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 A B S T R A C T

This research underscores the promising potential of SnO2-based materials in high-performance supercapacitor 
applications, with W5+ and W6+ ions serving as dopants. A range of characterization and testing was 
performed to examine SnO2 as an electrode material, focusing on understanding the influence of W ions 
on its electrochemical properties. Techniques such as scanning and transmission electron microscopy, X-
ray diffraction, Raman spectroscopy, and photoluminescence spectroscopy were employed to analyze the 
morphology and structure. Changes in defect structures due to W-doping and its oxidation state were 
detected via electron paramagnetic resonance and X-ray photoelectron spectroscopy, confirming the presence 
of W5+/W6+ redox pairs. An exhaustive electrochemical examination of undoped and W-doped SnO2 was 
performed, tested as electrodes in all-in-one symmetrical supercapacitor setups, with detailed performance 
assessments following. Results indicated that W addition significantly enhanced the specific capacitance of the 
host material, achieving a specific capacitance of 268 F/g at a 0.5% W ion concentration, along with improved 
energy and power densities of 36.8 Wh/kg and 2650 W/kg, respectively. This enhancement is attributed to the 
variable valence states of W ions, with the mixed W5+/W6+ state enhancing faradaic reactions and facilitating 
rapid charge transfer through hopping processes between different cation valence states at relatively low 
activation energies. Dunn’s analysis of the best-performing supercapacitor device indicated that, at higher scan 
rates, capacitive processes dominate the energy storage mechanism, with electric double-layer capacitance and 
rapid surface redox reactions playing a key role, while at lower scan rates, diffusion-based processes become 
more significant. This suggests that, at lower scan rates, electrolyte ions can penetrate deeper pores and interact 
with the W5+/W6+ redox-active sites introduced into the SnO2 host.
1. Introduction

The growing scarcity of fossil fuels, combined with the increasing 
energy demand and environmental concerns, has driven the need for 
alternative and sustainable energy sources [1]. Renewable energy tech-
nologies, such as solar, wind, hydroelectric, and geothermal energy, are 
promising solutions but face intermittency, limited storage capacity, 
geographical constraints, and weather dependence [2]. To address 
these limitations, energy storage devices have become essential for 
stabilizing energy systems and ensuring reliability [3].

I Supplementary information available.
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Batteries and capacitors are the most common energy storage tech-
nologies. Batteries offer a high energy density but are hindered by 
short lifetimes and low power density. Conversely, capacitors excel 
in recyclability and power density but suffer from low energy den-
sity [4]. Supercapacitors (SCs) have emerged as a hybrid solution 
combining both advantages. They offer high power density, rapid 
charge–discharge cycles, substantial storage capacity, low resistance, 
environmental friendliness, and long lifespans [5,6]. The electrode 
materials are vital components of SCs, significantly impacting the 
electrochemical performance of these devices. Modifying the properties 
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of the electrode material could help increase the specific capacitance 
of SCs, expanding the device’s energy density as well [7]. The specific 
capacitance (𝐶𝑃 ) and energy density (𝐸𝐷) are directly proportional, as 
described by 𝐸𝐷 = 𝐶𝑃 ⋅𝛥𝑉 2, 𝛥𝑉 2 being the operating voltage window. 
Therefore, the optimal electrode material must have a high surface 
area, controllable and increased porosity, high thermal and chemical 
stability, many electrochemical sites, and a defective structure [8,9].

Metal oxides (MO) offer pseudocapacitance and other properties 
for cost-effective electrode material, such as large surface area, good 
reproducibility, high defect structure, nontoxicity, low cost, and abun-
dance in the environment [10,11]. The commonly used metal oxides 
are nickel oxide (NiO), ruthenium dioxide (RuO2), manganese oxide 
(MnO2), and iridium oxide (IrO2), which have been used as electrode 
material in SCs, with literature demonstrating their good performance. 
Tin oxide (SnO2) is an n-type semiconductor with a wide band gap of 
3.62 eV, high electron mobility of 100–200 cm2/V, excellent long-term 
stability, rapid electron transport, and it offers pseudocapacitance. At 
the same time, it is a structurally stable material that is also cheap 
and abundant, making it a cost-effective electrode material [12]. The 
surface and the interior of SnO2 electron transport layer can contain a 
substantial number of Sn interstitial defects (Sni) and oxygen vacancy 
defects (VO).

Although the electrochemical performance of MOs shows promising 
values, it can be further enhanced through various techniques. One 
of the most effective ways to enhance the performance of MOs is 
by doping, which alters their structure and improves the photocat-
alytic and electrochemical properties of the active electrode material. 
Though reports are scarce, Tungsten (W) doped MOs have previously 
been reported as electrode materials for SC applications. Ahmed et al. 
[13] demonstrated pseudocapacitance in nano-sheets of W-doped NiO 
fabricated by a facile hydrothermal treatment. Besides the nano-sheet 
morphology, W doping significantly influenced the electrochemical 
performance. Due to a higher surface-to-volume ratio, the maximum 
specific capacitance of 872.32 F/g in 4 percent W-doped NiO is greater 
than in several other NiO-based materials. Their nanosheets showed 
high charging-discharging retention (84.38%) and reasonable cyclic 
stability (87.5%) after 3000 CV cycles at a 5 mV/s scan rate.

Huo et al. [14] have found that the electrical conductivity of SnO2
doped with Mo or W can be increased by one order. Thus, there is a 
possibility to modify the electrochemical properties of SnO2 by differ-
ent doping strategies [15]. Gao et al. [16] synthesized SO42 – /SnO2 by 
precipitation and calcination. Their SO42 – /SnO2 electrode exhibited a 
specific capacitance of 51.95 F/g, demonstrating good stability over 
more than 2000 cycles at a scan rate of 5 mV/s. Varshney et al. 
[17] synthesized mesoporous SnO2-NiO nanocomposites using modi-
fied sol gel method. The SnO2-NiO nanocomposite electrode exhibited 
capacitive behavior, with a maximum specific capacitance of 464.67 
F/g at a scan rate of 5 mV/s. Nithiyanantham et al. [18] synthesized 
chain-like SnO2 nano-assemblies at room temperature by a simple wet 
chemical route within an hour, using DNA as a scaffold. Various specific 
capacitance values were obtained, depending on the morphology of the 
resulting nanostructures, with the highest value being 209 F/g at a 
scan rate of 5 mV/s, retaining approximately 71% of the initial specific 
capacitance after 5000 cycles.

These previous studies highlight the potential of SnO2 based mate-
rials for high-performance supercapacitor applications. In the present 
study, SnO2 was doped with 0.5% tungsten (W), and the undoped 
and doped materials were thoroughly characterized and tested as elec-
trode material to understand how W doping affects the electrochemical 
performance of SnO2. Morphological and structural characterization 
was achieved using scanning and transmission electron microscopy 
(SEM/TEM), X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS). Alterations in the defect structure due to the introduc-
tion of the dopant were observed from analysis of the electron param-
agnetic resonance (EPR) and the photoluminescence (PL) spectroscopy. 
Finally, each sample underwent comprehensive electrochemical mea-
surements by making all-in-one symmetrical (SC) devices, followed by 
a detailed performance evaluation.
2 
Fig. 1. Schematic representation of the synthesis steps for the undoped and 
W-doped SnO2 samples.

2. Materials and methods

2.1. Materials and synthesis

Undoped and W-doped (0.1, 0.3, 0.5, and 0.7%) SnO2 samples were 
synthesized to demonstrate how the dopant affects the electrochemical 
and structural characteristics of SnO2 nanoparticles. A maximum of 
0.7% W dopant concentration was chosen to prevent the formation of 
secondary WO3 phases and to ensure good dispersion of the W ions 
in the host material, thereby avoiding dipolar interactions between the 
paramagnetic ions and resulting in a better-resolved EPR spectrum. The 
samples were labeled SnO2:W(x), with 𝑥 = 0, 0.1, 0.3, 0.5, and 0.7%.

The W-doped SnO2 nanoparticles were synthesized following a 
chemical precipitation method, reported in earlier works, with some 
minor modification [19,20], following the reaction scheme presented 
in Fig.  1. Firstly, 100 ml of aqueous solution containing 0.4 g of 
SnCl2 ⋅2H2O and x% of sodium tungstate was precipitated using 100 ml
of KOH solution (3.1 mM) until the pH value reached 11. The chemical 
reaction was then continued by adding 3 mL of polyethylene glycol 
400 (PEG400) and stirring for 3 h (aging time). Centrifugation was 
employed to separate the precipitate, cleaned 5 times with double-
distilled water before being dried in an oven at 70 ◦C for 12 h. The 
undoped and W-doped SnO2 nanoparticles were annealed at 550 ◦C 
for 2 h before being characterized. All used chemicals were of analytic 
quality and were used as such without further purification.

2.2. Characterization methods

A Hitachi HD-2700 microscope was used to assess the morphol-
ogy of undoped and W-doped SnO2 samples by scanning transmission 
electron microscopy (STEM). A Smart Lab Rigaku diffractometer with 
Cu–K𝛼 radiation was used to measure X-ray diffraction (XRD). All 
measurements were performed in the 10 to 90◦ range, with a 0.01◦
step. X-ray photoelectron spectroscopy (XPS) was used to investigate 
the sample surface composition using a custom-built SPECS spectrom-
eter equipped with a monochromatic Al anode (1486.71 eV). The XPS 
spectra were analyzed using the CasaXPS software. Integral intensities 
were calibrated with the corresponding relative sensitivity, transmis-
sion, and electronic mean free path factors from the CasaXPS database. 
The spectra were calibrated concerning the 284.6 eV adventitious C1s 
core-level line. A Shirley background was extracted from the spectra. 
An FS5 spectrofluorometer (Edinburgh Instruments), equipped with a 
150 W CW Ozone-free Xenon arc lamp, a Czerny–Turner with plane 
grating monochromators, and a PMT-900 emission detector, was used 
to collect photoluminescence spectra (PL). Electron paramagnetic reso-
nance (EPR) spectroscopy was performed at room temperature using a 
dual-band Bruker E-500 ELEXSYS spectrometer operating at an X-band 
frequency of 9.88 GHz. Measurements were performed under identical 
conditions with equal sample quantities to ensure consistency.

2.3. Supercapacitive properties measurements

Symmetrical all-in-one supercapacitor devices were assembled using 
undoped and W-doped SnO2 in 200 μL of 6 M KOH as electrolyte 
separated by a glass fiber separator, as presented in Fig.  2. The choice 
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Fig. 2. Schematic representation of the 2-electrode symmetric supercapacitor 
devices used in this study.

of 6 M KOH as the electrolyte is based on its well-established use in 
supercapacitor systems, particularly for metal oxide-based electrodes 
such as SnO2. KOH offers high ionic conductivity, chemical stability, 
and rapid ion transport, essential for evaluating the intrinsic electro-
chemical behavior of the electrode materials. A higher concentration, 
such as 6 M, ensures sufficient OH –  ions to support fast and reversible 
charge storage mechanisms, including electric double-layer and surface 
Faradaic reactions. The supercapacitor consisted of two circular-shaped 
bolts as current collectors. The areal mass loading of the electrodes on 
this device is approximately 2.65 mg/cm2, with a total mass of 3 mg 
per electrode. A BioLogic VMP 300 electrochemical workstation was 
used to test the electrochemical performance of the electrode materials. 
The techniques included cyclic voltammetry (CV), potentiostatic elec-
trochemical impedance spectroscopy (PEIS), and galvanostatic cycling 
with potential limitation (GCPL). CV measurements were performed 
within a voltage window of 0 to 1 V, with scan rates ranging from 
2 to 200 mV/s. PEIS was performed with an AC signal amplitude of 
10 mV across a frequency range of 10 mHz to 1 MHz. GCPL tests were 
conducted at a current density of 0.8 A/g. Specific capacitance, energy 
density, and power density were calculated based on data from CV and 
GCPL.

3. Results and discussion

Before being used in SC applications, the undoped and W-doped 
SnO2 samples were thoroughly morphostructurally characterized using 
various techniques, including scanning electron microscopy (SEM)/
transmission electron microscopy (TEM), energy-dispersive
spectroscopy (EDS), X-ray diffraction (XRD), ultraviolet–visible spec-
troscopy (UV–Vis), and Raman spectroscopy.

The SEM and TEM images corresponding to the SnO2:W 0 and 
0.5% samples are shown in Figure S-STEM⋆, 3a and b, indicating 
the formation of polyhedral nanoparticles with an average size of 
15 nm, while the elemental distribution, obtained using EDS mapping 
(Fig.  3c), confirms a uniform distribution of the Sn and O atoms and 
the doping W ions in the SnO2 nanoparticles, demonstrating that the 
doping process was successful and that the W ions are present in the 
samples. The doping W ions do not change the shape and size of the 
host SnO2 material.

XRD was performed further to evaluate the effect of the dopant W 
ions on the SnO2 structure. Fig.  3d shows the obtained diffractograms, 
where it can be seen that all the diffraction peaks could be identified 
3 
Table 1
Lattice parameters, unit cell volume, crystallite size, and band gap energy of 
the undoped and W-doped SnO2 nanoparticles.
 Sample 𝑎 = 𝑏 𝑐 𝑉 𝑑  
 /Å /Å /Å3 /nm 
 SnO2 4.7349(15) 3.1847(19) 71.4 10.4 
 SnO2:W 0.1% 4.7385(13) 3.1846(14) 71.5 9.3  
 SnO2:W 0.3% 4.7346(11) 3.1851(13) 71.4 11.5 
 SnO2:W 0.5% 4.7351(14) 3.1853(15) 71.42 10  
 SnO2:W 0.7% 4.736(2) 3.185(2) 71.43 10  

as being part of a rutile-type structure with tetragonal symmetry (00-
021-1250) specific for SnO2. Rietveld analysis of the diffractograms 
allowed the determination of the lattice parameters and the unit cell 
volume. The results are presented in Table  1, where doping increases 
the unit cell volume slightly. This increase was not expected since the 
ionic radius of the W ions in different oxidation states is lower than 
that of Sn+ (0.67 Å) [21]. The increase of the unit cell can be due 
to the appearance of oxygen vacancies by replacing Sn4+ ions with 
W6+ ions, which is the most stable oxidation state of tungsten [21,22]. 
The Sn vacancies could compensate for the extra positive charge in the 
crystal lattice of SnO2 by doping with a higher oxidation state ion. The 
crystallite size (𝑑) remains relatively unchanged by doping, indicating 
that the presence of W ions in the host lattice does not significantly 
impact the growth of the crystallites.

The Raman spectra of the undoped SnO2 showed typical peaks for 
tetragonal rutile structure at 467, 621, and 764 cm−1, corresponding 
to the E1g, A1g and B2g vibration modes, respectively. The peaks of 
the same vibrational modes for W doped SnO2 experienced shifts 
as depicted in Fig.  3e; 469 and 616 corresponding to E1g and A1g. 
Additionally, two new peaks appeared in the doped SnO2 at 238 and 
275 cm−1, attributed to different types of oxygen vacancies. Liu et al. 
[23] concluded that the IR active mode ∼234 cm−1 can transform into 
Raman active mode due to the relaxation of the k = 0 rule, induced by 
subbridging oxygen vacancies.

The surface composition of the SnO2:W 0.7% sample was analyzed 
with XPS. In Figure S-XPS⋆, the survey spectrum is represented, where 
the elements Sn, W, O, and C were successfully identified. For the 
quantitative analysis of the samples, the spectral lines corresponding 
to Sn3d, O1s, W4f, and C1s were recorded. Fig.  4a presents the decon-
volution of the Sn3d spectrum. Sn 3d5/2 positioned at 486.8 eV and 
3d3/2 positioned at 495.2 eV are characteristic of the Sn4+ oxidation 
state [21,24]. Also, two shake-up satellites were used in the deconvo-
lution process, which can be observed at higher binding energies. Fig. 
4b shows the deconvolution of the W4f spectrum, considering a small 
stoichiometric variation corresponding to oxygen vacancies. This is 
expected at the nanoscale and also confirmed by Raman measurements. 
W 4f 7/2 positioned at 35.7 eV and 4f 5/2 at 37.9 eV is characteristic of 
the W6+ oxidation state as also observed in SnO2:W doped with higher 
4 and 5% concentrations [21,24]. The W5+ oxidation state is observed 
at lower binding energies, 4f 7/2 positioned at 34.8 eV and 4f 5/2 at 
37.0 eV [25]. The calculated W5+/W6+ ratio is 0.24. The W doping was 
calculated from the integral intensities of the XPS core-level peaks, with 
a W:Sn atomic ratio of 0.0045, indicating that the doping process was 
successful and that the desired dopant ion concentration is present in 
the sample.

PL spectroscopy was performed on the SnO2-based samples to get 
information on the defect-related emissions. An excitation wavelength 
of 325 nm was used, and the results are shown in Fig.  5a. Both 
undoped and W-doped SnO2 show one high-intensity peak centered 
around 420 nm. The high-intensity peak of PL is associated with surface 
defects such as oxygen vacancies (VO), which are widely reported for 
SnO2 [26,27]. However, some sources suggest that the emission is due 
to Sn vacancies (VSn), which provide acceptor levels below the conduc-
tion band edge [28]. Some weaker emission peaks appear around 438 
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Fig. 3. SEM (a) and TEM (b) micrographs of the SnO2:W 0.7% sample showing the nanostructure of the material. Elemental analysis performed by EDS (c). XRD 
diffractograms (d) and Raman spectra of the undoped and W-doped SnO2 samples.
and 451 nm. These emissions are associated with other defect centers, 
such as Sn interstitials or dangling bonds of the nanocrystal [27]. 
The reduction in the intensity of this peak for the W-doped samples, 
except for 0.3%, shows that the doping ions are replacing the intrinsic 
vacancies and suppressing the defect-related emissions. Fig.  5b and S-
PL⋆ show the Gaussian deconvolutions of the PL spectra of the undoped 
and W-doped samples. The deconvolutions show the reduction of the 
total blue emission area of the W-doped samples compared to the 
undoped SnO2, which shows that defect-related emission is reduced by 
introducing W ions.

The undoped and W-doped SnO2 samples were analyzed using elec-
tron paramagnetic resonance (EPR) spectroscopy, a powerful tool for 
detecting and characterizing paramagnetic centers present in materials. 
In SnO2, defects such as reduced tin cations and singly ionized oxygen 
vacancies can be present, which are EPR active. The EPR spectra are 
presented in Fig.  5c, where the undoped SnO2 has one low-intensity 
resonance line with a g-value of 1.9, which is too small to be attributed 
to oxygen vacancies. Hajimoto et al. [29] identified this signal in 
similar SnO2 samples and attributed it to interstitial Sn3+ defects, 
while Itoh et al. [30] attributes it to Sn3+ paramagnetic centers on the 
surface of reduced SnO2-based materials. Silva et al. [31] observed two 
isotropic EPR signals with g = 2.014 and 𝑔 = 1.994 and attributed them 
to Sn3+ centers in SrSnO3 perovskites. Thus, we attribute the EPR signal 
with 𝑔 = 1.9 observed for the undoped SnO2 sample to reduced Sn3+
centers in SnO2.

The Sn3+ related EPR signal disappears once the W-dopant is added 
to the system, indicating that tungsten replaces these centers in good 
accordance with the PL results. At the same time, a strongly distorted 
rhombic EPR signal at higher magnetic fields (350–420 mT region) is 
observable with g ∼ 1.7, which we associate based on literature to W5+

(d1) ions in distorted environments [32–34].
4 
The electrochemical performance of the synthesized samples was 
tested by assembling an all-in-one symmetric two-electrode system 
supercapacitor device. 6 M KOH was used as the electrolyte, with glass 
fiber as the separator.

CV characterization was performed to obtain information on the 
reaction kinetics and the type of charge storage phenomenon that 
dominated the reaction. Fig.  6a shows the CV curves of the undoped 
and W-doped SnO2-based supercapacitor devices, measured at 100 
mV/s in the 0–1 V voltage window. The CV curves of the devices 
exhibit a significant difference in shape as the W-dopant concentration 
increases, highlighting the impact of the doping ions on the device’s 
electrochemical performance. The undoped SnO2 shows a non-ideal 
quasi-rectangular CV curve, which illustrates a deviation from an ideal 
EDLC-type supercapacitor CV curve, that shows a perfect rectangle 
shape [35,36]. The rounding of the edges in practical supercapacitor 
devices, due to internal resistance between the components and the 
influence of faradaic reactions, leads to a sharp increase in the current 
value at maximum voltage, facilitating this shift from ideal rectangular 
behavior [35]. Transition metal oxides are generally associated with a 
pseudo-capacitance behavior in supercapacitor devices as the transition 
metals have variable oxidation states, favoring faradaic reaction at 
the electrode-electrolyte surface [9]. The undoped SnO2 based device 
shows the lowest current value along with the smallest area of the curve 
compared to all other devices, indicating that even low W-dopant con-
centrations positively impact the SnO2 electrochemical performance. 
Figure S-CV⋆ shows the CV scans for all devices measured at different 
scan rates, which is important to analyze the rate capability, reversibil-
ity, and charge storage phenomenon evolution with changing scan rate. 
The multiple scan rate CV for undoped SnO2 shows that the CV curve 
becomes more rectangular at lower scan rates, shifting towards ideal 
EDLC behavior as ions have enough time to access the full surface 
area. As the scan rate increases, the CV curves start to distort and skew 
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Fig. 4. Deconvoluted XPS spectra of Sn3d (a) and W4f (b) spectral lines 
measured on the SnO2:W 0.7% sample.

further from a rectangular shape, indicating the reduced accessibility 
of internal surface area and slower ion transport kinetics. The loss of 
ideal capacitive shape at high scan rates confirms that charge storage 
in the undoped SnO2-based supercapacitor device is primarily governed 
by surface-limited EDLC processes, with no significant pseudocapacitive 
contribution and limited electronic conductivity.

Compared to the undoped SnO2, which displays ideal EDLC be-
havior with nearly rectangular CV-shaped curves, the 0.1 and 0.3% 
W-doped SnO2-based devices showed higher current values and in-
creased pseudocapacitive behavior. The 0.1% W-doped sample exhibits 
a slight Faradic hump in its CV curves, particularly at lower scan 
rates, as can be seen in Fig.  6 and S-CV⋆, and far higher current re-
sponse. This feature suggests the emergence of surface redox reactions, 
indicating that low-level W doping begins to introduce pseudocapac-
itive characteristics. Incorporating W5+ or W6+ ions likely generates 
oxygen vacancies and localized redox-active sites, enhancing the elec-
trochemical reactivity of the electrode surface. At 0.3% W-doping, this 
pseudocapacitive contribution becomes more subtle in influence, with 
broader and more asymmetric CV shapes developing as the scan rate 
increases, with a lower current response than in the case of 0.1% W-
doped based device, but a visible rise in the area of the CV curve. 
Despite the increased redox behavior, the curves retain a significant 
capacitive character, indicating a mixed mechanism involving both 
EDLC and Faradaic processes.

The CV curve of the SnO2:W 0.5 and 0.7% -based supercapacitor 
devices show a complete shift from the ideal EDLC-type behavior and 
a dominant pseudo-capacitance type behavior along with prominent 
redox peaks and a significant increase in the current response, which 
signifies that the addition of W ions in SnO  leads to further diffusion of 
2

5 
Fig. 5. Photoluminescence spectroscopy of undoped and 0.5% W-doped SnO2
samples (a) and Gaussian fit of the PL spectra of 0.5% W-doped SnO2 sample 
(b). EPR spectra of the undoped and 0.5% W-doped SnO2 samples.

ions from the surface to the bulk of the material, improving the electro-
chemical properties of the device. Fig.  6 shows that SnO2:W 0.5% based 
device reported the highest current response and the highest area of the 
CV curve.

The specific capacitance value can be calculated using the area 
under the CV curve using the following equation: 𝐶𝑠 =

∫ 𝑉2
𝑉1

𝐼(𝑉 )d𝑉

2𝑚𝐾𝛥𝑉 , 
where 𝐶𝑠 is the specific capacitance, ∫ 𝑉2

𝑉1
𝐼(𝑉 )d𝑉  represents the area 

under the CV curve, 𝑚 is the mass of the active electrode material, 𝐾
is the scan rate at which the CV was acquired and 𝛥𝑉  is the voltage 
window. The specific capacitance values obtained at different scan rates 
are presented in Fig.  6b. The SnO2:W 0.5%-based device shows signif-
icantly higher specific capacitance values at each scan rate compared 
to the undoped SnO  and other W-doped SnO  devices. The highest 
2 2
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Fig. 6. Cyclic voltrammetry curves measured at 100 mV/s scan rate (a) and 
𝐶𝑃  values obtained at different scan rates for the undoped and 0.5% W-doped 
SnO2 samples. Capacitive and diffusive contributions to the energy storage 
process obtained with the Dunn method for the W-doped SnO2 sample (c).

specific capacitance value recorded for SnO2:W 0.5%-based device was 
268 F/g at 2 mV/s followed by SnO2:W 0.7% based device, which 
showed 172 F/g at 2 mV/s. The undoped SnO2 based device shows 
the lowest specific capacitance value at each scan rate, highlighting the 
positive impact of W doping. The trend suggests that the increase in 
W doping concentration increases the supercapacitor performance up 
to a certain concentration, after which a saturation point is reached; 
further increases in dopant concentration decrease the supercapacitor 
performance. Table  2 shows the maximum specific capacitance value 
obtained from all the devices, with energy and power density values 
6 
Fig. 7. Nyquist plots with the inset showing the high-frequency region (a), 
capacitance retention (b), and Galvanostatic Charge–discharge results of the 
supercapacitors employing undoped and W 0.5%-doped SnO2 as electrode 
materials.

calculated from this specific capacitance value. Energy and power 
density values are standard performance metrics for energy storage 
devices. The best performing SnO2:W 0.5% based devices showed the 
highest energy and power density, followed by SnO2:W 0.7%, while the 
undoped device showed the lowest energy and power density values.

To observe the contribution of diffusive and capacitive phenom-
ena in the energy storage process of the W-doped sample, a Dunn 
analysis for the best-performing SnO2:W 0.5% based SC device was 
performed [37]. The equation used to calculate the contributions is 
expressed as 𝐼(𝑉 ) = 𝑘1 ⋅ 𝑣+ 𝑘2 ⋅

√

𝑣, where 𝑘1 represents the capacitive 
current, 𝑘  represents the diffusive current, and 𝑣 is the scan rate. 
2
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Table 2
Equivalent circuit values obtained from Z-fitting of the Nyquist plots, and 
energy (𝐸𝐷) and power (𝑃𝐷) density values of the undoped and W-doped
SnO2.
 Sample 𝑅1/Ω 𝐶𝑑𝑙/μF 𝑅2/Ω 𝐶𝑠𝑝/F/g 𝐸𝐷/Wh/kg 𝑃𝐷/W/kg 
 @ 2 mV/s  
 SnO 2.48 2.76 496 31.27 4.34 312  
 SnO:W 0.1% 2.31 4.85 8612 73.12 10.15 730  
 SnO:W 0.3% 5.22 19.20 687 74.51 10.34 744  
 SnO:W 0.5% 1.19 8.39 350 268 36.8 2650  
 SnO:W 0.7% 1.53 1.37 64.76 171.48 23.82 1715  

The relative contributions of each mechanism can be quantified by 
analyzing the slope and intercept of a Dunn plot. In the inset of Fig.  6c, 
the percentage contribution at different scan rates is presented; the ca-
pacitive contribution dominates at high scan rates, while the diffusion 
contribution starts to dominate at lower scan rates. It aligns with the CV 
curves observation, where we report that EDLC and pseudo-capacitance 
are involved in charge storage. The Dunn analysis suggests that at 
higher scan rates, charge storage is primarily governed by surface-
controlled processes, such as electric double-layer capacitance and fast 
surface redox reactions, and as we move to lower scan rates, where 
the diffusion-controlled processes are more significant, indicating that 
electrolyte ions have sufficient time to access deeper pores and interact 
with redox-active sites. Fig.  6c shows the capacitive and diffusive 
contributions for the W 0.5%-doped SnO2 sample at 20 mV/s, where 
almost 60% contribution comes from the diffusive part.

EIS spectroscopy is another powerful method to characterize the 
electrochemical performance of supercapacitor devices. It can provide 
valuable information on the resistance in the charge flow, which can 
be linked to the device’s performance. Fig.  7a shows the Nyquist plot 
of all the supercapacitor devices using undoped and W-doped SnO2
electrodes. Nyquist plots are a standard method to present EIS data, 
where imaginary impedance values are plotted against real impedance.

In line with the CV results, we observe that the SnO2:W 0.5% and 
SnO2:W 0.7% based supercapacitor devices have the smallest diameter 
of the Nyquist plot compared to the other devices, which show a 
significantly larger diameter, indicating a higher resistance to charge. 
The inset of Fig.  7a shows the enlarged area of the high-frequency 
region; the x-intercept in the high-frequency region shows the value of 
the solution resistance (𝑅𝑠), which is the natural resistance between the 
electrode and electrolyte interface [38]. Again, we observed the lowest 
𝑅𝑠 value for the SnO2:W 0.5% and SnO2:W 0.7% based supercapacitors. 
A small semicircle in the high-frequency region is associated with 
the charge transfer resistance (𝑅𝑐𝑡), which is not visible for either 
device. The diameter of the overall Nyquist plot, which ranges in 
total frequency, can also be related to 𝑅𝑐𝑡 if the small semicircle in 
the high-frequency region is missing indicating low 𝑅𝑐𝑡 values for 
all supercapacitors, including SnO2:W 0.5% and SnO2:W 0.7% based 
ones [39].

Z-fit was performed to determine the equivalent circuit values. The 
fitted curve and the equivalent circuit used are shown in Figure S-
Zfit⋆. Here, 𝑅1 represents the solution resistance (𝑅𝑠), 𝑅2 is the charge 
transfer resistance (𝑅𝑐𝑡), and 𝑄 denotes a constant phase element (CPE), 
which is a more generalized impedance element that accounts for non-
idealities in the capacitor’s behavior. 𝑄1 in the circuit is analogous to 
𝐶𝑑𝑙, which is the double-layer capacitance, while 𝐶2 or 𝑄2 represents a 
pseudo-capacitance (which was also discussed in the CV section). 𝑊
shows the Warburg impedance from ion diffusion in the electrolyte 
at a low-frequency region. 𝐿 is the inductance component, a negative 
imaginary impedance (downward curve) at higher frequencies. This 
feature represents an electrochemical system where unusual inductance 
effects may occur due to component wiring or stray current. The fitted 
values of the components are presented in Table  2, where a high 𝐶𝑑𝑙
and low 𝑅  and 𝑅  values were obtained for the best performing device 
𝑠 𝑐𝑡
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employing SnO2:W 0.5% as an electrode material, as compared to all 
the other devices.

In W-doped SnO2 electrodes, the electrochemical impedance data 
reflect two main resistive contributions: the interfacial resistance of 
the SnO2 matrix and the charge-transfer resistance associated with the 
W5+/W6+ redox sites. At high frequencies, the response is dominated 
by the intrinsic SnO2/electrolyte interface, which governs double-layer 
charging and electron transport through the oxide network. At in-
termediate frequencies, an additional process becomes evident in the 
doped samples, corresponding to the kinetics of the W5+/W6+ redox 
couple. These W-related redox centers provide extra pseudocapacitive 
storage and introduce a distinct charge-transfer resistance compared 
to the undoped oxide. At low frequencies, the spectra are influenced 
by ion diffusion within the porous electrode. W doping modifies this 
pathway by creating oxygen vacancies (shown in PL, Raman, and EPR 
results) and structural distortions that open additional ion channels 
and enhance electrolyte accessibility. Thus, while the undoped material 
shows mainly interfacial resistance linked to SnO2, the doped systems 
exhibit a superimposed W-related charge-transfer process together with 
improved ionic transport, which explains both the higher capacitance 
and the altered impedance response of the 0.5% W-doped electrode.

The galvanostatic charge–discharge and capacitance retention
graphs are shown in Fig.  7c and b, obtained with the GCPL technique. 
The capacitance retention plotted for 10000 cycles shows the cyclic 
stability of the tested device. We observed that, in general, all devices 
showed excellent cyclic stability, with the lowest retention obtained 
for SnO2:W 0.5% based device, which showed a retention of about 
90% after 10000 cycles. The best performing device with the lowest re-
tention, this behavior is likely linked to its enhanced pseudocapacitive 
activity, as revealed by cyclic voltammetry and Dunn analysis, which 
involves redox reactions at or near the electrode surface. While these 
redox processes contribute significantly to the charge storage process, 
making the material more susceptible to structural degradation, volume 
fluctuations, and surface passivation over prolonged cycling.

Furthermore, the increased concentration of W dopants and asso-
ciated oxygen vacancies may introduce lattice distortions or create 
chemically unstable sites that promote irreversible side reactions in the 
alkaline KOH electrolyte. Fig.  7c shows the charge–discharge curves for 
all devices, where the second cycle is presented. The result supports 
our previous observation, where higher W concentrations show the 
longest discharge time, with the best performing SnO2:W 0.5% based 
supercapacitor device showing the best result, followed by SnO2:W 
0.7% based device. All other device shows more or less similar times, 
but far shorter. The charge–discharge curve for the SnO2:W 0.5% and 
SnO2:W 0.7% based device also highlights the increased influence of 
pseudo-capacitance for charge storage as observed in the CV results. 
An EDLC-type curve exhibits a perfect triangular shape with symmetry 
in charging and discharging; however, with pseudo-capacitance, some 
distortion occurs in this perfect triangle, as we observed for these two 
devices, where at lower voltage, the curve becomes slightly horizontal, 
highlighting redox activity.

The supercapacitive properties of the proposed material were also 
evaluated in an asymmetric SC device to get a better insight into the 
synergy and application possibilities. Figures S-Asym⋆ (a)–(e) shows 
the electrochemical measurements of one asymmetric cell, which is 
assembled using the best performing SnO2:W0.5 material on one side 
and active carbon on the other, keeping all the other parameters the 
same. The results show a drop in current response (Figure S-Asym⋆

(a) and (b)) and the calculated specific capacitance from the CV data 
(Figure S-Asym⋆ (c)). This can be explained by the increased EDLC 
influence in the supercapacitor cell due to the presence of the carbon-
based material. The disappearance of the redox peaks and shifting of 
the CV curve to a more quasi-rectangular shape highlight the reduction 
in pseudocapacitance. The Nyquist plot (Figure S-Asym⋆ (d)) and the 
charge discharge curve (Figure S-Asym⋆ (e)) also show low impedance 
and shorter discharge time for the asymmetric SC device. These results 
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Table 3
Electrochemical performance values of various SnO2 based materials; 
specific capacitance (𝐶𝑝), energy density (𝐸𝐷) and power density (𝑃𝐷)

Sample 𝐶𝑝 / F/g 𝐸𝐷 / Wh/Kg 𝑃𝐷 / W/Kg Ref.

SO42 – /SnO2 51.95 – – [16]
SnS2 – SnO2 149 – – [40]
SnO2 - rGO 262.2 – – [41]
MoS2 – SnO2 61.6 – – [42]
SnO2:Au 234 13.5 4500 [43]
SnO2:Zr 166 – – [44]
SnO2 - CC 247 – – [45]
SnO2 122 – – [46]

SnO2:Mn-Al 973.7 24.3 283.2 [47]
SnO2 – CuS:Y 252 16.2 740 [44]
SnO2 – ZnO 538.9 14.80 2512.35 [48]

SnO2 – MoS2 - GO 102 32 5520 [49]
SnO2 – SnSe - AC 93.8 33.4 4003.7 [50]

SnO2:Fe 270 – – [51]
SnO2:Cu 251 – – [51]
SnO2:Zn 223 – – [51]

SnO2 – Co3O4 606 52.2 6280 [52]
ZnO:Mn 340 47.1 59700 [53]
MnO2 603 50 3570 [54]
RuO2 400 25 10560 [55]
SnO2:W 268 36.8 2650 t.w.

show that synergy between the Sn2:W 0.5 electrode components in sym-
metric combination is more favorable to enhance the supercapacitor 
performance compared to the asymmetric device.

The positive impact of W-doping on the electrochemical perfor-
mance of SnO2 is evident in the results obtained by supercapacitor 
measurements. As shown in the EPR and XPS results, the variable 
valence state of W ions was crucial in achieving high specific capac-
itance values. The W-ions exhibit a mixed valence state of W5+ and 
W6+, facilitating an enhanced faradaic reaction in the cell, resulting 
in high supercapacitive performance. As also shown by Li et al. [56], 
W5+/W6+ redox pairs enable fast charge transfer via hopping processes 
between different valence states of cations at relatively low activa-
tion energies. While W-doped SnO2 shows enhanced capacitance and 
improved charge storage behavior, certain limitations should also be 
acknowledged. First, as with most aqueous KOH-based supercapacitors, 
the voltage window is restricted to 1.0 V due to the thermodynamic 
decomposition of water. Extending the potential range beyond this limit 
risks electrolyte breakdown and gas evolution, which can compromise 
long-term stability. This constraint inherently limits the maximum 
energy density achievable in aqueous systems, even when electrode 
performance is optimized. Second, although tungsten doping effectively 
tunes the defect chemistry and introduces additional redox-active sites, 
it also adds a cost factor compared to pristine SnO2. While the low 
doping levels (≤0.7%) mitigate this concern to some extent, large-scale 
implementation would require a careful balance between performance 
gains and economic feasibility.

Table  3 compares various undoped and doped SnO2-based materi-
als’ supercapacitive properties along with SnO2 based composites and 
different metalic oxides [40,43–48,53–55]. It is important to note that 
in this study, no carbon-based booster materials were used to enhance 
the energy storage capability of the materials, like, for example, in the 
work reported by Zhang et al. [41], where SnO2 nanorods/reduced 
graphene oxide nanocomposites were prepared using a two-step hy-
drothermal method. The specific capacitance of this composite had a 
maximum value of 262.2 F/g at a current density of 100 mA/g in 1 
M Na2SO4 electrolyte. Another similar work was presented by Zhang 
et al. [57], where a three-dimensional lamellar SnO2 nanostructure 
was grown on carbon cloth using a hydrothermal method. The spe-
cific capacitance reached 247 F/g at a current density of 1 A/g. The 
capacitance retention remained at approximately 76.9% after 10,000 
cycles. Although these studies report slightly higher specific capaci-
tance values, the stability of the W-doped SnO  material is significantly 
2
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improved. Prabukumar et al. [42] reported MoS2 – SnO2 nanocomposite 
materials that were used for supercapacitor applications, where SnO2
nanoparticles were placed on the surface of MoS2 nanosheets by a lig-
and exchange process. The composites had a specific capacitance value 
of 61.6 F/g. In a study that investigated asymmetric supercapacitors 
using GO as the negative electrode and SnO2 – MoS2 composite as the 
positive electrode [49], the maximum reported capacitance value at 
a current density of 1 A/g was 102 F/g, significantly lower than the 
value obtained in this study (268 F/g). The energy density was also 
lower (32 Wh/kg). However, the power density was much higher (5520 
W/kg), and the cycling stability was 92.2% after 5000 cycles compared 
with 80% after 2000 cycles in this study. In another study, Shah 
et al. [50] tested an asymmetric supercapacitor using as electrode 
material SnO2 – SnSe nanocomposite for the cathode and activated 
carbon as an anode. The specific capacitance obtained was 93.8 F/g, 
with energy and power densities of 33.4 Wh/kg and 4003.7 W/kg, 
respectively. A study by Shah et al. [52] investigated SnO2 – Co3O4
nanocomposites as an electrode material for supercapacitors, and ob-
tained a specific capacitance of 606 F/g. Inspired by this remarkable 
performance, the same study realized an asymmetric supercapacitor 
device, using SnO2 – Co3O4 nanocomposite for the cathode material 
and activated carbon for the anode material. The specific capacitance 
was 116 F/g, energy density 52.2 Wh/kg, and power density 6280 
W/kg. Some studies report on transitional metal-doped SnO2 materials 
used for supercapacitor applications that present good results for the 
specific capacitance value. Researchers examining SnO2 doped with 
transition metals Fe, Cu, and Zn found that at a current density of 
0.5 A/g, the specific capacitances were 270, 251, and 223 F/g, re-
spectively [51]. It was observed that the specific capacitance declined 
markedly at increased current densities. The study, which was con-
ducted in a 3-electrode configuration, suggested that these capacitance 
values would likely decrease in practical testing devices. In comparison, 
our research demonstrated a superior specific capacitance of 268 F/g 
with the best-performing SnO2:W 0.5-based SC device, highlighted by 
improved energy and power density over W-doped SnO2. Literature 
shows a broad range of specific capacitance values for SnO2-based 
electrode materials in supercapacitor applications, highly influenced by 
testing conditions and the choice between a 2- or 3-electrode setup, 
affecting their overall performance considerably. This study evaluates 
the complete supercapacitor device without carbon-based materials, 
showcasing the potential of W-doped SnO2 as electrodes. Moreover, 
precise defect engineering, through optimal synthesis and thorough 
defect analysis using advanced techniques like EPR, XPS and PL, is 
crucial for enhancing supercapacitor performance.

4. Conclusions

In summary, introducing W5+/W6+ redox pairs into the SnO2 struc-
ture enables fast charge transfer via hopping processes between dif-
ferent valence state cations at a relatively lower activation energy, 
thereby enhancing the supercapacitive properties of the host material. 
Adding 0.5% tungsten to SnO2 improves the specific capacitance almost 
three times, increasing it to 268 F/g at a 2 mV/s scan rate, with 
remarkable energy and power densities of 36.8 Wh/kg and 2650 W/kg, 
respectively. The presence of the W5+/W6+ redox pairs was evidenced 
by electron paramagnetic resonance and X-ray photoelectron spec-
troscopy. Additionally, Raman and photoluminescence spectroscopy 
proved the existence of oxygen vacancies in the undoped SnO2, key 
factors in forming the pairs mentioned above. SnO2:W 0.5% shows 
prominent variations in the supercapacitive features, with the charge-
storage process dominated by pseudo-capacitance. The drop in the 
peak current values at a lower scan rate relates to the rate capability 
of the device, which presents great capacitance retention values after 
2000 cycles of 80%, which proves that W5+/W6+ redox pairs play a 
crucial role in enhancing the supercapacitive properties of metal oxides, 
especially for SnO .
2
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