 
2p spectrum indicating mixed oxidation states of manganese; (c) W 4f core-level spectrum showing tungsten in the W6+ oxidation state with possible sub- 
stoichiometric species; and (d) O 1 s spectrum revealing contributions from lattice oxygen, surface hydroxyl groups, and chemisorbed species.

Table 3 
Surface chemical composition and atomic ratios derived from XPS spectra of the 
MnO₂/WO₃/SiNWs composite (annealed at 573 K).

Element Oxidation 
state

Binding 
energy 
(eV)

Relative 
content (%)

Remarks

Mn Mn3+ 654.0, 
655.5

43.5 Lower valence, 
promotes charge 
storage sites

Mn4+ 642.6, 
645.3

56.5 Dominant oxidation 
state, stable structure

W W5+ 35.2, 37.7 39.8 Sub-stoichiometric 
species, enhances 
conductivity

W6+ 36.0, 38.5 60.2 Major component of 
WO₃ lattice

Mn/W 
atomic 
ratio

– – ~1.05 Nearly equimolar 
surface composition
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3.1. Micro-supercapacitor tests

Fig. 6 presents the electrochemical characterization of the SiNWs/Si 
electrode for micro-supercapacitor (μSC) applications. The cyclic vol
tammetry (CV) curves shown in Fig. 6a, recorded at varying scan rates 
(2, 5, 10, 30, 80, and 100 mV/s), exhibit a quasi-rectangular shape 
across all conditions, which is indicative of ideal capacitive behavior 
and rapid charge–discharge kinetics. At a scan rate of 2 mV/s, the Csp of 
the SiNWs/Si electrode was calculated to be approximately 10.25 mF/ 
cm2. Fig. 6b displays the galvanostatic charge–discharge (GCD) profiles 
at different current densities (0.06, 0.08, 0.1, and 0.2 mA/cm2). The 
nearly symmetric triangular shapes of these curves further confirm the 
capacitive nature of the electrode. At a current density of 0.06 mA/cm2, 
a Csp value of 4.23 mF/cm2 was achieved, demonstrating enhanced 
charge storage capability under constant current conditions. Cycling 
stability was evaluated over 100 charge–discharge cycles, as shown in 
Fig. 6c, The relatively low cycling stability of the bare SiNWs/Si elec
trode, which retained only ~20 % of its initial capacitance after 110 
cycles, can be attributed to the intrinsic limitations of the silicon 
nanowire framework when used alone. Although the vertical alignment 
and high surface area of SiNWs provide efficient electron transport 
pathways and abundant active sites, their direct exposure to the elec
trolyte leads to surface oxidation, structural degradation, and partial 
dissolution during repeated cycling. These effects progressively reduce 
the number of electrochemically active sites and weaken the electrode 
integrity, resulting in rapid capacitance fading. This observation high
lights the necessity of integrating active oxides such as WO₃ and MnO₂, 
which serve to passivate the SiNWs surface, enhance redox activity, and 
significantly improve both cycling stability and overall electrochemical 

performance. The electrode exhibited a notable decrease in capacitance 
during the initial cycles, eventually stabilizing at around 20 % of its 
initial value, which reflects moderate retention under prolonged use. 
Electrochemical impedance spectroscopy (EIS), presented in Fig. 6d, 
provides insights into charge transport characteristics. In the high- 
frequency region, a small semicircle indicates low charge transfer 
resistance, while the nearly vertical line observed at low frequencies 
signifies efficient ion diffusion and capacitive behavior. This combina
tion supports the potential of SiNWs/Si structures for rapid energy 
storage and high-rate performance in μSCs systems.

Fig. 6e illustrates the variation of Csp as a function of current density. 
As the current density increases, a noticeable decline in Csp is observed, 
which is consistent with the limited time available for ion diffusion at 
higher charge–discharge rates. This behavior is typical of supercapacitor 
electrodes, where only a portion of the active material is effectively 
utilized under rapid cycling conditions. Similarly, Fig. 6f shows the 
dependence of Csp on scan rate. The specific capacitance decreases 
progressively as the scan rate increases, primarily due to reduced ionic 
penetration into the porous electrode matrix. At higher scan rates, the 
electrolyte ions have insufficient time to fully access the internal sur
faces of the electrode, leading to a lower utilization of the electro active 
sites.

Overall, these electrochemical tests demonstrate that SiNWs/Si 
electrodes exhibit promising capacitive behavior, making them suitable 
for μSC applications. However, improvements in cycling stability and Csp 
at higher current densities and scan rates are needed to enhance their 
performance further.

Fig. 7a displays the CV profiles recorded at a scan rate of 50 mV/s 
within a potential window of − 0.4 to 0.2 V vs Ag/AgCl. The 

Fig. 6. (a) CV curves of SiNWs/Si electrodes recorded at various scan rates, (b) GCD profiles at different current densities, (c) Capacitance retention as a function of 
cycle number over 110 cycles, (d) Nyquist plot obtained from EIS, (e) Variation of Csp with current density, and (f) Dependence of Csp on scan rate.
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Fig. 7. (a) CV curves comparison of samples A, B, C, and D at a scan rate of 50 mV⋅s− 1; (b) GCD curves of unannealed sample (A) and samples annealed at 473 K (B), 
573 K (C), and 673 K (D) at a current density of 0.08 mA⋅cm− 2; (c) comparison of Csp values obtained from CV curves of samples A, B, C, and D at a scan rate of 50 
mV⋅s− 1; (d) comparison of Csp values obtained from GCD curves of samples A, B, C, and D at a current density of 0.08 mA⋅cm− 2; (e) CV curves of sample C (annealed 
at 573 K) at different scan rates; (f) GCD curves at different current densities; (g) plot of capacity retention versus cycle number (1st–4000th cycle) at a current 
density of 0.1 mA⋅cm− 2; (h) plot of Csp versus scan rate; h-insrt: plot of Csp versus current density; (i) Schematic of the MnO₂/WO₃@SiNWs electrode showing 
electron conduction through SiNWs and ion diffusion within the oxide coating; (j) Nyquist plot (inset figure shows the equivalent circuit) of sample C before cycling; 
(k) Nyquist plot comparison of samples A, B, C, D, and C after cycling; and (l) Ragone plot.
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enhancement in hybrid electrode performance is attributed to the larger 
specific surface area, improved electrical conductivity, and the effective 
intercalation of MnO₂ within the WO₃ matrix. The Csp values for elec
trodes A, D, B, and C at a scan rate of 0.05 V/s were calculated to be 
0.2376, 0.4531, 0.1492, and 1.28 mF/cm2, respectively. As shown in 
Fig. 7b, GCD curves exhibit longer discharge durations for electrode C, 
indicating a higher capacitance of 4.006 mF/cm2 at 0.08 mA/cm2. At a 
current density of 0.08 mA/cm2, the Csp values for electrodes D, A, B, 
and C were found to be 1.803, 2.025, 2.075, and 4.006 mF/cm2, 
respectively. The non-linear nature of the charge-discharge curves 
confirms pseudo-capacitive behavior. Fig. 7c presents the Csp variation 
as a function of scan rate, highlighting that electrode C exhibits the 
highest capacitance among all tested samples. This finding is further 
supported by GCD analysis at 0.08 mA/cm2, as shown in Fig. 7d. The 
superior performance of electrode C stems from the synergistic inter
action between WO₃ and MnO₂, which enhances conductivity and in
creases the number of available active sites for charge storage. CV curves 
at scan rates from 2 to 100 mV/s for the WO₃-MnO₂@SiNWs electrode 
are presented in Fig. 7e. Electrode C achieves a maximum Csp of 16.56 
mF/cm2 at 0.002 V/s, and still maintains 0.853 mF/cm2 at 0.1 V/s. The 
absence of a silicon oxidation peak suggests that the silicon core remains 
chemically stable in the presence of the electrolyte. GCD curves obtained 
at varying current densities (Fig. 7f) further confirm pseudo-capacitive 
characteristics. The long-term cycling performance, shown in Figure7, 
indicates that electrode C retains 84 % of its initial capacitance after 
4000 cycles at 0.1 mA/cm2, demonstrating excellent durability. The 
observed performance enhancement is largely attributed to the coop
erative effect of the WO₃-MnO₂ combination. Figs. 7 h and 7 h-insert 
illustrate the changes in specific capacitance with different scan rates 
and current densities. At low scan rates, ions have more time to diffuse 
into the active material, enabling complete charge/discharge reactions 
and maximizing the capacitance. In contrast, at high scan rates, insuf
ficient ion diffusion results in lower charge storage efficiency. Similarly, 
at higher current densities, increased internal resistance and limited ion 
penetration lead to a drop in capacitance. These effects are primarily due 
to slower ion transport, incomplete electrochemical reactions, and 
increased resistance, including electrolyte resistance and IR drop. Fig. 7i 
presents a schematic illustration of the electron/ion transport pathways 
within the MnO₂/WO₃@SiNWs electrode. The vertically aligned SiNWs 
act as highly conductive channels that facilitate rapid electron transport 
from the current collector to the active material. Simultaneously, the 
conformal MnO₂/WO₃ coating provides abundant redox-active sites for 
charge storage, where Na+ and SO₄2− ions from the electrolyte undergo 
reversible insertion and extraction. The intimate interface between the 
SiNWs and the MnO₂/WO₃ layer ensures efficient charge transfer, while 
the open three-dimensional architecture shortens ion diffusion paths, 
thereby improving rate capability. This synergistic combination of fast 
electron conduction through the SiNWs backbone and efficient ion 
transport within the porous oxide network explains the enhanced 
capacitive performance and long-term stability of the hybrid electrode. 
Electrochemical impedance spectroscopy (EIS), presented in Fig. 7j, 
reveals characteristic semicircles at both high and low frequencies. The 
data were modeled using an equivalent circuit, and the series resistance 
(ESR) for electrode C was measured at 8.52 Ω, indicating good electrical 
properties. The corresponding Csp value was 14.23 mF/cm2. The Nyquist 
plots in Fig. 7 k represent the impedance response of the electrodes, 
showing the real part of the impedance on the x-axis and the imaginary 
part on the y-axis. A semicircle in the high-frequency region, followed by 
a tail in the low-frequency region, reflects the charge transfer resistance 
and diffusion behavior, respectively. Regarding thermal treatment, 
unannealed electrodes exhibit higher impedance, particularly at high 
frequencies, due to structural disorder and poor charge mobility. Upon 
annealing at 473 K and 573 K, enhanced crystallinity and reduced 
structural defects result in improved charge transfer and lower imped
ance. However, at 673 K, an increase in impedance is observed again, 
likely due to structural degradation or grain overgrowth, which reduces 

the effective surface area. Among all treatments, 573 K offers the best 
electrochemical performance, as evidenced by the smallest semicircle in 
the Nyquist plot, indicating an optimal balance of crystallinity, con
ductivity, and surface reactivity. The Ragone plot in Fig. 7 l reveals that 
the WO₃-MnO₂@SiNWs electrode achieves a peak energy density of 
0.0001 Wh/cm2 at a current density of 0.1 mA/cm2. Even under a high- 
power condition of 0.024 W/cm2, the electrode maintains strong per
formance, outperforming conventional SiNWs-based systems [52–54]. 
This superior behavior results from the formation of 3D nanoparticulate 
architecture, increased surface area, and the synergistic effects of the 
binary oxide components, which facilitate efficient ion transport and 
high charge storage capacity. To evaluate the practical viability of the C- 
electrode for use in portable electronic devices, a symmetric micro- 
supercapacitor (μSC) was assembled using two identical C-electrodes. 
These electrodes were fabricated on 1 × 1 cm2 SiNWs substrates. Sodium 
sulfate (Na₂SO₄) served both as the electrolyte and separator in the de
vice, helping to preserve the integrity of the active materials and 
enhance long-term cycling stability. Fig. 8a illustrates the CV profiles of 
the symmetric μSC at scan rates ranging from 2 to 100 mV/s within a 
potential window of − 0.5 to +0.5 V. The calculated values for Csp, Ed, 
and Pd were 96 mF/cm2. The CV curves are nearly mirror-symmetric 
across anodic and cathodic sweeps, confirming good pseudo-capacitive 
behavior. Additionally, their shape remains stable even at high scan 
rates, indicating excellent rate capability and electrochemical stability. 
Fig. 8b shows the GCD curves of the symmetric device at different cur
rent levels (0.15–2 mA). The near-linear and symmetric shape of the 
curves confirms efficient charge-discharge behavior and low internal 
resistance. No significant voltage drop is observed at higher currents, 
suggesting strong electrical conductivity of the electrode material. At 
0.15 mA/cm2, the device delivered a capacitance of 20.328 mF, 0.0028 
Wh/cm2, and 0.4 W/cm2, respectively, which remained at 5.952 mF at a 
higher current density of 2 mA/cm2. Cycling stability was assessed over 
2300 continuous charge-discharge cycles at 0.1 mA/cm2. As seen in 
Fig. 8c, the capacitance showed minimal degradation, retaining 84 % of 
its initial value, which demonstrates the device’s robust long-term sta
bility. The corresponding specific capacitance after cycling was found to 
be 15.88 mF/cm2. Electrochemical impedance spectroscopy (EIS) was 
used to further explore the charge transport characteristics. The Nyquist 
plot in Fig. 8d, recorded across a frequency range of 0.01 Hz to 1 MHz, 
revealed a series resistance (Rs) of 8.479 Ω and a charge transfer resis
tance (Rct) of 363.9 Ω/cm2. The overall specific capacitance derived 
from impedance data was 20.83 mF/cm2, indicating favorable electrical 
performance and efficient ion diffusion within the symmetric micro- 
supercapacitor.

The porous architecture of electrode C, composed of interconnected 
nanoparticles, contributes to structural stability and enhances electro
chemical performance. As shown in Fig. 8e, the Csp decreases with 
increasing scan rate, which is attributed to limited time for effective 
redox reactions at higher rates. The device achieves a peak Csp of 96 mF/ 
cm2 at a low scan rate of 2 mV/s. The absence of a binder in the electrode 
design improves electronic conductivity by eliminating insulating bar
riers. MnO₂ nanoparticles facilitate fast and reversible faradaic reactions 
and shorten ion diffusion pathways, while WO₃ nanostructures support 
efficient electron transport [55]. The synergistic integration of MnO₂ 
and WO₃, each possessing distinct redox states, creates multiple active 
sites for redox reactions, thereby boosting electrochemical activity. 
Additionally, the high surface area and mesoporous features of electrode 
C allow for increased charge storage capacity. As illustrated in Fig. 8f, 
the specific capacitance tends to decline at higher current densities. This 
behavior is due to increased internal resistance and the limited time for 
complete charge-discharge processes, which hampers the electrode’s 
charge storage efficiency. At elevated current loads, the reduced 
accessibility to electroactive sites results in a noticeable drop in 
capacitance.
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4. Conclusion

In this work, WO₃-MnO₂ nanocomposite layers were successfully 
grown on vertically aligned silicon nanowires (SiNWs) via a simple 
hydrothermal approach, and their suitability as high-performance 
electrodes for micro-supercapacitors was systematically evaluated. The 
combined presence of WO₃ and MnO₂ within the composite structure led 
to notable improvements in electrochemical behavior, owing to 
enhanced electrical conductivity and the abundance of redox-active 
sites. Comprehensive characterization using SEM, EDX, XRD, and XPS 
confirmed both the successful deposition and the uniform dispersion of 
the metal oxides on the SiNW framework, highlighting the structural 
integrity of the composite. Among the different samples studied, the 
electrode annealed at 573 K (sample C) delivered the most promising 
performance, achieving a high Csp of 16.56 mF⋅cm− 2 at 2 mV⋅s− 1 and 
maintaining 84 % of its initial capacitance over 4000 charge–discharge 
cycles. Furthermore, a symmetric solid-state micro-supercapacitor de
vice fabricated with this optimized electrode configuration exhibited a 
maximum Csp of 96 mF⋅cm− 2 and sustained 85 % of its capacitance after 
2300 cycles, underscoring the structural and electrochemical stability of 
the system. The excellent performance is attributed to the synergistic 
interaction between WO₃ and MnO₂, which facilitates rapid electron 
transport and efficient ion diffusion, as well as to the binder-free inte
gration on the SiNW substrate, which contributes to superior mechanical 
adherence and enhanced conductivity. These findings demonstrate that 
the WO₃-MnO₂@SiNWs architecture offers a compelling platform for 
next-generation micro-scale energy storage devices, combining high 
energy and power densities with long-term cycling durability. Future 
research may focus on further optimizing the nanostructure geometry 

and interface properties to meet the stringent requirements of flexible 
and portable electronic systems.
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