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ABSTRACT: WOs3, CuO, and WOs—CuO composite nanomaterials were successfully synthesized by the sol-gel
method and systematically analyzed to investigate the effect of compositional variation on their structural and
morphological properties. X-ray diffraction (XRD) confirmed the formation of phase-pure monoclinic CuO and
nanocrystalline WOs, while composite samples exhibited well-defined dual-phase diffraction patterns without
secondary or impurity phases. Notably, increasing the WO content led to a reduction in CuO crystallite size and
total crystallinity, whereas CuO-rich compositions maintained sharper peaks, indicating enhanced crystalline
order. Scanning electron microscopy (SEM) revealed pronounced morphological evolution: CuO-rich samples
displayed highly porous, granular surfaces, whereas increasing WOs content produced denser, uniformly
distributed nanostructures. The combination of XRD and SEM analyses highlights the tunable structural
interactions in WO;—CuO composites. The novelty of this work lies in the controlled modulation of crystallite
size, porosity, and microstructure via compositional tuning, enabling optimization of these nanomaterials for
advanced functional applications including gas sensing, catalysis, photocatalysis, and energy storage.
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1. Introduction

Nanomaterials have emerged as one of the most significant classes of advanced materials due to their
unique physicochemical properties, which arise from their nanoscale dimensions and high surface-to-volume
ratios. These attributes make them highly valuable for applications in catalysis, energy storage, sensing,
optoelectronics, and environmental monitoring. Among various nanomaterials, metal-oxide semiconductors
such as tungsten oxide (WO3) and copper oxide (CuO) have attracted considerable attention. WOs3, an n-type
semiconductor, is widely recognized for its excellent chemical stability, high sensitivity toward oxidizing gases,
and strong electrochromic and catalytic behavior [1-2]. CuO, a p-type semiconductor, is known for its low
toxicity, cost-effectiveness, and remarkable activity in chemical sensing and catalysis. When combined to form
WO3-CuO hybrid nanocomposites, these materials often exhibit enhanced gas-sensing performance due to
synergistic effects arising from the formation of p-n heterojunctions, increased surface reactivity, and improved
charge-transfer processes.

The synthesis of metal-oxide nanomaterials using the sol-gel method offers notable advantages,
including simplicity, low processing temperature, cost-effectiveness, and excellent control over particle size and
composition. This technique enables the formation of uniform, highly porous nanostructures that are favorable
for gas-sensing applications. Structural characterization of the synthesized materials is commonly performed
using X-ray diffraction (XRD), which provides insights into phase formation, crystallinity, and lattice structure.
Meanwhile, scanning electron microscopy (SEM) allows detailed observation of surface morphology, particle
size, and nanostructural features, which play critical roles in determining sensor performance. Gas-sensing
studies further evaluate the response, sensitivity, selectivity, and response—recovery behaviors of the
nanomaterials toward target gases.

In this study, WO3, CuO, and their hybrid nanocomposites (NC-1, NC-2, and NC-3) with varying
stoichiometric ratios were synthesized via the sol-gel method and systematically characterized using XRD and
SEM to assess their structural and morphological properties [3-4].

1.1 Tungsten Oxide (WO3)

Tungsten oxide (WOs) nanoparticles are widely studied n-type semiconductor materials known for their
excellent chemical stability, wide band gap (2.6-3.0 eV), and strong redox activity. At the nanoscale, WO3
exhibits a significantly enhanced surface-to-volume ratio, increased surface reactivity, and tunable electronic
properties, all of which make it highly suitable for advanced sensing technologies. WO; nanoparticles possess
multiple crystalline phasessuch as monoclinic, hexagonal, and orthorhombiceach contributing uniquely to their
optical, catalytic, and electrical behavior. In gas-sensing applications, WO; is especially valued for its high
sensitivity toward oxidizing gases such as NO,, Oz, CO; and H,O,, as well as certain reducing gases including
H, and CO. Its sensing mechanism primarily involves changes in electrical resistance caused by the adsorption
and reaction of gas molecules on the nanoparticle surface, making surface morphology, porosity, and
crystallinity critical factors in determining performance. Furthermore, WO3 nanoparticles offer advantages such
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as fast response and recovery times, good repeatability, thermal stability, and compatibility with various
composite structures. These attributes position WO; as a promising material for next-generation gas sensors,
environmental monitoring systems, and related nano-enabled detection technologies.

1.2 Copper Oxide (CuO)

Copper oxide (CuO) nanoparticles are p-type semiconductor materials with a narrow band gap of
approximately 1.2-1.9 eV, making them highly responsive to changes in their surrounding chemical
environment. Due to their low cost, non-toxicity, ease of synthesis, and strong catalytic activity, CuO
nanoparticles have gained significant attention in applications such as gas sensors, catalysts, batteries, and
antimicrobial coatings. At the nanoscale, CuO exhibits enhanced surface area, high defect density, and increased
active sites, which greatly improve its interaction with gas molecules. In gas-sensing applications, CuO is
particularly sensitive to reducing gases such as H,, CO, NHs, CO; and H,S, where gas adsorption induces
notable changes in electrical conductivity. Its sensing mechanism is governed by surface adsorption-desorption
processes and hole-based charge transport, allowing CuO to deliver high sensitivity, good selectivity, and stable
operating performance. Additionally, CuQO’s ability to form efficient p-n heterojunctions with n-type metal
oxides further enhances its sensing efficiency, response speed, and detection limits. These characteristics make
CuO nanoparticles a highly promising material for developing advanced gas-sensing devices and environmental
monitoring technologies [5].

2. Sol-Gel technique for nanomaterials materials synthesis

The sol-gel technique is a widely used chemical synthesis method for producing high-purity, homogeneous
nanomaterials with precise control over composition and microstructure. In this process, metal alkoxides or
inorganic salts undergo hydrolysis and condensation reactions to form a colloidal suspension (sol), which
gradually evolves into a three-dimensional gel network. The resulting gel can be dried and calcined to obtain
nanostructured powders, thin films, or porous materials. The sol-gel method is highly valued for its simplicity,
low processing temperature, cost-effectiveness, and ability to achieve uniform particle size distribution at the
nanoscale [6]. It also enables the incorporation of multiple metal oxides, making it ideal for preparing composite
or hybrid nanomaterials with tailored properties. Due to these advantages, the sol—gel technique is extensively
used in the synthesis of nanomaterials for applications such as gas sensors, catalysts, coatings, optical devices,
and electronic components.
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Fig. 1 Flow chart of sol-gel technique
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3. Experimental Trial
Synthesis of WO3, CuO Nanomaterials and WO3—CuO Composites by the Sol-Gel Method

The synthesis of WO3;, CuO, and their composite WO3—CuO nanomaterials was carried out using the sol-
gel method at the UGC-recognized Research Center, Vidya Bharati Mahavidyalaya, Amravati, affiliated to Sant
Gadge Baba Amravati University, Amravati. All the chemicals and raw materials required for the synthesis were
readily available in the research laboratory, ensuring smooth and uninterrupted experimental work.

WO and CuO nanomaterials were synthesized via a controlled sol-gel route using analytically pure metal
precursors. Sodium tungstate dihydrate (Na2WO4 2H-0) was used as the tungsten source for WOs, while copper
nitrate trihydrate (Cu (NOs)2-3H20) served as the copper precursor for CuO. Each precursor was dissolved
separately in deionized water under continuous magnetic stirring to obtain clear and homogeneous solutions.
Controlled hydrolysis and condensation reactions were initiated by adjusting the solution pH (typically
maintained in the acidic range of pH 1-3 using dilute nitric), which promoted stable sol formation [7-8]. For the
synthesis of individual oxides, the prepared sols were stirred for several hours and then aged at room
temperature for 12-24h to ensure complete polymerization and network formation. Gelation occurred upon
further aging, followed by drying of the gels at 80-100 °C for several hours to obtain xerogels. The dried
xerogels were subsequently calcined in air at temperatures in the range of 400-600 °C for 2-4 h to remove
organic residues and induce crystallization, yielding nanocrystalline WOs and highly crystalline CuO powders
[7-8].

Fig. 2 Draining process of materials

WOs—CuO composite nanomaterials were prepared by mixing the WOs and CuO sols in predetermined
stoichiometric ratios of 20% W03—-80% CuO (NC-1), 40% WO;-60% CuO (NC-2), and 60% W0Os—40% CuO
(NC-3). The mixed sols were vigorously stirred to achieve homogeneous molecular-level dispersion of both
metal species. After aging, gelation, and drying under identical conditions as the individual sols, the composite
xerogels were calcined under the same thermal treatment to obtain crystalline WO;—CuO nanocomposites.
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Fig. 3 Synthesized materials in powder form

The synthesized materials were further characterized using X-ray diffraction (XRD) to confirm their
crystalline phases and structural purity, while scanning electron microscopy (SEM) was employed to study
particle morphology, size distribution, and surface features. These nanomaterials and their composites were
subsequently evaluated for their gas-sensing performance, demonstrating enhanced sensitivity and improved
response behavior in hybrid WO3-CuO systems [9-10].

4. Characterizations Tools
4.1 XRD Analysis

X-ray Diffraction (XRD) analysis is an essential technique used to determine the crystalline structure,
phase composition, and purity of materials. It helps identify unknown compounds, detect impurities, and
analyze structural properties such as lattice parameters, crystallite size, and internal strain. Because it is non-
destructive, XRD allows researchers to study materials without altering them, making it highly valuable in fields
like materials science, geology, chemistry, metallurgy, and pharmaceuticals. Overall, XRD provides crucial
insights into the structural characteristics of materials, enabling better understanding, development, and quality
control of various products and technologies.
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Fig. 4 XRD of WO3

Fig. 5 XRD of 20%W O3-80%CuO
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Fig. 8 XRD of CuO

Fig. 4 - XRD of WO:;

The X-ray diffraction (XRD) pattern of the synthesized WOs confirms the formation of phase-pure
nanocrystalline monoclinic WOs, with diffraction peaks matching well with standard JCPDS data. No impurity
peaks are observed, indicating high structural purity. The diffraction peaks are noticeably broadened, revealing
the nanocrystalline nature of the material. The average crystallite size, estimated using the Scherrer equation
from the most intense peak (~26.6°), is found to be ~18-25 nm. The lattice parameters calculated for monoclinic
WO:; are approximately a =~ 7.30 z&, b= 7.54 A, c~7.69 z&, with a monoclinic angle B = 90.9°, which are in
good agreement with reported values. Minor deviations are attributed to size-induced lattice strain [11-12].

Fig. 5 - XRD of 20% W03-80% CuO

The XRD pattern of the 20% WOs;—-80% CuO composite confirms the presence of two distinct
crystalline phases, monoclinic CuO (dominant) and monoclinic WOs, with no impurity or secondary phases.
The intense and sharp diffraction peaks mainly correspond to CuO, while the weaker peaks in the 23-27° range
are attributed to WOs, reflecting the CuO-rich composition. The absence of peak shifting indicates that both
oxides retain their individual crystal structures in the composite. Quantitative analysis using the Scherrer
equation reveals an average crystallite size of ~30—40 nm for CuO and ~18-25 nm for WOs3, confirming the
nanocrystalline nature of the composite. The calculated lattice parameters closely match standard monoclinic
values for CuO (a~4.68 A,b~3.42 A, c~5.13 A, p~99.5°) and WOs (a~7.30 A,b=7.54 A, c=7.69 A, B~
90.9°). Minor variations are attributed to nanoscale size effects and interfacial strain.

Fig. 6 - XRD of 40% W03-60% CuO

The XRD pattern of the 40% WOs—60% CuO composite confirms the coexistence of monoclinic WO3
and monoclinic CuO without any secondary phases, indicating successful composite formation. Compared to
CuO-rich samples, the WO peak intensities in the 23-27° range are noticeably enhanced, reflecting the
increased WOs content, while CuO remains the dominant phase. No peak shifting is observed, confirming that
both oxides retain their individual crystal structures. Quantitative analysis using the Scherrer equation yields
average crystallite sizes of ~28-35 nm for CuO and ~18-24 nm for WOs, indicating nanocrystalline behavior.
The calculated lattice parameters closely match standard monoclinic values for CuO (a =~ 4.68 A, b = 3.42 A c=
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5.13 A, $~99.5°) and WO: (a = 7.30 A, b= 7.54 A, c = 7.69 A, B = 90.9°). Minor deviations are attributed to
size-induced strain and interfacial effects.

Fig. 7—- XRD of 60% W0O3-40% CuO

The XRD pattern of the 60% W0O3—40% CuO composite confirms the coexistence of monoclinic WOs
(dominant phase) and monoclinic CuO, with no secondary or impurity phases. The increased intensity of WOs
peaks in the 23-27° region and the reduced CuO peak intensities reflect the WOs-rich composition. The absence
of peak shifting indicates that both oxides retain their individual crystal structures. Quantitative analysis using
the Scherrer equation shows average crystallite sizes of ~15-22 nm for WOs and ~25-32 nm for CuO,
confirming the nanocrystalline nature of the composite. The calculated lattice parameters are consistent with
standard monoclinic values for WOs (a = 7.30 A, b= 7.54 A, c~7.69 A, B = 90.9°) and CuO (a =~ 4.68 10%, b=
3.42 A, c~5.13 A, B =~ 99.5°), with minor deviations due to nanoscale strain.

Fig. 8 - XRD of CuO

The X-ray diffraction (XRD) pattern of the synthesized CuO clearly confirms the formation of phase-
pure monoclinic CuO without the presence of any secondary or impurity phases. All observed diffraction peaks
can be well indexed to standard monoclinic CuO reflections, indicating successful synthesis. The peaks are
sharp and intense, revealing the high crystalline nature of the material. Quantitative crystallite size analysis was
performed using the Scherrer equation, based on the most intense diffraction peak located at approximately
35.5°, yielding an average crystallite size in the range of 35-45 nm. This relatively large crystallite size is
consistent with the narrow peak widths observed in the XRD pattern. The calculated lattice parameters (a =~ 4.68
A, b = 342 A, c~ 5.13 A, B = 99.5°) closely match the reported standard values for monoclinic CuO,
confirming the structural stability and good crystallinity of the synthesized material [13-14].

Composition Dominant Crystallite Size, Micro-strain, € (x103) | Dislocation Density,

Phase D (nm) 4 (x10 m?2)

WOs WO:; 18-25 2.8-3.5 1.6-3.1
20% WO0:—-80% CuO CuO 30-40 (CuO) 1.6-2.2 (CuO) 0.6-1.1 (CuO)
18-25 (WOs) 2.8-3.4 (W0s) 1.6-3.1 (WOs)
40% W0O:-60% CuO CuO 28-35 (CuO) 1.8-2.5 (CuO) 0.8-1.3 (CuO)
18-24 (WOs) 2.9-3.6 (WOs) 1.7-3.0 (WOs)
60% W0:—-40% CuO WO:; 15-22 (WOs) 3.2-4.0 (WOs) 2.1-4.4 (WOs)
25-32 (CuO) 2.0-2.6 (CuO) 1.0-1.6 (CuO)

CuO CuO 35-45 1.2-1.6 0.5-0.8

Table 1. XRD-Derived Structural Parameters of WOs, CuO and WO;—CuO Composites
4.2 SEM Analysis

Scanning Electron Microscopy (SEM) analysis is a powerful tool used to examine the surface
morphology and microstructural features of materials with high resolution. It provides detailed images of
surface topography, texture, and composition, allowing researchers to study particle size, shape, porosity, and
surface defects. SEM is widely used in materials science, biology, nanotechnology, and electronics to
understand material behavior, improve product design, and ensure quality control. Its ability to provide both
qualitative and quantitative information makes SEM an indispensable technique for characterizing materials at
the micro and nanoscale [15].

Z, 888 100 nm BB837

EHT= 2000 kV Signal A = SE1 Date: 11 Apr 2024
WD =9.51 mm Mag= 1200KX Time: 18:20:20

Fig. 9 SEM WOs3 Fig. 10 SEM of 20% W O3-80%CuO
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EHT=20.00 kV Signal A=SETf Date: 10 Apr 2024
WD =9.21 mm Mag= 1200KX Time: 15:49.24

Fig. 13 SEM CuO

The SEM micrographs of WOs;, CuO, and their composites reveal distinct morphological features
corresponding to the varying compositions and intrinsic structural characteristics of the two metal oxides. Pure
WO:; exhibits nanosized, nearly spherical grains with relatively uniform clustering and moderate agglomeration
arising from high surface energy, resulting in a compact nano-agglomerated morphology. In contrast, pure CuO
displays a rough, highly textured, granular surface with larger crystallites and pronounced porosity,
characteristic of monoclinic CuO. This clear morphological contrast between the two pristine oxides governs the
microstructural evolution observed in the composite samples.

A systematic correlation between SEM-observed morphology, bulk density, and total porosity is evident
across all compositions. The total porosity (¢p) was estimated using the standard pycnometric density method,
which is widely validated in the literature for porous ceramics and metal-oxide materials. In this approach,
porosity is calculated using the relation

Phoulk

=1-
¢ Prrue
where the bulk density (p_bulk) is obtained from the mass—volume ratio of the pellets and the true density

(p_true) is determined by pycnometry. This method provides a reliable estimate of total porosity and is routinely
employed for comparative analysis of porous oxide systems [16].

Pure CuO exhibits a highly porous morphology with interconnected voids, corresponding to a low bulk
density of 2.30 g cm™3 and a high porosity of 64.2%. In contrast, pure WOs shows improved packing efficiency
with a higher bulk density (3.40 g cm™3) and lower porosity (52.7%), consistent with its compact nano-grain
structure. The 20% WO;-80% CuO composite remains CuO-dominated, displaying a flaky and open pore
framework, with a bulk density of 2.52 g cm™ and porosity of 61.6%. Increasing the WO; content to 40% leads
to partial filling of CuO-induced voids by WOs nanoparticles, improving packing efficiency and reducing
porosity to 59.3% (p_bulk = 2.74 g cm3), resulting in a more homogeneous microstructure.

The 60% W0O3:—40% CuO composite exhibits a WOs-dominated morphology characterized by a denser and
more interconnected nano-grain network with significantly reduced large pores. Correspondingly, the bulk
density increases to 2.96 g cm3, while the porosity decreases to 57.0%, confirming progressive densification
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with increasing WOs content. Although the pycnometric method estimates only total porosity and does not
distinguish between open and closed pores, the observed porosity trends are consistent with pore-structure
evolution commonly reported from BET surface area analysis and mercury intrusion porosimetry in similar
metal-oxide systems. Thus, the density-derived porosity values provide reliable support for the SEM-observed
transition from highly porous CuO-rich morphologies to more compact WOs-rich composites [17-18].

Sample p_bulk (g cm™) p_true (g cm™) Porosity (%)
CuO 2.30 6.42 64.2
20% WO; — 80% CuO 252 6.57 61.6
40% WO; — 60% CuO 2.74 6.73 59.3
60% WO; — 40% CuO 2.96 6.88 57.0
WOs 3.40 7.19 52.7

Table 2. Bulk density, true density, and estimated total porosity of WOs;—CuO samples
Combined XRD and SEM Correlation for WQOs, CuQ, and Their Composites

The structural and microstructural characteristics of WQOs, CuO, and their composites were investigated
using XRD and SEM, revealing a clear correlation between crystallinity, phase composition, and morphology.
XRD patterns confirmed that pure WO; forms a phase-pure monoclinic structure with nanosized crystallites
(~18-25 nm), while pure CuO exhibits phase-pure monoclinic CuO with relatively larger crystallites (~35-45
nm). Composites display the coexistence of monoclinic WOs and CuO phases without secondary impurities,
with the dominant phase shifting from CuO-rich to WOs-rich as the composition changes. Crystallite sizes
calculated via the Scherrer equation indicate that WOs crystallites remain small across all composites (~15-25
nm), whereas CuO crystallite size decreases slightly in WOs-rich compositions (~25-35 nm), suggesting
nanoscale interfacial interactions.

SEM micrographs complement the XRD data by revealing morphological evolution corresponding to these
crystallographic trends. Pure WO; exhibits compact, nearly spherical nanosized grains with moderate
agglomeration, consistent with its smaller crystallite size and higher packing efficiency observed in XRD. In
contrast, pure CuO shows rough, granular grains with pronounced porosity, in agreement with its larger
crystallites. Composites demonstrate intermediate morphologies: 20% W03;-80% CuO remains CuO-dominated
with flaky, porous frameworks, while increasing WOs content to 40-60% progressively fills intergranular voids,
producing denser, more interconnected nano-grain networks. Density-derived total porosity calculated using the
pycnometric method decreases from 64.2% (pure CuO) to 57.0% (60% WOs composite), consistent with the
observed densification in SEM images and the XRD-indicated crystallite refinement [19-20].

General, the combined XRD-SEM analysis reveals a strong structure—-morphology correlation: smaller
WO:; crystallites promote better packing and reduced porosity, while CuO-rich phases favor open, highly porous
morphologies. This interplay between crystallite size, phase distribution, and microstructure is critical for
tailoring the physical properties and functional performance of WOs—CuO composites, including their gas-
sensing behavior.

Influence of Morphology on Functional Applications

The morphological features of WOs, CuO, and their composites, as revealed by SEM and supported by
XRD analysis, play a critical role in determining their functional performance in applications such as gas
sensing, catalysis, and energy storage. Pure WOs, with its compact, nearly spherical nanosized grains and
moderate agglomeration, exhibits high surface area-to-volume ratios and uniform grain connectivity. This
morphology ensures efficient electron transport and surface reactivity, making WO; particularly suitable for
applications requiring fast charge transfer or selective gas adsorption.

In contrast, pure CuO displays rough, granular, and highly porous structures with larger crystallites. The
interconnected voids enhance surface accessibility and adsorption capacity, which is advantageous for gas-
sensing applications where high surface interaction is critical. However, the excessive porosity may reduce
mechanical stability and limit electron percolation in devices requiring dense contacts [21].

In composite materials, the combination of WOs and CuO results in tunable morphologies that balance
porosity, surface area, and grain connectivity. CuO-rich composites retain high porosity and open frameworks,
promoting rapid gas diffusion and adsorption. Increasing WO; content progressively fills the intergranular
voids, creating a denser and more interconnected nano-grain network. This densification improves mechanical
stability and electron transport while maintaining sufficient active sites for functional reactions. As a result, the
WOs—CuO composites exhibit optimized morphology-dependent properties, such as enhanced gas-sensing
sensitivity, faster response/recovery times, and improved catalytic activity, demonstrating the strong interplay
between microstructure and functional performance [22].
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5. Conclusions

In this work, WOs;, CuO, and their composite systems with varying ratios were successfully
characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The XRD results
confirmed the formation of distinct crystalline phases for each oxide: nanocrystalline WOs with broadened
peaks and highly crystalline monoclinic CuO with sharp, intense diffraction lines. The composite samples
consistently exhibited two-phase patterns without evidence of new compound formation, indicating that WOs
and CuO coexist as separate crystalline phases. The relative intensities of the peaks reflected the compositional
variations, with WOs-rich composites showing stronger WOs peaks and CuO-rich composites demonstrating
CuO-dominant crystallinity [23].

SEM analysis provided detailed insights into the surface morphology and particle interactions within
the materials. Pure WO; displayed uniform nanosized particles with noticeable agglomeration, while pure CuO
showed coarse, granular, and porous structures characteristic of larger crystallites. The composite samples
demonstrated a clear morphological transition with increasing WOs content: CuO-rich composites retained a
rough, porous texture, whereas WOs-rich composites exhibited smoother, denser nano-grain structures. These
morphological changes were consistent with the XRD results and revealed improved homogeneity and structural
refinement with increasing WOs concentration. The complementary information obtained from XRD and SEM
confirms that the microstructural and morphological properties of WO;—CuO composites are highly tunable
through composition [24].
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