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The present study aims to probe morphogical tuning of 

hydrated tungsten oxide (WO3-x·H2O) nanostructures and their 

electrochemical performance investigation for energy storage 

in supercapacitors. The WO3-x·H2O nanostructures have 

prepared via a single-step wet chemical method. Further, the 

morphological transition of WO3-x·H2O nanostructures from 

nanosheet-assembled nanoflowers (W1) to nanoribbons (W2) 

as a result of regulating the reaction time has achived without 

disturbing the orthorhombic crystal structure. The 

morphological transformation from W1 to W2 exhibited 

decrease in crystallinity and other physical properties 

significantly affecting electrochemical behavior. 

Electrochemical investigations emphasized that W1 has higher 

specific capacitance of 70 F g-1 than W2 of 37 F g-1 at 1 A g-1.  

Moreover, an Aqueous Asymmetric Supercapacitor (AASC) 

device fabricated using WO3-x·H2O as the negative electrode. 

The device exhibited a specific capacitance of 40 F g-1 at 0.5 A g-

1 with an energy density of 12.5 W h kg-1 and a power density of 

3784 W kg-1. Additionally, it demonstrated excellent cycling 

stability with 97 % capacitance retention over 5000 cycles. 

These findings highlight the potential of morphology-controlled 

WO3-x·H2O nanostructures for advanced energy storage 

applications. 

 

Introduction 

The growing demand for sustainable energy storage solutions 

has led to the development of high-performance electrode 

materials for energy storage devices.1,2 Among all materials, 

pseudocapacitive materials have emerged as a promising choice 

owing to their fast charge-discharge kinetics and high energy 

density.3,4 In this context, hydrated tungsten trioxide (WO3-

x·H2O) stands out for its unique properties, including high 

theoretical specific capacitance, layered structure, tuneable 

crystal structure and morphology.5,6 Oxygen-deficient tungsten 

trioxide hydrate (WO3-x·H2O) is a modified form of WO3.H2O, 

which demonstrated enhanced electrochemical performance as 

a pseudocapacitive electrode material.7 The presence of oxygen 

vacancies in the crystal lattice of WO3-x·H2O creates additional 

active sites for redox mechanism and facilitates the charge 

transport, resulting in improved capacitance and energy 

density.8,9 Consequently, WO3-x·H2O nanostructures has 

attracted significant attention as a promising candidate for 

high-performance pseudocapacitors.10,11 Recent studies 

reported the various synthesis and electrochemical 

characterization of oxygen-deficient and morphology 

dependant WO3-x·H2O materials.6,12 Although, the preparation 

of controlled oxygen-deficient tungsten trioxide hydrate 

materials is a challenging practice. It has achieved by various 

methods including hydrothermal, wet chemical, and 

solvothermal methods. Nevertheless, wet chemical methods 

provide a facile and cost-effective route for synthesizing 

oxygen-deficient WO3-x·H2O. Further this method has potential 

of large-scale production and commercialization with 

sophisticated control over the reaction parameters, such as 

temperature, pressure, precursor concentration. Phuoc Anh Le 

et al. demonstrated preparation of WO3-x·H2O by wet chemical 

methods and achieved the specific capacitance of ~71 F g-1 at 2 

A g-1.13 Similarly, the amorphous-quantized WO3·H2O films were 

fabricated and the specific capacitance of 78.5 F g-1 at 1 A g-1 

was achieved with 73.1 % specific capacitance retention.14 Our 

group has demonstrated the fabrication of nano-tunnel 

structure of WO3.H2O with the specific capacitance of ~ 460 F g-

1 at 1 A g-1, which retained 93 % up to 2000 cycles.15 Likewise 

the flower-like WO3·H2O exhibited the specific capacitance of 

140 F g-1 at 1 A g-1 along with cycle stability of 97 % at 900 

cycles.16 Bon-Ryul Koo et al. established WO3-x·H2O 

nanoparticle-embedded chitosan thin film on amorphous WO3 

film and achieved the specific capacitance of 154 F g-1.17 

Gayathri P.T.G. at al. prepared hydrated tungsten oxide 

nanosheet electrodes and obtained the specific areal 

capacitance of 28.7 F cm-3 at 0.1 mA cm-2 with capacitance 

retention of ~ 87 % after 1000 cycle.18  

These efforts demonstrate the excellent electrochemical 

performance of WO3-x·H2O. However, it suffers from poor 

cycling stability. To address this issue, we have synthesized 

oxygen-deficient WO3-x·H2O nanosheet assembled nanoflowers 

and nanoribbons using a one-step wet chemical method by 

controlling the reaction time. The tuning of reaction time leads 

to a morphological transformation via crystal growth dynamics 

regulation from nanoflowers to nanoribbons and preventing 

the crystal structure. This morphological transformation 

certainly tunes the properties such as conductivity, surface 

area, ion diffusion pathways, and structural stability. It 

significantly influences on the electrochemical performance. It 

is interesting to probe morphological change assisted 

properties of WO3-x·H2O nanostructures and their 

electrochemical properties for energy storage applications. 
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Experimental section 
Materials 

Sodium tungstate dihydrate (Na2WO4.2H2O), oxalic acid AR 

(C2H2O4.2H2O), hydrochloric acid (HCl 35 % - 38 % AR grade) and 

ethanol (C2H6O) were purchased from SD fine-chem limited, 

India. Whatman-42 filter paper was obtained from Molychem, 

India Activated carbon (AC) with a surface area of 2000 m2 g-1 

and an ash content of 0.21 %, along with carbon paper, was 

obtained from Global Nanotech, India. All aqueous solutions 

were prepared using double-distilled water (DDW). 

 

Preparation of WO3-x·H2O nanostructures 

 

Two samples of WO3-x·H2O nanostructures were prepared 

namely nanoflowers (W1) and nanoribbons (W2) using one-step 

wet chemical method as depicted in Fig. 1. For the preparation 

of W1, 500 mg of Na2WO4.2H2O was added to 100 mL of DDW 

and stirred until a homogeneous solution was formed. 

Subsequently, 300 mg of C2H2O.2H2O was added and the 

mixture was stirred again until homogeneity formed. 

Afterwards, 4 mL of HCl was added dropwise to the solution 

while stirring, further the resulting mixture was stirred at room 

temperature for 24 hours. Subsequently, the solution was 

heated with stirring at 90 oC for 30 minutes and 120 minutes. 

Finally, the solution was cooled down to room temperature 

naturally and washed with DDW and ethanol till pH becomes 

neutral. The obtained product after reaction time of 30 minutes 

and 120 minutes heating are named hereafter as W1 and W2 

respectively. 

 

Material characterizations 

 

The crystal structure of W1 and W2 was determined by X-ray 

diffractometry using a Bruker D2 phasor instrument with CuKα 

radiation of λ = 1.54056 Å in the 2θ range of 10o and 80o. Fourier 

transform infrared spectroscopy (FT-IR) was employed to 

identify the functional groups using a Varian 660-IR instrument. 

The chemical structural and vibrational analysis of the samples 

were examined by Raman spectroscopy, performed on a 

RENISHAW in Via Raman microscope using a multiline argon ion 

laser (514) and spectral range between 100 cm-1 and 1000 cm-1. 

The optical band gap was determined using ultraviolet-diffuse 

reflectance spectroscopy (UV-DRS) with a Cary 500 UV-Visible 

spectrophotometer. The elemental analysis was carried out 

using X-ray photoelectron spectroscopy (XPS) on a PHI 5000 

Versaprobe II system. The structural and morphological 

features was studied using a field emission scanning electron 

microscope (FE-SEM) with FEG Inspect 50, FEI and high-

resolution transmission electron microscopy (HR-TEM) with 

selected area electron diffraction (SAED) on a TECNAI G2-20 

TEM-300 kV instrument. The weight loss was estimated with 

thermogravimetric analysis (TGA) (TA 2000 Thermo analyser). 

Additionally, the specific surface area was studied with 

Brunauer-Emmett-Teller (BET) methods with Quantachrome, 

ASiQ, Quantachrome Instruments v5.21.  

 

Electrochemical measurements 

 

The electrochemical properties of the W1 and W1 were 

investigated using the PGSTAT302N Autolab system in a three-

electrode setup and two electrode setups. In the three-

electrode measurements, a glassy carbon electrode was used as 

the working electrode, a platinum wire as the counter 

electrode, and Ag/AgCl as the reference electrode. All 

measurements were conducted in a 1 M H₂SO₄ aqueous 

electrolyte. Cyclic voltammetry (CV) and galvanic charge-

discharge (GCD) measurements were performed in a potential 

window of 0 V to -0.5 V. Additionally, Electrochemical 

Impedance Spectroscopy (EIS) was carried out over a frequency 

range of 0.01 Hz to 100 kHz to evaluate electrochemical 
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kinematics with the charge transfer resistance, ion diffusion 

behaviour, and interfacial properties. 

 

Aqueous Asymmetric Supercapacitor (AASC) fabrication 

 

For negative electrode preparation, 5 mg of W1 was dispersed 

in 0.5 mL of DDW, and 0.5 µL of nafion binder was added. The 

mixture was then sonicated for 5 minutes and then 0.5 mL of 

ready solution was drop-casted on a carbon paper. The 

electrode was dried for 30 minutes under an IR lamp. The same 

procedure was followed for the positive electrode preparation. 

Finally, the two electrodes were sandwiched with separator 

made of Whatman-42 paper, and a 1 M H2SO4 electrolyte in the 

Swagelok cell. 

 

 

 

Results and discussion 
 
Growth of WO3-x·H2O nanostructures 

 

The precursor Na2WO4·2H2O dissolved soon after added in the 

water and dissociated into sodium (Na⁺) and tungstate (WO4
2-) 

as per Equation 1. Further mixing of HCl was providing H+ ions, 

which protonate tungstate ions and shift the equilibrium 

towards the formation of tungstic acid as per Equation 2. The 

H2WO4 is sparingly soluble and undergoes dehydration to form 

hydrated tungsten trioxide (WO3.H2O) as per Equation 3. 

 

Na2WO4⋅2H2O → 2Na+ + WO4
2- + 2H2O  (1) 

WO4
2- + 2H+ → H2WO4      (2) 

H2WO4 → WO3⋅H2O      (3) 

Morphological analysis 

 
The morphological analysis of W1 and W2 was carried out by 

FE-SEM imaging as presented in Fig. 2. Fig. 2(a-c) shows FE-SEM 

images of W1 exhibiting uniform flower-like morphology. Fig. 

2(c) reveals that nanoflowers are formed through the 

agglomeration of many nanosheets of WO3-x.H2O. However, Fig. 

2(d-f) showing the FE-SEM images of W2 and shows a 

homogeneous growth of nanoribbon-like morphology. Fig. 2(f) 

disclose nanoribbons are formed in pairs. The morphological 

analysis indicates that varying the reaction time from 30 

minutes to 120 minutes results the transformation of 

morphology from nanosheet agglomeration flowers to 

nanoribbons. The morphology transformation primarily 

attributed to oriented growth and Ostwald ripening. In the early 

stages (30 min), rapid nucleation and precipitation forms thin, 

two-dimensional nanosheets flower.19 However, with extended 

reaction time, smaller particles gradually dissolve and redeposit 

onto larger structures, promoting anisotropic growth along 

specific crystallographic directions. This Ostwald ripening 

process facilitates the gradual smoothing and elongation of 

nanosheets rather agglomeration, ultimately leads to the 

formation of nanoribbon.20,21 Furthermore, Fig. 2(g) shows the 

HR-TEM images of W1. Fig. 2(h) presents the HR-TEM image of 

a selected area (yellow region) from Fig. 2(g), with a calculated 

d-spacing of 0.34 nm corresponding to the (111) plane of the 

orthorhombic crystal structure. Moreover, the SAED pattern of 

W1 depicted in Fig. 2(i), and the bright rectangular lattice 

fringes in the pattern confirm the presence of a mono 

crystalline structure in W1. 

 

Crystal structural analysis 

 

The crystal structure property of W1 and W2 was analysed using 

XRD spectra, as shown in Fig. 3(a). The XRD spectra of both 
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materials match with the standard JCPDS file no. (01-08-0886), 

indicating an orthorhombic crystal structure with Pmnb (62) 

space group, where the lattice parameters are a = 5.24900, b = 

10.71100, and c = 5.13300 respectively. Further, using Scherrer 

Equation (4), the crystal size of W1 (18.69 nm) and W2 (18.08 

nm) was estimated. However, the crystallinity of W2 is observed 

83 %, which is less than the W1 (89 %). Nevertheless, the Braggs 

law was utilized to estimate the ‘d’ spacing of van-der Waals 

(vdW) gap of both samples as per Equation (5). In orthorhombic 

WO3-x·H2O layered materials, the (020) reflections commonly 

used to represent the van der Waals (vdW) gap. The 2θ peaks 

at 16.6121° (W1) and 16.6272° (W2) correspond to d-spacings 

of 5.3322 Å and 5.3274 Å of (020) plane respectively. The shift 

of the W2 peak to a higher 2θ angle indicates a decrease in the 

vdW gap. Thus the decrease in interlayer distance attributed to 

structural rearrangements, changes in hydration levels, or 

intercalation effects, which influence the vdW gap in layered 

materials. 22 

D = Kλ / β cosθ      (4) 

Where, D - crystalline size (nm), K - 0.9 (Scherrer constant), 

− 0.15046 nm (wavelength of x-ray source), −FWHM (Full 

Width Half Maxima) radians and −peak position radians. 

 

nλ = 2d sinθ     (5) 

 

where, λ is wavelength of the x-ray, d is distance between the 

atomic layers of the crystal, θ is angle between the incident ray 

and the diffracting planes, and n is an integer. 

 

Chemical properties investigation 

 

The chemical properties of W1 and W2 were investigated by 

Raman spectroscopy as depicted in Fig. 3(b). W1 and W2 shows 

the three major characteristic regions between 100 to 200 cm-

1, 400 cm-1 to 600 cm-1 and 600 cm-1 to 900 cm-1 respectively. 

Peak at below 200 cm-1 correspond to the stretching mode, 
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deformation and lattice modes of W1 and W2.23 Peak at 244.97 

cm-1 corresponds to (O-W-O) of W1 and W2. However, Peak at 

370 cm-1 exhibits the motion of hydrogen atom in W-OH2 of a 

well-defined octahedral system.24 Nevertheless, peak at 653.49 

cm-1 represents the stretching mode of the bridging (O–W–O) 

bond along the ab-plane, from the 2D (2-dimensional) character 

of the WO3-x.H2O structure. Peak at 950 cm-1 exhibited the 

characteristic band of the terminal oxygen atom (W=O). This 

peak strongly indicates the presence of hydrated molecules in 

the layered structure.25 Furthermore, the inorganic functional 

groups of W1 and W2 were studied by FT-IR spectroscopy as 

illustrated in Fig. 3(c). For the W1 and W2 the peaks at 610.14 

cm-1 links to the stretching vibration of the O–W–O bond, which 

is characteristic of tungsten oxide frameworks. Peak at 934.28 

cm-1 assigned to the W=O stretching vibration originated by, 

terminal tungsten-oxygen bonds of hydrated tungsten 

oxides.26,27 Peak at 1606.00 cm-1 is matching to the bending 

vibration of the O–H bond arises from molecular water (H2O) 

within the hydrated tungsten oxide structure. While, peak at 

2355.67 cm-1 associated with the O-H stretching vibration 

confirms the presence of water molecules or hydroxyl groups in 

the WO3-x·H2O structure of W1 and W2. 

 

Elemental evaluation 

 

The elemental analysis was executed by XPS spectroscopy as 

depicted in Fig. 3. Fig. 3(d) shows the survey scan of W1 and 

authorize the presence of tungsten (W), Oxygen (O), and 

hydroxyl group. Fig. 3(e) displays the deconvoluted XPS spectra 

of W 4f, the peaks at 34.31 eV, 35.72 eV, 37.81 eV belong to the 

W 4f5/2 (W+5), W 4f7/2 (W+6), and W 4f5/2 respectively. The peak 

at 34.31 eV shows the occurrence of a W+5 state of W 4f5/2 

clarifying the oxygen vacancy in WO3 instigating a fractional 

reduction of W+6. Whereas, spin–orbit splitting of the W 4f5/2, 

W 4f7/2 level represents the W+6 state.28 Additionally, Fig. 3(f) 

shows the deconvoluted XPS spectra of O1s spectra of core level 

W1. The three peaks at a binding energy of 528.94 eV (OI), 

5530.09 eV (OII) and 531.43 eV (OIII) corresponds to the lattice 

oxygen, O2- ion in oxygen deficiency region of WO3 matrix and 

chemisorbed –OH molecules respectively.29,30 These multi-

oxidation states of W and surface oxygen provides large 

electroactive sites eventually enhances electrochemical 

property of W1. Additionally, The energy band gap of W1 and 

W2 was determined using the Tauc plot method, as per 

Equation (6):31 

 

(αhν)n = K(hν-Eg)    (6) 

 
where ‘α’ represents the absorption coefficient, ‘hν’ denotes 

the incident photon energy, ‘K’ is a constant independent of 

energy, and ‘Eg’ corresponds to the band gap of the material. 

The exponent ‘n’ defines the nature of the electronic transition, 

where n = 2 indicates a direct bandgap material, while n = 1/2 

corresponds to an indirect bandgap material. Fig. S1(a) displays 
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the Tauc plot of W1 sample exhibiting the optical band gap of 

2.22 eV and inset Fig. S1(a) is showing the absorbance spectra 

of W1. Similarly, Fig. S1(b) illustrating the Tauc plot of W2 and 

displaying the optical band gap of 2.26 eV and inset is 

absorbance spectra of W2. The W2 shows the increase in the 

band gap of 0.04 eV attributed to the weaker confinement in 

nanosheets than nanoribbons (W2). Moreover, structural 

distortions originated from the change in hydrogen bonding 

networks and crystal orientation contributes to band gap 

variation by altering electron density distribution, leading to an 

increase in band gap of W2. Subsequently, the lower bandgap 

of W1 (2.22 eV) sample is more suitable electrode materials for 

the electrochemical supercapacitors. 

Additionally, the TGA analysis of W1 and W2 was performed 

in the temperature range of 50 oC to 1000 oC as depicted in Fig. 

S2. The weight loss of W1 occurs in two stages. The first stage, 

between 28 °C and 82°C, is attributed to the removal of surface 

water molecules, while the second stage, between 82 °C and 

256 °C, corresponds to the decomposition of peroxo species. In 

contrast, W2 exhibits one-step weight loss in the temperature 

range between 28 oC to 270 oC, which is about 5.62 %, 

associated with the removal of chemically bonded water or the 

condensation of hydroxyl groups with tungsten (W–OH) at 

higher temperatures.32 The unusual weight increase observed 

in the TGA analysis of W2 instead of the expected weight loss 

attributed to two primary factors, one environmental 

adsorption and other oxidation effects. At lower temperatures 

(28–101°C), instead of dehydration aided weight loss, the 

material might adsorbed moisture or atmospheric gases due to 

elevated surface activity or porosity in the nanoribbon 

morphology compared to nanosheets.33 This leads to a 

temporary rise in weight before actual dehydration begins. 

Nevertheless, at higher temperatures (above 250 °C), the 

weight increases due to oxidation or chemisorption of 

atmospheric oxygen, leading to the formation of higher 

oxidation states. 

 The specific surface area of W1 and W2 was performed by 

Brunauer-Emmett-Teller (BET) analysis as depicted in Fig. S (a, 

b). Fig. 3(a) shows that W1 exhibits an H3-type isotherm, with a 

specific surface area of 18.904 m2 g-1 and wedge-shaped pores. 

In contrast, W2 (Fig. 3(a)) displays an H2-type isotherm, with a 

reduced specific surface area of 5.404 m2 g-1 and ink-bottle-

shaped pores. Further, the pore volume of W1 and W2 are 

0.03937 cc g-1 and 0.02909 cc g-1, while the average pore 

diameter of W1 and W2 are 21.53 nm and 8.33 nm respectively. 

This discloses the reduction of specific surface are of W2 

because of nanosheet have higher surface area than 

nanoribbons along with 2D morphology, increased porosity, 

minimal aggregation, and enhanced active sites, unlike 

compact, bundled nanoribbons. The presence of oxygen 

vacancies in W1 create additional active sites for redox 

reactions and facilitate the transportation of charge carriers, 

leading to improved capacitance and energy density.34,35 

Electrochemical Investigations 

 

The electrochemical measurements of W1 and W2 was carried 

out in the potential range of 0 to -0.5 V in 1 M H2SO4. Fig. 4(a) 

shows the combined CV curves of W1 and W2 at a scan rate of 

5 mV s-1. It exhibits a quasi-rectangular shape characteristic 

indicating the pseudocapacitive mechanism.36,37 Notably, W1 
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displays a larger area under the CV curve and higher peak 

current than W2, specifying enhanced charge storage capability 

and superior electrochemical performance of W1. The WO3-

x·H2O undergoes redox mechanism involving proton (H+) 

insertion and extraction (Equation 7).38 During the cathodic 

sweep, a reduction peak is typically observed, corresponding to 

the insertion of protons into the WO3-x·H2O lattice, forming 

HxWO3. Conversely, an oxidation peak appears during the 

anodic sweep implying the removal of these inserted protons. 

However, CV curves of W1 and W2 were measured at various 

scan rates as depicted in Fig. S4(a, b). At lower scan rates (5, 10, 

and 20 mV s-1), the electroactive species have adequate time to 

diffuse to and from the electrode superficial, allowing the redox 

reactions to occur more completely, which results in well-

defined peaks.39,40 Whereas, the limited time is available for 

redox processes at larger scan rates (50 mV s-1 and 100 mV s-1). 

Therefore, kinetic limitations control the electrochemical 

reactions rate as the potential sweep. Consequently, the redox 

peaks diminish or even disappear at higher scan rates. 

Additionally, higher scan rates can increase the capacitive (non-

faradaic) currents, which may overshadow the faradaic currents 

associated with the redox processes, making the peaks less 

distinguishable.41  

WO3-x·nH2O + xH+ + xe- ↔ HxWO3·nH2O          (7) 

(0 ≤ x ≤ 1)        

 

Fig. 4(b) shows the combined GCD curves of W1 and W2 at 1 A 

g-1. It exhibits distorted triangular curves representing the 

pseudocapacitive nature supports CV results. Additionally, Fig. 

S4(c, d) presents the GCD curves of W1 and W2 measured at 

varying current densities. At lower current densities (1 A g-1 and 

2 A g-1), the GCD curves often exhibit a distinct discharge 

plateau, indicative of faradaic mechanism where charge 

transfer processes dominate. However, as the current density 

increases (3 A g-1 and 5 A g-1), the discharge curves tend to 

become more triangular, resembling the behaviour of electric 

double-layer capacitors (EDLCs). It becomes more capacitive, 

with a linear voltage drop during the discharge, validating the 
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dominance of non-faradaic processes.42,43 The specific 

capacitance of W1 and W2 was estimated using Equation S2 

from GCD curves and Equation S3 from CV curves. Fig. 4(c) 

presents the specific capacitance of W1 and W2 at different 

current densities, where W1 exhibits a higher specific 

capacitance of 70 F g-1, similarly W2 shows 37 F g-1 at 1 A g-1. 

Additionally, the specific capacitance of W1 and W2 at various 

scan rates, revealing that W1 achieves 71 F g-1, while W2 

decreases to 42 F g-1 at 5 mV s-1 (Fig. 4(d)). Thus, W1 has larger 

charge storage capacity than W2.  

 

 

 

Electrochemical charge kinematics 

 

The electrochemical charge kinetics was studied utilizing the 

electrochemical impedance spectra (EIS) in the frequency range 

of 0.01 Hz to 100 kHz as depicted in Fig. 4(e, f).  Fig. 4(e) presents 

the combine Nyquist plot of W1 and W2. Fig. 4(f) highlights the 

particular high-frequency region (blue dotted circle) of Fig. 4(e), 

with the inset displaying the equivalent circuit diagram. The 

equivalent circuit diagram illustrates the series resistance (Rs), 

charge transfer resistance (Rct), and Warburg resistance (Zw) of 

W1 and W2. The Rs values for W1, W2 are 0.25 Ω and 0.26 Ω, 

respectively, indicating the lower Rs of W1 implies higher 

conductivity.44 Similarly, the Rct values for W1, W2 are 1.91 Ω 
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and 2.41 Ω, respectively, with the lower Rct of W1 signifying an 

improved electrode-electrolyte interface than W2. Additionally, 

the Zw values for W1, W2 are 2.17 Ω and 2.66 Ω, respectively, 

where the lower Zw of W1 suggests fast H⁺ ion diffusion within 

the layered structure of WO3-x·H2O.45 Fig. 5(a) shows the 

schematic illustration of insertion and de-insertion of H+ ion in 

the WO3-x·H2O structure. Furthermore, Trasatti method is 

employed to evaluate the inner and outer charge storage on the 

electrode of W1 and W2 via the relationship between 

voltametric charge (Q) and scan rate according to Equation 8.46 

 

QT = Qo+ Qi    (8) 

 

Where QT, QO, Qi are total charge, outer charge and inner charge 

stored respectively.  At higher scan rates, the reduced reaction 

time limits ion diffusion into the inner surfaces of the electrode, 

confining charge storage mainly to the outer surface and near-

surface regions. Whereas, the prolonged reaction time enables 

ions to penetrate deep into the electrode structure at low scan 

rates, fully accessing the available active sites. Consequently, 

both surface and bulk charge storage processes contribute 

significantly, allowing the voltametric charge (Q) to closely 

approach the total charge (QT) of the electrode. The QT is 

obtained by plotting 1/Q vs ν1/2, as shown in Fig. 5(b). While, the 

Qo value is determined by plotting Qo vs ν-1/2, as depicted in Fig. 

5(c). The QT values of W1 and W2 are 65 C.g-1 and 50 C.g-1, 

whereas the Qo values for W1 and W2 are 16 C.g-1 and 2 C.g-1 

respectively. Moreover, the Qi was estimated by subtracting Qo 

from QT. The Qi values for W1 and W2 are 49 C.g-1 and 48 C.g-1 

respectively. Furthermore, the detail charge kinetics were 

analysed with the diffusion coefficient (D) indicating the rate of 

ions migration from the solution via diffusion. The diffusion 

coefficient obtained from CV curves crucial insights into the 

transport dynamics of electroactive species within the 

electrolyte and their interactions with electrode surfaces. The 

diffusion coefficient (D) is estimated using the Randles-Sevcik 

equation according to Equation 9.47  

 

ip =(2.69x105)n3/2AD1/2Co1/2   (9) 

 

The diffusion coefficient (D) is measured in square centimetres 

per second (cm2 s-1), while the electrolyte concentration (Co) is 

given in moles per cubic centimetres (mol cm-3). The scan rate 

(ν) is expressed in Volts per second (V s-1), and the number of 

electrons involved (n) is 1. The peak current density is measured 

in milliamperes per square centimetres (mA cm-2). Fig. 5(d) 

shows the scan rate against anode peak current of W1 and W2. 

The diffusion coefficient of W1 is 4.77x10-4 cm2 s-1 and W2 

reduced to 2.43x10-4 cm2 s-1 confirms the superior H+ ion 

diffusion of W1. Furthermore, charge storage kinetics were 

analysed by evaluating the relationship between current and 

scan rate in CV curves, as expressed in Equation 10: 

  

i = a νb      (10) 

 

In this equation, ‘i’ represents the current, while ‘a’ and ‘b’ are 

adjustable parameters, and ‘ν’ denotes the scan rate. A ‘b’ value 

less than ‘0.5’ indicates a diffusion-controlled mechanism, 
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whereas a ‘b’ value of ‘1’ signifies a surface- charge storage 

mechanism. Fig. S5 illustrates the variation of the ‘b’ value at 

different voltages, ranging between 0.4 and 0.8, indicating a 

diffusion-controlled charge storage mechanism for both W1 

and W2. Although both systems exhibit diffusion-limited 

behaviour, W1 emphasized a relatively higher contribution from 

surface-driven processes than W2. Additionally, the 

electrochemical output in three electrode analysis of W1 and 

W2 as listed in Table S1. The storage capacity with cyclic stability 

of WO3.H2O in comparison to the available literature is outlined 

in Table S2. 

 

Aqueous Asymmetric Supercapacitor (AASC) Device  

 

The electrochemical investigations have validated superior 

electrochemical pseudocapacitive performance of W1 in 1 M 

H2O4 aqueous electrolyte. This encouraged to fabricate an 

Aqueous Asymmetric Supercapacitor (AASC) device by using 

activate carbon (AC) as positive electrode and W1 as negative 

electrode as depicted in Fig. 6(a). Fig. 6(b) presents the CV 

curves of W1 and AC at 10 mV s-1, highlighting a working 

potential window of 1.5 V. Fig. 6(c) illustrates the CV curves 

recorded at different scan rates. At lower scan rates (5 mV s-1 to 

20 mV s-1), the curves exhibit a semi-rectangular shape, 

indicating the reversible redox mechanism. Whereas, increasing 

scan rates (50 mV s-1), the CV curves become more rectangular 

due to the rapid ion movement.48 Additionally, Fig. 6(d) 

presents the CV curves that retained their rectangular shape 

even at elevated scan rates ranging from 100 mV s-1 to 200 mV 

s-1, indicating the excellent rate capability of the AASC device.49 

Fig. 6(e) presents the GCD curves at several current densities. At 

lower current densities (0.5 A g-1 to 2 A g-1), the curves exhibit 

charge-discharge plateaus, indicating the reversible redox 

mechanism of the AASC device. In contrast, the GCD curves 

become more ideally triangular at larger current densities due 

to faster charge kinetics and the enhanced EDLCs contribution. 

Furthermore, the specific capacitance of the AASC device was 

determined using Equation S2 and its current density 

dependence is shown in Fig. 6(f). The highest specific 

capacitance value of 40 F g-1 at 0.5 A g-1 is achieved. The inset of 

Fig. 6(f) displays the capacitance retention with increasing 

current densities, it revealed an impressive retention of 92.5 % 

even at higher current densities, which is in good agreement 

with the results in Fig. 6(d). However, specific energy density 

and specific power density was estimated using Equation S4 and 

S5 respectively.  Fig. 6(g) exhibits the specific energy densities 

vs specific power densities i.e. Ragone plot of the AASC device. 

It demonstrates a maximum energy density of 12.5 W h kg-1 at 

a power density of 3784 W kg-1.  

 Fig. 7(a) illustrates the specific capacitance maintenance 

percentage over charge-discharge cycle numbers, while the 

inset displays the CV curves of the 1st and 2000th cycles at 100 

mV s-1. It emphasized an impressive specific capacitance 

retention of 97 % after the 5000th cycles. The electrochemical 

charge mechanism of the AASC device was examined using EIS, 

as shown in Fig. 7(b–f). Fig. 7(b) shows the Nyquist plot of the 

AASC device, with the inset depicting the equivalent circuit 

diagram. Fig. 7(c) provides a magnified view of the high-

frequency region (blue dotted circle of Fig. 7b). The low Rs value 

of 0.0204 (Ω) indicates superior conductivity and effective 

device fabrication. The Rct value of 0.0031 (Ω) demonstrates an 

excellent electrode-electrolyte interface. Furthermore, the Zw 

value of 0.0235 (Ω) suggests rapid H⁺ diffusion in the WO₃·H₂O 

matrix. Additionally, fast reaction kinetics, indicated by a 

diffusive resistance (σ), were estimated for the AASC device 

using Equation (11). The electrolyte ion diffusion resistance (σ) 

was determined from the slope of the real part of impedance 

(Z') versus the reciprocal square root of frequency (ω-1/2) in Fig. 

7(d). the lower σ value of AASC device is 0.089 Ω s-1/2 showing 

the fast ion diffusion.50 

 

Zw = σω-1/2(1-j)   (11) 

 

Nevertheless, Fig. 7(e) shows the Bode phase plot of AASC 

device and phase angle of 62° at low frequencies, indicating 

capacitive behaviour. The knee frequency (f₀) obtained at  a 45° 

phase angle signifies an equal contribution of capacitive and 

resistive impedance.51 The achieved fo is 0.06 Hz and the 

relaxation time (τ = 1/f₀) value 16.66 s of AASC device. However, 

Fig. 7(f) shows the Log of real impedance vs Log of frequency 

revelling the real impedance of 0.019 Ω of AASC device at lower 

frequency. Additionally, the straight line observed in the 

middle-frequency region represents ion migration near the 

surface, while the horizontal line at high frequency indicates 

that ions insertion inside the layered structure of WO3-

x.H2O.52,53 These electrochemical evaluation demonstrated that 

W1 holds superior electrochemical properties, making it a 

capable electrode material for an aqueous asymmetric 

supercapacitors. 

Conclusion 

In conclusion, we successfully synthesized hydrated tungsten 

oxide (WO3-x.H2O) nanosheets assembled nanoflowers via a 

one-step wet chemical method. Effectively the morphological 

transition has achieved from nanoflowers (W1) to nanoribbons 

(W2) by controlling the reaction time, simultaneously 

conserved the orthorhombic crystal structure. The 

morphological transformation results in tuning the band gap, 

conductivity and ionic diffusion. Electrochemical measurements 

exhibit a higher specific capacitance of 70 F g-1 (W1) and 37 F g-

1 (W2) at 1 A g-1, which can be attributed to changes in 

morphology, improved conductivity, crystallinity and specific 

surface area with additional active sites. Furthermore, the 

fabricated Aqueous Asymmetric Supercapacitor (AASC) device 

demonstrated a specific capacitance of 40 F g-1 at 0.5 A g-1, 

delivering a specific energy of 12.5 W h kg-1 and a high-power 

density of 3784 W kg-1. The device also showed excellent cycling 

stability, retaining 97 % of capacitance over 5000 cycles. These 

findings highlight the potential of morphology-controlled WO3-

x.H2O nanostructures for advanced energy storage applications. 
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