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l, and electrochemical properties
of tungsten-doped cadmium zinc phosphate
nanoporous materials for energy storage and
peroxide detection†

A. M. Mansour, *a Hend S. Magar, b Amir Elzwawy, c Ali B. Abou Hammada

and Amany M. El Nahrawy a

The demand for clean, efficient, and sustainable energy storage solutions drives significant advancements in

materials science. This study investigates the synthesis and characterization of cadmium zinc phosphates

(CdO-ZnO-P2O5) doped with different tungsten (CZWP) concentrations using the sol–gel method. The

structural, binding energy, morphological, Brunauer–Emmett–Teller (BET) analysis, thermal, optical, and

electrochemical properties were thoroughly examined. X-ray diffraction (XRD) confirmed a crystalline

structure with tunable properties influenced by tungsten doping. Scanning Electron Microscopy (SEM)

revealed well-ordered nanoparticles exhibiting a homogeneous distribution that was enhanced by W

doping. BET reveals a moderate specific surface area, mesoporous structure, and dual-porosity

characteristics, offering insights into their potential applications in photocatalysis, energy storage, and

gas sensing. The TGA results indicate that tungsten doping in cadmium zinc phosphate reduces the

material's coordinated water content and increases the thermal stability of the material. Optical analyses

demonstrated a shift in the bandgap and an increase in optical electronegativity, highlighting the

material's potential in optoelectronics. Electrochemical characterization using cyclic voltammetry (CV)

and electrochemical impedance spectroscopy (EIS) identified an optimal doping level of 2.0% W for

improved charge transfer and specific capacitance, confirming its suitability for supercapacitors.

Furthermore, the 2.0% W-doped electrode exhibited outstanding performance in hydrogen peroxide

(H2O2) sensing, achieving high sensitivity, a wide linear range, and low detection limits. These findings

highlight CZWP nanostructures as promising candidates for energy storage and sensing applications.
1 Introduction

Science is advancing rapidly to tackle energy storage and
industrial challenges. Energy acts as the driving force behind
the growth of civil society and development. Thus, the acqui-
sition of clean, eco-friendly, and low-cost routes for energy
production, storage, and manipulation is immensely
required.1–4 Scientists and engineers are conducting research on
energy conversion and storage as a crucial topic due to the
rising demand for energy appliances, according to changes in
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lifestyle and living standards.5,6 Also, these devices can be
deployed in situations where substantial power density is
needed, especially for electric cars, electrical apparatus,
sensors, supercapacitors, and CO2 emission mitigation.7,8 The
challenge for these sectors is to optimize a cost-effective
approach and achieve a robust active material.6,9,10

Amongst the elevation of preparation methodologies, the
sol–gel technique is believed to satisfy desired requirements as
it offers a facile, reproducible, and consistent route with high
purity of the synthesized nanomaterials.11–13 Besides, the sol–gel
requires reduced temperature and provides a low-cost as well as
manipulated optical, electrical, and morphological facility.14–16

Moreover, the mentioned sol–gel procedure is capable of the
introduction of binary nanoparticles concurrently delivering
a one-pot synthesis track uponmixing twometals or metal oxide
precursors in specic adjustable portions.14,17–20

It is noteworthy to mention that the introduction of novel
materials can reect an impactful contribution to attaining
high-performance supercapacitor strategies.21 Nanostructured
materials are promising according to their elevated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
specications and provided merits. Nanoparticles are widely
used in various applications due to their exceptional properties,
including a larger surface area, enhanced structural stability,
higher surface energy, and increased diffusion rates.22,23 An
important consideration in energy conversion and storage
progress for sustainable human development is specic
capacitance, which can be raised by producing electrode
materials with superior topologies and structural features.24

Incorporating the nanoparticles into a composite matrix
provides additional non-approachable specications for the
original matrix. The tuning might comprise physical, chemical,
and biological advantages. Metal phosphates are an emergent
category of materials with enlarged porosity, which awards
them a high specic capacity plus ionic conductivity.21

Motivated by these points, we explored the former research
works for close composites in the energy storage application
area. In this context, we have focused on cadmium incorpora-
tion with zinc phosphate-based materials and close composites.

R. Ahmed et al. have reported on the synthesis of NiO
nanorods doped in Cd–Zn to improve their performance in
supercapacitors.7 A maximum capacitance of (1485.19 F g−1)
was veried for Cd0.03Zn0.07NiO in their work, plus they attrib-
uted a correlation between specic capacitance and optical
properties. Galvanostatic charge–discharge (GCD) outcomes
grasped superior charging-discharging capability with 82%
cyclic retention.7 Zn doped CdS nanoparticles were introduced
earlier through a co-precipitation approach. The authors
concluded that the structure exhibits a pseudocapacitive nature
and can deliver ∼300 F g−1 for the specic capacitance.25 N.
Anwar et al. have successfully produced composites of poly-
aniline cadmium oxide (PANI-CdO) through an in situ chemical
polymerization process. The PANI-5% CdO composite showed
a notably high specic capacitance of 866 F g−1.26 In another
report, Cu and Zn-doped CdO were synthesized using the co-
precipitation method. Superior optoelectronics with high-
performance electrochemical supercapacitor characters were
approached.27,28 The inuence of doping Nd3+ onto the CdO
nanoparticles through a hydrothermal process is delivered. The
652 F g−1 specic capacitance was maintained for 3% Nd3+

doping with high capacitive retention aer 5000 cycles.24

Binder-free zinc phosphate electrodes were synthesized by
a hydrothermal approach, where this structure revealed
a negligible charge transfer resistance accompanied by an
increased specic capacity.21

The investigation of the newly synthesized materials with
several functions in different elds, such as sensors29,30 and
supercapacitors, has been considered. Furthermore, the mate-
rials with high capacitance and cycling stability for super-
capacitor application are used as promising storage energy
material.31–33 Sensitive and reliable sensors for peroxide detec-
tion by low-cost and facile methods are important.34–36 Different
analytical techniques are used for peroxide detection, such as
electrochemistry, spectrophotometry, and chromatography.37–39

The advantages of the electrochemical method are sensitivity,
selectivity, and simplicity, besides the low-cost.33,38,40–44 Sensors
are the best tool for accurate,45,46 fast, and sensitive detection of
biological samples,47,48 drugs, and diseases to diagnose.49,50 The
© 2025 The Author(s). Published by the Royal Society of Chemistry
use of nanomaterials modied screen-printed electrode surface
advantage of electrochemical sensors properties.51,52 So, it is
important to modify the surface of the electrode with new
materials that have high electrocatalytic properties to produce
highly sensitive electrochemical sensor platform(s).

In a former effort in our group, we successfully prepared
cadmium zinc nickel phosphates through a sol–gel spin coating
process. That work demonstrated the structure's enhanced
optoelectronic and morphological features.53 This work uses
a combination of phosphorus (P) as a based former in the CZP
structure, contributing to electronic structure, crystallinity, and
improved electrochemical properties. Additionally, both
cadmium and zinc offer excellent semiconducting properties,
good optical behavior, and stable electron transfer matrices.
Tungsten (W) helps enhance electrochemical performance and
ne-tunes the optical band gap. This multi-ion approach results
in nanostructures with superior performance for super-
capacitors and H2O2 detection applications.

Despite the extensive research on energy storage materials
and biosensors, there remains a critical need for materials that
can deliver high specic capacitance, efficient electron transfer,
and enhanced sensing capabilities. Current materials oen face
challenges such as limited surface area, poor conductivity, and
insufficient sensitivity. This study addresses the tungsten-
doped cadmium zinc phosphate (CZWP) nanostructure that
combines superior electrochemical performance with high
sensitivity for hydrogen peroxide detection. In our current work,
we have prepared the cadmium zinc phosphates CdO-ZnO-W-
P2O5 (CZWP) nanoparticles through the sol–gel route, while the
doping of Tungsten was delivered with different ratios. The
structural, morphological, optical, and electrochemical speci-
cations of the microstructure were thoroughly investigated.
This system is a semiconductor with high conductivity despite
the existence of the phosphate. This novel structure is not
explored in a former report for energy storage areas, and hence,
the attained results validate the promising potentials for opto-
electronics, energy storage, sensors, and related applications.
2 Experimental work
2.1. Materials

All chemicals were purchased from Sigma and used without
further purication. Triethyl phosphate, cadmium nitrate
(CdN2O6), zinc acetate (C4H6O4Zn), tungsten nitrate
(W3C3H11IN3O6), and hydrochloric acid were used in the
experiments, and the solutions were prepared using distilled
water.
2.2. Cadmium zinc phosphates doped with tungsten (CZWP)
nanoporous preparation

Employing an advanced sol–gel process, we undertook the
preparation of CZWP nanopowders under standard ambient
conditions. We prepared CZWP nanopowders using an
advanced sol–gel process under standard ambient conditions.
First, we prepared an acid solution by diluting 15 mL of (35%)
hydrochloric acid (HCl) with 45 mL of distilled water. Next, we
RSC Adv., 2025, 15, 15670–15693 | 15671
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meticulously prepared individual precursor solutions of CZP-
based zinc, phosphorus, and cadmium precursors, dissolving
each salt in a solution of H2O and HCl. Then, we combined the
cadmium and zinc salt solutions and stirred them magnetically
for one hour. The required amount of triethyl phosphate was
added to 20 mL of absolute ethanol while stirring, followed by
the addition of cadmium zinc solution to the P2O5 solution
under vigorous magnetic stirring to form the CZP-based
composite.

For the W samples, start by mixing the evaluated weight of
tungsten nitride (sigma) with 50 mL of H2O, 20 mL of C2H5OH,
and 5mL of HCl to create the activated tungsten solution. Then,
add W sol to the cadmium zinc solution before mixing with
phosphorus-based, and stir magnetically for one hour. Aer
mixing, let the resulting solution mature overnight in ambient
air. Finally, dry at 200 °C for 10 hours, followed by calcination of
the prepared xerogel at a temperature of 600 °C for 3 hours. The
nanopowder samples were gradually cooled to room tempera-
ture inside the furnace to allow the nanoparticles to form well-
ordered and crystalline nanopowder. A schematic diagram of
materials synthesis process is presented in Fig. 1.
2.3. Characterization techniques

For the structural analysis of CZWP nanoparticles, we utilized
a (D8-Bruker Advance) X-ray diffractometer equipped with Cu
Ka radiation, operating at 40 kV and 40 mA. This instrument
facilitated the exploration of crystal structure by scanning the
samples in the 2q range of 10–70° with a step size of 0.05°.
Fig. 1 Schematic diagram of materials synthesis process.

15672 | RSC Adv., 2025, 15, 15670–15693
For SEM-EDX analysis, CZP and CZWP samples were ground
before being loaded on a copper sheet. To observe the
morphology of nanopores at high resolution, we employed SEM
(Quanta FEG-250: 20 kV), integrated with an Energy Dispersive
Spectroscope (EDX). This technique offered detailed imaging of
the nanoparticle surface and structure.

The samples' surface area, pore size, and particle distribu-
tion were analyzed via nitrogen adsorption–desorption
isotherms using a NOVA 2000 analyzer (Chromatic, UK) at 77 K.
Prior to this, samples were degassed at 150 °C under vacuum for
6 hours. The specic surface areas were calculated using the
BET method, and pore-size distributions were obtained via the
NLDFT method. Total pore volume was determined from the
maximum relative pressure adsorption. Hydrogen content
analysis was conducted using PCI curves, measured volumet-
rically with the AMC PCI-HP 1200. A 0.5 g sample was degassed
at 200 °C for 2 hours at 0.01 bar, cooled to 77 K, and exposed to
hydrogen pressures up to 20 bar. Measurements were recorded
automatically, with temperature controlled to ±0.1 °C and
hydrogen content accuracy within ±0.04 wt%.

The thermal behavior was characterized through thermog-
ravimetric analysis (TGA) using an SDT-Q600 instrument (USA),
conducted under a nitrogen atmosphere with a heating rate of
10 °C perminute over a temperature range of approximately 25 °
C to 800 °C.

To study the optical properties of the nanopowders across
a wide wavelength range (190 to 2500 nm), we utilized a JASCO
model V-570 UV-Vis-NIR spectrophotometer. This technique
allowed us to obtain diffused reectance spectra, providing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The modified SPE preparation and electrochemical detection methods.
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insights into the optical behavior of the CZWP nanopowders.
The diffuse reectance (DR) mode relies on both scattering and
absorption coefficients to analyze the optical properties of the
samples. In this study, we utilized DR spectroscopy to examine
the UV-Vis-NIR absorption properties of the pure and doped
CZWP nanopowders.

X-ray photoelectron spectroscopic (XPS) examine was carried
out by a Thermo-ESCALAB 250 instrument.

The used materials are potassium chloride, potassium
ferricyanide and potassium ferrocyanide, potassium mono/
dihydrogen phosphate, hydrogen peroxide, sodium hydroxide
(NaOH), and hydrochloric acid (HCl) from sigma Aldrich.

Electrochemical experiments were carried out using an
electrochemical workstation CS350H potentiostat/Galvanostat
and CHI-potentiates and screen-printed electrodes (SPEs).

For SPE modication stepwise, weigh 10 mg of the synthe-
sized materials added to 1 mL distilled water in Eppendorf, and
sonicate for 30 min up to obtaining a homogenous suspended
solution. Then, take 10 ml of the suspended solution and
dropwise on the surface of the screen-printed electrode, and le
to dry. CV and EIS measurements were carried out in a mixture
solution of 0.1 M KCl and 0.005 M of the ferro/ferri cyanide [Fe
(CN)6]

3−/4− (see Fig. 2).
Fig. 3 The XRD of CdO-ZnO-W-P2O5 (CZWP) showing different
doping wt% of W in the structure (up), and the lattice parameter
dimensions with the crystallite size depiction (down).
3 Results and discussion
3.1. XRD assessment

Fig. 3 reveals the structural behavior of the synthesized CdO-
ZnO-W-P2O5 (W-CdZnP), while an increasing tungsten (W)
content is demonstrated. The diffraction patterns span a wide
range till a diffraction angle of 70°. The noticeable diffraction
peaks exist around 20–40°. The apparent diffractograms reveal
the repeated and ordered arrangement of the atoms as a crys-
talline phase of the structure. The correlated planes with the
diffraction angles for the highest intensity peaks are located at
2q of 19.02, 23.34, 25.19, 29.9, 34.55, 37.4, 38.41, 41.77, 46.28,
55.5, 58.7 and 58.8 which are attributed to the (110), (200),
(−113), (−114), (022), (−3−11), (115), (−224), (−404), (123),
© 2025 The Author(s). Published by the Royal Society of Chemistry
(226), and (−319) JCPDS le No. 00-011-0035.54 The strongest
peaks were observed in W-doped samples (2q = 22° to 33°),
conrming that W reinforces the internal structure of CdZnP.

The slight discrepancy of the positions might be due to the
rising dislocations and unit cell variation upon the inclusion of
RSC Adv., 2025, 15, 15670–15693 | 15673
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composition constitutes due to atomic radii variations and to
the rotation of some crystalline grains during the preparation
processes (Cd radius is around 0.95 Å (ref. 55 and 56)).
Furthermore, few parameters can be extracted from the plotted
pattern. Degree of crystallinity is inuenced by the hardness
degree, heat resistance, and the stiffness. The crystalline nature
and the degree of crystallinity (Xc) might be determined upon
considering the area under the crystalline peaks and other
peaks. This value is governed as per the subsequent equation57

ðXccryst: degreeÞ ¼
�
areac

areaall

�
(1)

Upon the introduction of the W into the structure, an
accompanying dislocation density might arise due to the vari-
ation in the effective atomic radius of the elements as well as the
unit cell. Dislocations are a critical characteristic that impacts
a material's electrical performance.58 The occurring dislocation
density (d) is inversely related to the crystallite size as59,60

(d) = D−2 (2)

The average size of crystallites from which the grains are
formed are estimated based on the highest intense peak,
according to the Scherrer equation61

D = (kl)/(b cos q) (3)

k and l refer to the shape factor, which is approximately 0.9, and
the incident X-ray wavelength, respectively. Besides, b, q repre-
sents the full width at half intensity of the peak and Bragg's
diffraction angle, respectively. It is noteworthy to mention that
the height of the peak is correlated with the domain size.
Existing atoms in the crystal separately behave as a light source
similar to the slits in a grating, hence any reduction in the
domain size pursues less atoms residence in the crystal,
subsequently fewer spots as well as peak intensity.61
Fig. 4 The relation between b cos q and 4 sin q, at where the crystallite s
denoted as Williamson–Hall plot.

15674 | RSC Adv., 2025, 15, 15670–15693
The lattice parameter might be calculated upon considering
the miller indices values and the interplanar d-spacing, wave-
length, and diffraction angle as:62,63

a ¼
�

l

2sinq

�
h2 þ k2 þ l2

�1=2�
(4)

Another approach that might be trusted for the acquisition
of the crystallite size along with the uprising strain parameters
is the Williamson–Hall plot.64,65 Generally, the broadening of
the diffraction peaks occurs as an outcome of the crystallites
broadening (bD), and the lattice strain broadening (bS). The
overall sum of the broadening is mathematically represented
as:66,67

btot: ¼ bD þ bS ¼
�

kl

Dcosq

�
þ 43tanq (5)

This equation, following arrangement, is rewritten in the
form of a straight-line equation (y = Ax ± C) represented as:

btot:cosq ¼
�
kl

D

�
þ 43sin q (6)

This line indicates either a positive or negative slope, with
the negative slope representing intrinsic compressive strain
(Fig. 4). In contrast, the positive slope is associated with the
presence of tensile strain.58,68,69 The strain can be determined
from the straight-line slope and compared to an alternative
method of calculating the strain (Table 1).70

3 = bS/(4 tan q). (7)

Furthermore, the crystallite size is determined by nding the
intercept where:
ize and microstrain are seized from the slope and intercept, familiarly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Tabulated parameters derived from the XRD pattern

Sample D (nm) D (W–H) d (nm−2) 3 3 (W–H) d-spacing (Å) a (Å)

0.0 W 29.16 108 0.001176 −0.02871 0.00757 3.07453 3.57
0.5 W 57.19 — 0.000306 −0.01897 0.00452 3.05475 3.67
1.5 W 26.02 — 0.001477 −0.28835 — 2.89547 3.83
2.0 W 44.44 — 0.000506 −0.02297 — 3.05967 3.74
2.5 W 51.05 — 0.000384 −0.01994 — 3.05986 3.54
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D ¼ kl

interceptðwith y-axisÞ (8)
3.2. XPS study

XPS attained the chemical analysis of CZP doped with 2.5 W
nanoparticles (Fig. 3), which agreed with the evaluated
cadmium zinc phosphates (CdO-ZnO-W-P2O5, CZWP) doped
with 2.5 W composition. Fig. 5 shows the general survey spectra
of CZP-W nanoparticles.

XPS studies of nanoparticles CZP and CZP-W are of partic-
ular interest because XPS has the unprecedented capability to
reveal insights into electronic structure modication owing to
diverse cases of doping and defects in CZPO-based nano-
particles.71,72 This means that the CZP and CZWP compositions
and nominals are well-matched. The binding energies of
409.71 eV in the 3d5/2 state and 416.71 eV in the 3d3/2 state
matched cadmium, which agree well with the 6.7 eV spin–orbit
energy splitting between the Cd 3d5/2 and 3d3/2 states and agree
with previous reports.73,74 The Zn 2p3/2 (1023.7 eV) and Zn 2p1/2
(1046.8 eV) peaks, respectively, are shied to higher energy by
addingW (1029.7 eV and 1054.71 eV). The Zn peaks change with
the addition of 2.5 W because the electronegativity of W is
higher than both Cd, Zn, and P, which indicates that the W ions
have loaded into the CZP lattice.75,76 The peak at 504.8 eV, re-
ported for interstitial zinc (Zni) attributed to the interstitial (Zn–
Fig. 5 XPS spectra of CZP and doped with 2.5 W nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
O) bonds in binding energy 490–505 eV.77 Additionally, the peak
at 985.7 eV, corresponding to another Zn LMMAuger transition,
further supports the presence of Cd2+ ions within the CZP
structure.71,75

O 1s (CZP) showed a binding energy peak at 534.79 eV,
which shied to 536.71 eV with adding 2.5 W. This represents
the metal–O peaks for CZP and surface-adsorbed oxygen
species, respectively.78–80 Additionally, the binding energies at
around 14.7, 92.69, 193, and 235.3 eV can be attributed to zinc-
oxygen and metal–oxygen (M–O) bonds.77 All binding energies
for CZP and CZP-2.5 W are corrected using the C 1 s peak (JEOL
reference for C 1s binding energy) at 284.2 eV, which shied to
288.4 eV during peak tting.81,82 The peak detected at ∼495 eV
is ascribed to the Zn-LMM (Auger transition), while the one at
∼623 eV likely rises from the relaxation of electrons linked
with Cd2+ (3d).72,83 Also, our XPS results for oxygen and phos-
phorus (P2O5) match with previously reported ndings. Wang
et al. reported that, the O 1s peaks are observed around
532.51 eV and 534.0 eV, while the P 2p3/2 peak appears at
135.0 eV for phosphorus pentoxide, where the oxidation state
of phosphorus is +5.81
3.3. SEM

The surface characteristics of nanoparticles CZP, both in its
pure form and doped with 2.5 mol%WO, are depicted in Fig. 6a
and b. Initially, the nanoparticle structures calcined at 600 °C,
revealing a notably high density of nanoparticles for both the
pure andWo-doped samples, as illustrated in Fig. 3. The density
of these nanospheres experienced an increase with the incor-
poration of W. Furthermore, the presence of W led to the
formation of CZP/Wo structures with a nanoparticle's
morphology, featuring a denser nanostructure, as depicted in
Fig. 3b. SEM imaging elucidates the ne nanoparticles with
some agglomerated nanoparticles morphology of the CdZn-
phosphate material, offering consistently well-dened nano-
structures. The surface morphology indicates a homogeneous
particle distribution and stresses the precision of the controlled
synthesis process. The introduction of tungsten through doping
may induce variations in size or aggregation patterns, conse-
quently inuencing the overall size distribution of these nano-
structures. Fig. 6c displays the EDX spectrum of the
phosphorous cadmium zinc tungsten (CdZnP/2.5 WO) in which
the attendance of all elements such as P, Zn, Cd, O, and W are
conrmed. Thus, the EDX study conrms the active doping ofW
in CdZnP nanoparticles.
RSC Adv., 2025, 15, 15670–15693 | 15675
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Fig. 6 SEMmorphology of: (a) undoped CdZn-phosphate nanoporous, (b) CdZn-phosphate doped 2.5 mol%W, and (c) the particle distribution.
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3.4. Brunauer–Emmett–Teller (BET) analysis

The Brunauer–Emmett–Teller (BET) analysis is a widely used
technique to determine the specic surface area, pore size
distribution, and porosity of materials.84 In this study, the BET
analysis was conducted on cadmium zinc phosphides (CdZnPs),
a class of semiconducting materials with potential applications
in optoelectronics, photocatalysis, and energy storage. The
results provide critical insights into the material's structural
properties, which are essential for understanding its perfor-
mance in various applications.

The BET-specic surface area of the cadmium zinc phos-
phides was determined to be 7.2577m2 g−1. This value indicates
a moderate surface area, which is typical for crystalline semi-
conductor materials. A higher surface area would be desirable
for applications such as catalysis or gas sensing, where active
surface sites play a critical role.85 The relatively low surface area
suggests that the material may have limited porosity, which
could inuence its adsorption capacity and reactivity.

The total pore volume was calculated to be 7.3461 × 10−3

cm3 g−1, with a mean pore diameter of 4.0487 nm. According to
the IUPAC classication, these ndings classify the material as
mesoporous, as the pore sizes fall within the range of 2–50 nm.

The BJH (Barrett–Joyner–Halenda) plot (Fig. 7a), derived
from the adsorption branch, conrms the presence of meso-
pores. The peak pore diameter observed in the pore size
distribution analysis was 3.92 nm, consistent with the mean
pore diameter. The material's mesoporous nature could
enhance its utility in applications requiring efficient mass
transport, such as battery electrodes or photocatalytic systems.86

The adsorption/desorption isotherm reveals a type IV
isotherm with a hysteresis loop, characteristic of mesoporous
materials. The hysteresis loop (Fig. 7b) indicates capillary
15676 | RSC Adv., 2025, 15, 15670–15693
condensation occurring within the mesopores, further corrob-
orating the pore size distribution results. The relative pressure
(p/p0) at which the hysteresis loop occurs provides additional
evidence of the mesoporous structure, as it typically appears in
the range of 0.4–0.9 for such materials.

Advanced pore size distribution analysis using NLDFT/
GCMC (Grand Canonical Monte Carlo) simulations (Fig. 7c)
conrmed the presence of slit-shaped pores with a peak pore
diameter of 10.383 nm. This discrepancy between the BJH and
NLDFT results highlights the importance of using comple-
mentary techniques to accurately characterize complex porous
structures.87

The BET-specic surface area of the tungsten-doped cadmium
zinc phosphides was determined to be 15.635 m2 g−1, signi-
cantly higher than the undoped counterpart (7.2577m2 g−1). This
increase suggests that tungsten doping enhances the material's
surface area, potentially by creating additional active sites or
altering the morphology during synthesis. A higher surface area
is advantageous for applications such as catalysis, where
increased surface exposure facilitates enhanced reactivity.85 The
total pore volume was calculated to be 1.5104 × 10−2 cm3 g−1,
with a mean pore diameter of 3.8640 nm. These ndings classify
the material as mesoporous, consistent with the IUPAC classi-
cation for pores within the range of 2–50 nm.

The BJH (Barrett–Joyner–Halenda) plot (Fig. 8a) derived from
the adsorption branch conrms the presence of mesopores,
with a peak pore diameter of 3.92 nm. This value aligns closely
with the mean pore diameter, indicating a relatively uniform
pore structure.

The adsorption/desorption isotherm exhibits a type IV
isotherm with a hysteresis loop (Fig. 8b), characteristic of
mesoporous materials. The hysteresis loop occurs at relative
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 CZP (a) BJH pore size distribution plot with a peak pore diameter of 3.92 nm, (b) adsorption/desorption isotherm showing type IV behavior
with a hysteresis loop, (c) NLDFT pore size distribution analysis revealing dual-porosity with peaks at 10.383 nm.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

4:
34

:1
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
pressures (p/p0) between 0.4 and 0.9, indicating capillary
condensation within the mesopores. The shape of the isotherm
further supports the mesoporous nature of the material and
highlights its suitability for applications requiring efficient
mass transport.87 Advanced pore size distribution analysis using
NLDFT/GCMC simulations (Fig. 8c) revealed a slit-shaped pore
structure with a peak pore diameter of 0.7305 nm.

For the two samples (i.e. Pure CZPO and W/CZPO), a smaller
pore diameter of about 0.3400 nmwas identied, suggesting the
coexistence of micropores within the material.85–87 The dual-
porosity structure—comprising both micro- and mesopores—
enhances the material's overall surface area and adsorption
capacity, making it promising for applications in gas storage
and separation.85–87

The high vacuum level achieved before measurement (2.778
× 10−4 Pa) ensured the removal of physisorbed species, mini-
mizing interference during analysis. This step is crucial for
obtaining reliable BET results, particularly for materials with
low surface areas like pure and tungsten-doped CdZnPs. The
moderate surface area and mesoporous structure of the studied
materials suggest their suitability for applications requiring
© 2025 The Author(s). Published by the Royal Society of Chemistry
controlled diffusion and surface interactions.85–87 For instance,
photocatalysis (the mesoporous structure can facilitate efficient
light absorption and charge transport, enhancing photo-
catalytic activity), energy storage (the dual-porosity structure
could improve electrolyte penetration and ion diffusion,
making the material promising for use in supercapacitors or
lithium-ion batteries), and gas sensing (the presence of both
micro- and mesopores could enhance the material's sensitivity
to target gases by providing abundant active sites).

3.5. Thermogravimetric analysis (TGA)

The provided thermogravimetric analysis (TGA) curves (Fig. 9)
show the weight loss proles of pure cadmium zinc phosphate
(0.0W) and tungsten-doped cadmium zinc phosphate (2.5 W) as
a function of temperature. The analysis reveals critical insights
into the thermal stability, dehydration behavior, and structural
changes in these materials.

Both samples exhibit signicant weight loss in the range of
55–185 °C. The pure sample (0.0 W) loses 2.7% of its initial
weight, while the tungsten-doped sample (2.5 W) loses 1.75%.
This weight loss is attributed to the release of crystal water
RSC Adv., 2025, 15, 15670–15693 | 15677
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Fig. 8 W doped CZP (a) BJH pore size distribution plot with a peak pore diameter of 3.8640 nm, (b) adsorption/desorption isotherm showing
type IV behavior with a hysteresis loop, (c) NLDFT pore size distribution analysis revealing dual-porosity with peaks at 0.7305 nm.

Fig. 9 The TGA curves of 0.0 W and 2.5 W samples.
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molecules that are coordinated within the crystal lattice of the
phosphates.88,89 Such water molecules are typically weakly
bonded and are thermally labile, meaning they can be easily
removed upon heating.
15678 | RSC Adv., 2025, 15, 15670–15693
The difference in weight loss between the two samples (2.7%
vs. 1.75%) suggests that doping with tungsten affects the
hydration state of the material.90 Specically, the lower weight
loss in the doped sample indicates that tungsten incorporation
may reduce the number of available sites for water coordination
or alter the bonding strength of the water molecules.91

Above 200 °C, both samples reach a plateau in their weight
loss curves, indicating that the crystal water has been
completely removed, and the materials exist in an anhydrous
state. The plateau signies that all thermally labile water
molecules have been expelled from the crystal lattice.92 This
transition temperature (around 200 °C) is characteristic of
many hydrated phosphates and conrms the completion of the
dehydration process.93

The slight difference in the onset of the plateau between the
two samples (slightly earlier for the doped sample) suggests that
tungsten doping may slightly enhance the thermal stability of
the crystal structure, potentially due to improved lattice packing
or altered interatomic interactions.94,95 Doping with tungsten
can introduce additional electronic and steric effects that
stabilize the crystal lattice, thereby delaying further decompo-
sition processes.94 This stabilization could explain why the
doped sample exhibits a more gradual weight loss curve
compared to the pure sample.95
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Beyond 200 °C, both samples continue to exhibit minor
weight loss, although at a much slower rate compared to the
initial dehydration stage.93 The doped sample shows a slightly
lower overall weight loss compared to the pure sample, which
could indicate enhanced thermal stability imparted by tungsten
doping.95 This is consistent with the idea that dopants can
improve the structural integrity of host lattices by introducing
defects or modifying the electronic structure.94
3.6. Optical properties

The optical band gap, a foundational aspect of semiconductors
and insulators, delineates the energy distinction between
occupied and unoccupied molecular orbitals.96 It serves as
a cornerstone in understanding the electronic and optical
characteristics of materials. Techniques such as UV-vis spec-
troscopy and photoluminescence spectroscopy serve as indis-
pensable tools in determining this crucial parameter. Moreover,
in nanosized oxides, optical absorption undergoes intricate
Fig. 10 The wavelength dependence of (a) DR, (b) the scattering, an
nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
changes due to discrete light absorption and size-related
quantum phenomena, thereby inuencing diffused reec-
tance through particle size-dependent light scattering.97

Employing UV-vis DR (RD) analysis, a thorough examination
of the optical features of the prepared nanocomposites was
conducted within the 190–2500 nm (Fig. 10a). The ndings
delineated the DR behavior: a reectance peak at 222 nm for
a pure sample and shied to 226 nm by tungsten (W) addition
as shown in Fig. 10a inset. There is also a shoulder at 273 nm for
all samples. The introduction of W suddenly increases the RD

and then reduces it by more addition in a wavelength range of
190–400 nm. In a higher wavelength, the RD increases by
addition W till 1.5 wt% and then decreases by more addition.
Notably, the scattering pattern closely aligns with wavelength
and W content changes, Fig. 10b and b inset. The introduction
and varying concentration of W in CZP-based nanoporous
inuence the DR by changing the electronic states, forming new
scattering centers, and affecting the material's microstructure.
The initial increase in DR is due to enhanced scattering from
d (c) the wavelength dependence of absorbance of W-doped CZP

RSC Adv., 2025, 15, 15670–15693 | 15679
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new electronic states, while the subsequent decrease is likely
due to the formation of large agglomerates or non-radiative
recombination centers that reduce effective scattering.98,99 The
behavior at higher wavelengths further underscores the
complex interactions between W ions and the CZP structure.

Fig. 10c provides a comprehensive overview of the
wavelength-dependent absorbance changes for different W
doping levels. The distinct peak at 541 nm corresponds to
a pure sample, and it is related to the transitions associated
with the CZP ions and/or their ligands.100 With W addition,
there is a shi of the absorption peak to 420 nm for all samples
where this peak offers a 2B2g /

2B1g (dxy / dx2–y2) transition of
tungsten ions.101 The shi of the absorption edges with
increasing dopant concentration is because the addition of W6+

ions into Zn2+ sites affect the electronic band structure of the
material.102 The shi primarily results from two factors: the
Burstein–Moss shi, responsible for broadening the optical
band gap, and carrier interactions, inducing a many-body effect
that leads to a reduction in the band gap.102

Optical absorption, expressed by the Kubelka–Munk
formula:103 hnF(RN) = c(hn − Eg)

n, incorporates (RN) as the
Fig. 11 The Kubelka–Munk function versus incident photon energy for
tungsten addition.

15680 | RSC Adv., 2025, 15, 15670–15693
Kubelka–Munk function, hn as photon energy, Eg as the optical
band gap, and n as an index (1/2 for direct allowed, 2 for indirect
allowed, 3 for direct forbidden, and 3/2 for indirect
forbidden).104 Band identication involves extending the linear
Tauc plot or analyzing maxima in the derivative spectra through
the absorbance rst derivative concerning photon energy.3

Fig. 11a and b displays plots of hn$F(RN)1/2 and hn$F(RN)2

against hn for gap transition analysis. Direct transition and
indirect transition gap types are evident, with the direct tran-
sition exhibiting a higher value, which makes an indirect case
a more probable case.105 The increase in indirect transition
energy with increasing W content is depicted in Fig. 11c,
attributed to the gradual increase in the concentration of W
ions and decrease of Cd and Zn ions106 where the values of Eg
align consistently with reported values by.107,108 This observation
is interpreted by Chung et al.,109 who assert that the decrease in
CdO content leads to a decrease in non-bridging oxygens, and
this led to an increase of band gap.

Semiconductors exhibit a demonstrable correlation between
the increase in energy gap and the corresponding decrease in
refractive index. Various empirical and semiempirical
(a) direct and (b) indirect cases. (c) the dependence of band gap on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attempts,110 such as the Moss relation, Ravindra relation,
Herve–Vandamme relation, Reddy relation, Kumar and Singh
relation, and Anani relation, have been explored to establish
a precise connection between these two parameters. A newly
proposed relation111 successfully accommodates experimental
data, spanning both low and high energy ranges. This
achievement surpasses comparisons with earlier relations:

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A

Eg
0:5

� B

s
where A ¼ 3:442 and B ¼ 3:440:5 (9)

The refractive indices of the present nanocomposites were
computed using the recent model for an indirect transition
case, as illustrated in Fig. 10a. The refractive index's variation in
response to W content reverses the band gap's behavior as
stated by the model.110,111 The small change in refractive index
establishes these samples as well-suited for armed, astronom-
ical, or visual applications.110

The dielectric constant (3N = n2),110 a critical parameter
linked to electrical charge storage, is graphically represented in
Fig. 12a for the prepared samples in the indirect gap case.
Notably, the observed change in the dielectric constant closely
aligns with the variation in the refractive index with W content,
as indicated by the relation.

Understanding chemical bonding and expecting physical
parameters relies heavily on optical electronegativity (Dc).
Duffy112 and Reddy113 delved into the intricate association of
band gap and optical electronegativity as Dc* = 0.2688 Eg (eV)
and Dc* = 9.8 e−n (eV), respectively. The optical electronega-
tivity of the current samples in an indirect transition event was
meticulously calculated using the two relations presented in
Fig. 12b. Notably, the gure unveils a subtle increase in optical
electronegativity with the W content. Following Pauling's114

insights, high Dc* signies ionic character, while lower values
indicate covalency. The variations in the optical properties as
the W content changes are attributed to the size and distribu-
tion of W-containing particles. These particles introduce extra
Fig. 12 (a) The refractive index (n) and the dielectric constant in the ca
negativity of nanocomposites doped by different W content.

© 2025 The Author(s). Published by the Royal Society of Chemistry
free carriers and interactions among carriers, which lead to the
creation of defect states related to W.97,115,116 These states
contribute to the band tailing. They introduce additional free
carriers, and carrier interactions induce the formation of W-
related defect states that contribute to band tailing. The
agreement with XRD analyses conrms the covalent nature of
the current samples.
3.7. Electrochemical properties

The CdO-ZnO-W-P2O5 (CZWP) with 0%, 0.5%, 1.5%, 2% and
2.5% of tungstate materials have been tested using cyclic vol-
tammetry (CV), linear sweep voltammetry (LSV), galvanostatic
charge and discharge (GCD) and electrochemical impedance
spectroscopy (EIS) techniques in a mixture of 5 mM ferro/ferri
cyanide and 0.1 M KCl as supporting electrolyte. The cyclic
voltammogram of the new synthesized nanomaterials was
illustrated in Fig. 13A. The fast and high faradaic current was
obtained for all modied electrodes with the synthesized CdO-
ZnO-W-P2O5 (CZWP), while an increasing of the tungsten
percentage (0.0% W, 0.5% W, 1.5% W, 2.0% W, and 2.5% W).
0.0% W/modied SPE has the lower faradaic current (anodic
peak current: Ia = 65.2 and cathodic peak current: Ic =−92.3) at
0.21 V and 0.078 V. In 0.5% W/modied SPE the current
increased (Ia = 123.6 and Ic =−149.6) at 0.25 V and 0.083 V. The
current of oxidation/reduction peaks increased (Ia = 203.5 and
Ic = −181.3) for 1.5% W/modied SPE at 0.32 V and −0.016 V.
The highest faradaic current obtained for 2.0%Wmodied SPE
at 0.2 V and 0.08 V (Ia = 243.6 and Ic = – 240.9) then decreased
for 2.5% W/modied SPE (Ia = 86.2 and Ic = – 62.1) at 0.194 V
and 0.068 V. The increasing mol% of the tungsten (W) in
synthesized CdO-ZnO-W-P2O5 (CZWP) nanoparticle structures
from 0.0% W up to 2.0% W caused an increase in the faradaic
current of the nanoporous due to the conductivity properties of
tungsten. The 2.5% W decrease in faradaic current may be due
to the steric hindrance effect on the electrode surface. The
quantitative electrochemical analysis (Ia, Ic, Eoxd, Ered, E1/2, Rct, C
se of an indirect transition gap, and (b) the calculated optical electro-
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Fig. 13 The (A) CV and (B) EIS measurements of (0, 0.5, 1.5, 2 and 2.5 W) SPEs were measured by using standard redox solution (ferro/ferri
cyanide/KCl) with 50 mV s−1 scan rate. (C) Circuit which used to fit the Nyquist plot of EIS data.

Table 2 CV and EIS data produced from the experimental work in Fig. 8 for the synthesized materials modified SPEsa

Electrode type Ia (mA) Ic (mA) Eoxd. (V) Ered. (V) E1/2 (V) Rs (U) Rct (1) (U) CPE n mF W (U) Cs (F g−1)

Bare (unmodied SPE) 19.1 −21.5 0.22 0.093 0.165 102.3 1150 10.5 0.89 178 —
0% W 65.2 −92.3 0.21 0.078 0.144 101.2 450 15.3 0.85 120.3 1114.2
0.5% W 123.6 −149.6 0.25 0.083 0.16 100.1 352.3 16.5 0.78 117.2 1592.8
1.5% W 203.5 −181.3 0.32 −0.016 0.152 50.3 120.6 17.3 0.84 111.6 2178.5
2% W 243.6 −240.9 0.20 0.08 0.14 99.8 90.2 19.8 0.87 95.8 1764.2
2.5% W 86.2 −62.1 0.194 0.068 0.13 100.3 420 15.9 0.89 118.4 828.5

a Ia: anodic current, Ic: cathodic current, Eoxd: potential of oxidation Ered: potential of reduction, Rs: solution resistance, Rct: charge transfer
resistance, CPE: constant phase element, W: Warburg resistance, C is specic capacitance of the electrodes at scan rate of 50 mV s−1.
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and W) 0% W, 0.5% W, 1.5% W, 2% W, and 2.5% W modied
SPEs are presented in Table 2.

From the Nyquist plots (see Fig. 13B) we can see at high
frequency a semicircle, which represents the electron transfer
and the semicircle diameter represented the electrode interface
charge transfer resistance (Rct). However, the charge transfer
resistance of 0.0%W/SPE (Rct= 450U), 0.5%W/SPE (Rct= 352.3
U) and 1.5% W/SPE (Rct = 120.6 U). The smaller semicircle
diameter becomes at 2 W/SPE (90.2 U) (see Table 2), referring to
a higher efficiency for electron transfer then Rct value (Rct = 420
U) increases for 2.5% W/SPE. Therefore, the 2.0% W synthe-
sized nanomaterials have a good conductivity and are inter-
esting for a different electrochemical application.

To explore more about the electrochemically active surface
area of the modied SPEs with the synthesized CdO-ZnO-W-
P2O5 (CZWP) nanoporous materials, with 0.0%, 0.5%, 1.5%,
2.0% and 2.5% of tungstate and unmodied SPE voltammetric
experiments were consequently performed at different scan
rates in the ferricyanide (FCN) solution. As shown in Fig. 14A–F,
all used electrodes demonstrated a linear increase in the redox
current while the applied scan rates were increasing. However,
the highest generated linear redox reactions against the
15682 | RSC Adv., 2025, 15, 15670–15693
increase in the scan rate was produced by the CdO-ZnO-W-P2O5

(CZWP) nanoporous materials, with 2.0%, as shown in Fig. 14E.
Relying on the Randles–Sevcik equation:36

Ip = 2.69 × 105 × n3/2 × A × D1/2 × Cu1/2 (10)

where the Ip, n, D, A, C, and u are standing for the oxidation peak
current (in amperes), the number of transferred electrons,
diffusion coefficient (cm2 s−1), electrochemically active surface
area (cm2), concentration of the FCN (molarity), and the scan
rate (V s−1), respectively.

The anodic peak current (Ipa) and cathodic peak currents
(Ipc) of the FCN redox reactions were plotted against the square
root of the scan rate, as shown inset Fig. 14A–F. To that end,
a good linearity with a correlation coefficient of 0.9966.
Consequently, the effective electrochemically active surface area
of unmodied vs. the modied electrode surfaces with 0.0% W,
0.5% W, 1.5% W, 2% W and 2.5% W were calculated. Accord-
ingly, a signicant enlargement in the active surface area of the
modied electrodes was achieved, the active surface area of the
SPE unmodied was 0.567 cm2, while the surface area of
modied electrodes with 2.0% W was 17.2 cm2. Interestingly,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (A–F) CVs for synthesized CdO-ZnO-W-P2O5 (CZWP) with different % of tungsten (W) modified SPEs at different scan rates and the inset
figures are Ipa and Ipc curves of all modified SPEs at different scan rates. (G) Specific capacitance of CZWP with 0.0% W, 0.5% W, 1.5% W, 2.0% W
and 2.5% W modified SPE at different scan rates.
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the SPE modied with the CdO-ZnO-W-P2O5 (CZWP) nano-
porous materials, with 2.0%W, exhibited the highest expansion
in the electrode active surface area (i.e. almost 17-fold increase
in order or magnitude).

Furthermore, the specic capacitance was calculated from
the following equation:

C ¼
Ð
IdV

2� n�m� DV
(11)

where C (F g−1) represent the specic capacitance, IdV is the
area under voltammetric peaks, DV (V) is the potential window,
m (g) is the mass of the active material and n (V s−1): is the scan
rate.

It is worth mentioning here that all materials were electro-
chemically stable over different applied scan rates, and no
damage occurred in the electrode composition.

The large enhancements are obtained in the electrochemical
performance aer the electrode surfaces were modied with the
synthesized CdO-ZnO-W-P2O5 (CZWP) with different wt% of the
tungsten (0 W, 0.5 W, 1.5 W, 2 W, and 2.5 W) compared with the
bare (unmodied) electrode. The CdO-ZnO-W-P2O5 (CZWP)
with 2.0% of tungstate (W) composite displayed higher specic
© 2025 The Author(s). Published by the Royal Society of Chemistry
capacitance (Cs) than that of CdO-ZnO-W-P2O5 (CZWP) with
0.0%, 0.5%, 1.5% and 2.5% ofW (see Fig. 14G and Table 2) at all
tested scan rates. The obtained specic capacitance for the
CZWP with 2.0% W (2178 F g−1 at 50 mV s−1) is much higher
than that cited for CZWP with 0.0% W (1114.2 F g−1 at 50 mV
s−1), 0.5% W (1592.8 F g−1 at 50 mV s−1), 1.5% W (1764 F g−1 at
50 mV s−1) and 2.5% W (828 F g−1 at 50 mV s−1).

Therefore, the perfect composite contains 2.0% W. The
results show that the ratio of W has a noteworthy impact on the
electrochemical performance of the modied electrodes.
Initially, an increase in W content improves the faradaic
current, success its peak at 2.0%W. This proposes that 2%W is
the optimal ratio for maximum electrochemical activity.
However, increasing the W percentage content beyond this
point results in a decrease in current. This may be due to the
over-saturation or clumping together of W nanoparticles, which
can hinder electron transfer developments.117,118 This pattern
emphasizes the standing of ne-tuning the W content to realize
the best electrochemical performance in CdO-ZnO-W-P2O5

nanoporous structures. The strong enhancement is owing to the
enlarged surface area of the SPE surface aer modication of
the synthesized synthesized CdO-ZnO-W-P2O5 (CZWP), which
RSC Adv., 2025, 15, 15670–15693 | 15683
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Fig. 15 3-electrode cell electrochemical performance for the fabricated CdO-ZnO-W-P2O5 (CZWP) with different wt% of the tungsten (0.0%W,
0.5% W, 1.5% W, 2.0% W, and 2.5% W) electrodes in 5 mM ferro/ferri cyanide/0.1 M KCl electrolyte. (A–E): GCD profiles at various applied current
densities (1.0–20 A g−1), (F): specific capacitance versus applied current densities. (G): cyclability test over 5000 GCD cycles.
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produces an increase in the surface conductivity and its elec-
trocatalytic activity. Consequently, the new synthesized CdO-
ZnO-W-P2O5 (CZWP) composites are very promising in different
electrochemical applications such as biosensors, sensors, and
energy storage.

The linear sweep voltammetry (LSV) curves of the synthe-
sized CdO-ZnO-W-P2O5 (CZWP) with different % of tungsten
(W) modied SPEs at different scan rate are illustrated in
Fig. S1(A–E).† The LSV curves show agreement with CVs curves
for oxidation peaks in the potential range between −0.4 to
+0.8 V.
Table 3 Comparison of the produced Cs with those reported in literatu

Material Electrolyte

Nickel–zinc phosphate microspheres with carbon dots 3.0 M KOH
Ni3(PO4)2/RGO/Co3(PO4)2 1 M KOH
Porous Ni2P/Co2(P2O7) 3 M KOH
Ni3(PO4) in Ag3PO4 1 M KOH
Cobalt pyrophosphate 3.0 M KOH
Tungsten-doped cadmium zinc phosphate nanoporous 5 mM potas

ferricyanide

15684 | RSC Adv., 2025, 15, 15670–15693
The galvanostatic charge/discharge (GCD) characteristics are
required to clarify the validity of the synthesized CdO-ZnO-W-
P2O5 (CZWP) with different wt% of the tungsten (0.0% W,
0.5% W, 1.5% W, 2.0% W, and 2.5% W) for use to construct
supercapacitor devices. The Cs at different current densities was
calculated from the GCD graphs through eqn (12):

Cs = IDt/mDV (12)

where I is the discharged current (A), DV is the potential window
(V), and Dt is the discharged time (s), m is the mass of the
deposited electrode material (g).
re for phosphate-based electrodes

Specic capacitance (current density) Ref.

1885.7 F g−1 (1 A g−1) 120
1137.5 F g−1 (0.5 A g−1) 121
1720 F g−1 (1.0 A g−1) 122
539 F g−1 (1 A g−1) 123
367.2 F g−1 (0.625 A g−1) 124

sium ferro/
+0.1 M KCl

2257 F g−1 (1 A g−1) This work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (A) b-valuemeasured versus Ag/AgCl during the anodic scan and (B) during the cathodic scan. (C–N) Deconvoluted voltammograms into
capacitive (purple) and diffusive (blue) at different scan rates 10, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV s−1. (O)
Capacitance values divided into capacitive and diffusive components at various scan rates (10–10000 mV s−1). (P) Contributions percentages of
diffusive and capacitive kinetics at different scan rates (10–1000 mV s−1).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 15670–15693 | 15685
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Table 4 The calculated contribution percentages of diffusion and
capacitive at scan rates from 10 to 1000 mV s−1

Scan
rate mV s−1

I capacitive
contribution %

I diffusion
contribution %

10 9.71284 90.28716
50 19.39058 80.60942
100 25.38365 74.61635
200 32.4826 67.5174
300 37.07623 62.92377
400 40.48957 59.51043
500 43.20394 56.79606
600 45.45323 54.54677
700 47.36995 52.63005
800 49.03678 50.96322
900 50.50893 49.49107
1000 51.82515 48.17485
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The GCD capacitance at 1 A g−1 of the CdO-ZnO-W-P2O5

(CZWP) with 2.0% W composite (2257 F g−1) is higher than that
of the CdO-ZnO-W-P2O5 (CZWP) with 1.5% W (2108 F g−1),
0.5% W (1998 F g−1), 0.0% W (982 F g−1) and 2.5% W (937 F
g−1), The obtained GCD graphs at various current densities (1,
2, 3, 4, 5, 10 and 20 A g−1) for the fabricated CdO-ZnO-W-P2O5

(CZWP) with different wt% of the tungsten (0.0% W, 0.5% W,
1.5% W, 2.0% W, and 2.5% W) electrodes are depicted in
Fig. 15A–E. All the GCD curves, revealing the high electrical
conductivity of the synthesized materials that ensures fast and
capable transfer of charges,119 owing to the highly conductivity
of tungsten. The change of the Cs with current density (see
Fig. 15F), revealing an inverse relationship. The Cs values ob-
tained from the GCD graphs of the nanoporous CZWP with
2.0% W were 2257, 2118, 2092, 2010, 2033, 2000 and1900 F g−1

at 1.0, 2.0, 3.0, 4.0, 5.0, 10.0 and 20.0 A g−1, respectively. Note
that the achieved Cs at 1.0 A g−1 (2257 F g−1) is almost similar to
that computed from the CVs (2178.5 F g−1) at 50 mV s−1. The Cs

of CZWP with 1.5% W are 2108, 2033, 1982, 1850, 1704, 1650,
1616 F g−1 at 1.0, 2.0, 3.0, 4.0, 5.0, 10.0 and 20.0 A g−1,
respectively. For CZWP with 0.5% W, the Cs values are 1998,
1841, 1787, 1690, 1566, 1441 F g−1 at 1.0, 2.0, 3.0, 4.0, 5.0, 10.0
and 20.0 A g−1, respectively and for CZWP with 0.5% W the Cs

obtained values are 1998, 1841, 1787, 1690, 1566 F g−1 at 1.0,
2.0, 3.0, 4.0, 5.0, 10.0 and 20.0 A g−1. For CZWP with 2.5%W the
specic capacitances (Cs) are 937, 871, 855, 786, 785, 783, 700 F
g−1 at 1.0, 2.0, 3.0, 4.0, 5.0, 10.0 and 20.0 A g−1.

The GCD capacitance at 1 A g−1 of the CdO-ZnO-W-P2O5

(CZWP) with 2.0% W composite (2257 F g−1) is higher than that
of 1.5%W (2108 F g−1), 0.5%W (1998 F g−1), 0.0%W (982 F g−1)
and 2.5% W (937 F g−1), the Cs of the composite CZWP with
2.0% W is higher than those cited for phosphate-based elec-
trodes in the literature,120–124 see Table 3.

The cycling stability life test of the composite CZWP with
2.0%Whas been elucidated via the GCD tests at 3 A g−1 for 5000
cycles (see Fig. 15G). The modied electrode maintained 98.8%
capacitance aer 5000 cycles and 96.6% aer 5000 cycles,
revealing the outstanding cycling stability of the composite
CZWP with 2.0% W.

The electrochemical kinetics were studied to understand the
charge storage process of synthesized CdO-ZnO-W-P2O5 (CZWP)
with different wt% of the tungsten (0.0% W, 0.5% W, 1.5% W,
2% W, and 2.5% W) by using Power-law, eqn (13).125

log(i) = b log(v) + log (a) (13)

where v is the scan rate, i is the peak current density, and a and
b are arbitrary constants. The b-value is determined at each
potential (V) by plotting log i vs. log(v) and evaluating the linear-
tted graph slope. Fig. 16A and B shows the linear-tted plots
together with calculated b-values at a applied potentials, namely
0.42, 0.40, 0.65, 0.44, 0.38 V versus Ag/AgCl, during the anodic
(from −0.40 V to +0.8 V) and −0.22, −0.152, −0.37, −0.167, and
0.16 V during cathodic scan (from +0.8 V to −0.4 V) for CZWP
with 0.0, 0.5, 1.5, 2.0 and 2.5% W respectively. The derived b-
values for the CZWP with 0.0, 0.5, 1.5, 2.0 and 2.5%Wmodied
electrodes during the anodic scan (0.93, 0.88, 0.78, 0.91, 0.93)
15686 | RSC Adv., 2025, 15, 15670–15693
and cathodic scan (0.92, 0.87, 0.78, 0.91, 0.94) suggesting that
capacitive and diffusion processes are involved in the overall
storage.

The quantitative current contribution via surface-capacitive
and diffusive-faradaic mechanisms can be evaluated from the
total current following Dunn's method. In this method, the total
voltammetric current i(V) is the sum of capacitive and diffusive
contributions as follows:126,127

i(V) = anb = icap + idiff (14)

or,

i(V)/n0.5 = xn0.5 + y (15)

The x and y constants are obtained from the slope and
intercept of the relationship between i(V)/v0.5 versus v0.5 curve.
Using x and y values at each potential V, the current contribu-
tion for capacitive (xv) and diffusive (yv0.5) kinetics can be
measured. The results of capacitive and diffusive regions are
presented in Fig. 16C–N at a scan rate of 10, 50, 100, 200, 300,
400, 500, 800, 900 and 1000 mV s−1.

Table 4 and Fig. 16O and P presents the calculated contri-
bution percentages of diffusion-controlled faradaic and surface-
controlled capacitive processes at scan rates from 10 to 1000 mV
s−1.

Conspicuously, the capacitive kinetics contributes (51.82%)
higher than diffusive kinetics (48.18%) at 1000 mV s−1. In
contrast, at the lowest scan rate (10 mV s−1), the diffusive
kinetics (90.28%) contribution percentage was higher than the
capacitive (9.71%) kinetics. However, at 500 mV s−1, the
contribution percentage of diffusive kinetics (56.79%) overtakes
the capacitive kinetics (43.20%). Thus, with increasing in the
scan rate from 10 to 1000 mV s−1, the capacitive contribution
keeps increasing while the diffusive contribution decreasing. In
total, the faster capacitive or pseudocapacitive kinetics largely
dominate the overall current for the CZWP with 2.0% W elec-
trode at higher scan rates, while the diffusive kinetics are
limited owing to the inadequacy of slower diffusion-limited
faradaic kinetics at higher rates.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (A) The pH effect study on 2 W/SPE performance towards the peroxide sensitivity. (B) The corresponding calibration curve of 0 W, 0.5 W,
1.5 W, 2 W and 2.5 Wmodified SPE toward H2O2 response. (C). The corresponding calibration curve of 2 Wmodified SPE toward H2O2 response.
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3.8. The use of synthesized nanoporous materials for H2O2

detection

Due to the high electrocatalytic activity of the CZWP with
2.0% W, which is approved by CV study, it promotes fast elec-
tron transfer and direct oxidation in biosensor applications.
Thus, the testing of direct electron transfer, which is produced
from the oxidation of peroxide, was studied for CZWP with 2.0%
W/modied SPE.

3.8.1 pH effect study. The pH of buffer-supporting elec-
trolytes was affected by the electrochemical properties of the
biosensor. Therefore, different pHs of the phosphate buffer
toward the oxidation of peroxide were tested using 2 W/SPE and
chronoamperometric technique (Fig. 17A). The pH value
increased from 5.75 up to 7.0 then decreased. So, the phosphate
buffer with a pH = 7.0 will be used for all of the following
experiments.

3.8.2 Amperometric method for peroxide detection. The
amperometric detection of peroxide for 0 W, 0.5 W, 1.5 W, 2 W,
and 2.5 W modied SPEs was produced by adding a certain
© 2025 The Author(s). Published by the Royal Society of Chemistry
amount of peroxide at a xed time (50 seconds). The relation
between the peroxide concentrations and the response of
current (Fig. 17B) showed a fast and high response for all
modied SPEs, which approved the fast electron transfer.
Furthermore, the fast and highest response toward peroxide
oxidation produced by using 2 W/SPE (Fig. 17C) with a wide
linear range from 1.0–1000 mM and detection limit of 0.025 mM
(S/N = 5) compared with the literature31,38,128–130 Therefore it is
effective to use modier's materials for the enzymatic-based
biosensors application.
4 Conclusion

This study successfully synthesized and characterized CZWP
nanostructures doped with tungsten through a sol–gel process,
demonstrating their multifunctional potential in energy storage
and sensing applications. Tungsten doping signicantly inu-
enced the structural, optical, and electrochemical properties of
the material. The XPS survey conrms the successful formation
RSC Adv., 2025, 15, 15670–15693 | 15687
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of CZPO NPs and doped 2.5 W. The shis in Zn, Cd, and O
binding energies, with adding W support the chemical states
and electronic structure changes induced by doping in
phosphate-based nanomaterials. The BET analysis demon-
strates that tungsten doping signicantly enhances the surface
area and porosity of CdZnPs, improving their utility for catalytic
and energy-related applications. The material's mesoporous
nature makes it a promising candidate for efficient mass
transport and controlled surface interactions in advanced
technologies. Notably, the 2% W-doped samples exhibited
optimal performance, with enhanced specic capacitance, effi-
cient electron transfer, and exceptional H2O2 sensing capabil-
ities. The integration of these nanostructures into
supercapacitor electrodes and biosensor platforms offers
a sustainable and efficient approach to addressing the
increasing energy demands and advancing sensing technolo-
gies. These results provide a robust foundation for further
exploration and development of CZWP-based nanomaterials in
cutting-edge applications.
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