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Abstract:

In this study, pure CuO, pure ZrO, nanoparticles (NPs) and CuO/ZrO; nanocomposite (NC) were
synthesized via a solution assisted hydrothermal method at 150 "C and systematically investigated to understand
the influence of CuO incorporation on the structural, optical and luminescence properties of ZrO,. X-ray
diffraction analysis confirmed the formation of monoclinic CuO and predominantly monoclinic ZrO,, while the
CuO/ZrO, NC exhibited partial stabilization of the tetragonal ZrO, phase. Williamson—Hall (WH) analysis
revealed reduced lattice strain and dislocation density in the CuO/ZrO, NC. The average crystallite sizes were
found to be 14.2 nm for CuO, 8.4 nm for ZrO; and ~38 nm for the CuO/ZrO, NC. SEM revealed agglomerated
micron-sized particles assembled from nanoscale crystallites, while EDAX analysis confirmed the homogeneous
distribution of Cu, Zr and O elements. FTIR spectra showed characteristic Cu—O and Zr—O vibrational modes,
together with band broadening in the composite arising from interfacial interactions between the constituent
oxides. DRS studies revealed optical band gaps of 2.44 eV for CuO, 4.04 eV for ZrO, and 3.64 eV for the
CuO/ZrO, NC, indicating significant modification of the electronic structure after composite formation. PL
studies demonstrated defect—assisted visible emissions associated with oxygen-vacancy-related states and
interfacial defect centers. The combined structural and spectroscopic analyses revealed a strong correlation
between phase evolution, microstructural modification and optical response, which may enhance the potential of
CuO/ZrO, NC:s for photocatalytic, sensing and optoelectronic applications.
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1. Introduction:

Semiconductor nanomaterials have attracted considerable attention owing to their unique size-dependent
structural, optical, electrical and catalytic properties. These materials play an important role in the development
of low—cost, high-efficiency, and compact optoelectronic devices for applications in telecommunications,
biomedical engineering, sensing and energy-related technologies [1, 2]. Despite progress in semiconductor

nanostructures, understanding the relationship between composition, microstructure and optical response remains



a key challenge for the design of advanced functional materials. Among various semiconductor systems, copper-
based nanomaterials have received considerable interest because of their excellent electrical and thermal
conductivity, chemical stability, and cost-effectiveness [3].

Among various semiconductor metal oxides, TiO,, ZnO, NiO and CuO have been extensively
investigated because of their attractive optical, electrical and catalytic properties. TiO, and ZnO are well-known
wide band-gap semiconductors with excellent photocatalytic activity, whereas NiO and CuO are p-type
semiconductors exhibiting superior visible-light absorption characteristics. Among them, cupric oxide has
attracted significant attention due to its narrow band-gap (1.2 —2.1 eV), high absorption coefficient, chemical
stability, non-toxicity and low cost [4, 5]. Owing to these properties, CuO nanoparticles (NPs) have been widely
explored for applications in photocatalysis, sensing, solar energy conversion, Li-ion batteries and optoelectronic
devices [6, 7]. Furthermore, CuO nanostructures can be synthesized using various techniques, including sol-gel,
hydrothermal, micro-wave assisted thermal decomposition and co-precipitation methods, enabling effective
control over their structural and functional properties [8-10].

Zirconium dioxide (ZrO,) is an important ceramic oxide that has attracted considerable interest due to
its excellent thermal stability, high mechanical strength, chemical inertness, and wide band gap. Depending on
temperature, dopant type and dopant concentration, ZrO, can exist in monoclinic, tetragonal and cubic
polymorphic phases, each exhibiting distinct structural and functional characteristics [11-17]. Among these,
tetragonal ZrO; has received particular attention because of its enhanced mechanical and optical properties. Owing
to its superior physicochemical characteristics, ZrO» has been widely employed in catalysts, oxygen sensors, fuel
cells, thermal barrier coating, biomedical implants and optical devices [13-15].

Among CuO-based nanostructures, CuO/ZrO, NCs have attracted considerable attention due to the
synergistic interaction between the narrow band-gap CuO and wide band-gap ZrO- phases [18]. The incorporation
of ZrO; can improve the dispersion, stability and interfacial characteristics of CuQO, thereby influencing the
structural, optical and catalytic properties of the composite system [19]. Consequently, CuO/ZrO; NCs have been
extensively investigated for photocatalysis, gas sensing, environmental remediation and related functional
applications. Previous studies have demonstrated that the physicochemical properties of CuO/ZrO, composites
are strongly influenced by phase composition, crystallite size, defect concentration and interfacial interactions
between the constituent oxides [20]. However, most reported investigations have primarily focused on catalytic
performance and morphological characteristics, whereas detailed studies correlating phase evolution,
microstructural modifications, lattice strain relaxation and luminescence behaviour remain limited.

In the present work, pure CuO, pure ZrO, NPs and CuO/ZrO, NCs were synthesized via hydrothermal
route. The hydrothermal method was adopted owing to its simplicity with controlled morphology [21, 22].
Structural, microstructural and optical properties were systematically investigated using X-ray diffraction,
Williamson—Hall analysis, scanning electron microscopy, energy-dispersive X-ray analysis, Fourier transform
infrared spectroscopy, diffuse reflectance spectroscopy, and photoluminescence spectroscopy, while crystal
structures were visualized using VESTA software. Particular emphasis was placed on understanding the influence
of CuO incorporation on phase evolution, crystallite growth, lattice strain and optical response in the ZrO, matrix.
The study establishes correlation between phase stabilization, microstructural modification and luminescence
behaviour in CuO/ZrO, NCs.

2. Experimental:



2.1. Materials:

All the chemicals used for the preparation of CuO/ZrO, nanocomposite (NC) including copper nitrate octahydrate
(Cu(NO3)2.8H,0), zirconium oxychloride octahydrate (ZrOCl,.8H>0), sodium hydroxide (NaOH) and ethanol
(C2HeO) were analytical reagent grade (purity >99%) and were purchased from Merck chemicals, Mumbai India.
Deionized water was used for sample preparation and dilutions. All glass vessels and crucibles used in this study
were thoroughly acid-washed to remove impurities and ensure cleanliness.

2.2. Synthesis of CuO/ZrO2 nanocomposite:

Initially, 3.32 g of copper nitrate octahydrate (Cu(NOs)::8H20) was dissolved in 20 mL of deionized water and
stirred magnetically at room temperature. Simultaneously, 6.67 g of zirconium oxychloride octahydrate
(ZrOCl.-8H20) was dissolved in 20 mL of deionized water, and 20 mL of ethanol was added to this solution. The
zirconium precursor solution was then added to the copper precursor solution under constant stirring to form a
light blue—coloured mixture. This mixture was stirred for 30 min, and the solution pH was adjusted to 6 using 0.5
M NaOH solution. Subsequently, the resulting solution was stirred at room temperature for 24 h and then
transferred into a 150 mL Teflon-lined stainless-steel autoclave. The autoclave was maintained at 150 °C for 16 h
under self—generated pressure. After cooling to room temperature, the obtained product was washed several times
with distilled water and ethanol to remove impurities. The washed product was dried in an oven at 100 °C for 3 h
and the dried material was ground into a fine powder for further characterization. Figure 1 shows the flow chart
for the preparation of CuO/ZrO; NC.

For comparison, pure CuO and pure ZrO, NPs were synthesized by the same hydrothermal route using
their respective precursors. In both cases, the pH was adjusted to 6 using 0.5 M NaOH, and the resulting
suspensions were subjected to identical hydrothermal conditions as described above for the CuO/ZrO, NC. The
obtained precipitates were washed thoroughly with distilled water and ethanol, dried at 100 ‘C for 3 hours, and
gently grinded in agate mortar to obtain fine black CuO and white ZrO, powders, respectively. The stoichiometric
balanced equations for the formation of CuO NPs are

Cu(NO3),.8H,0 (aq) + 2NaOH (aq) —— CuO(s) + 2Na NO5 (aq) + 9H,0 (1)
For the formation of ZrO, is
Zr0Cl,.8H,0 (aq) + 4NaOH (aq) — Zr0,(s) + 2Na Cl (aq) + 10H,0 (1)

3. Characterization Techniques:

The crystal structure of the synthesized NPs and NC was characterized using powder X-ray diffraction (XRD,
Bruker D8) with Cu K, radiation (A = 1.5406A°) over the 20 range of 20°-80° [23]. Diffraction data were further
processed using X’Pert Pro-software to determine crystallite size and phase composition. The Fourier transform
infrared (FTIR) spectra were recorded in the wavenumber range 400 — 4000 cm™! using a Nicolet Magna-550
spectrometer. The morphology and elemental composition of the CuO/ZrO, NC were examined using a TESCAN
VEGA3 LMU scanning electron microscope equipped with an EDX detector and operated at an accelerating
voltage 15 kV. The particle size was analyzed by using the open-source Imagel tool. The UV-Vis diffuse
reflectance spectra were recorded using a Shimadzu UV-Vis spectrophotometer to investigate the optical
properties of the synthesized samples. The crystal structure of NPs and NC was visualized by using open-source
VESTA software. The photoluminescence (PL) spectra were recorded using a Perkin Elmer LS-55

spectrofluorometer operated at room temperature.



4. Results and Discussion:
4.1. Structural Properties:
4.1.1. X-ray diffraction

Figure 2(a) and (b) show that the XRD patterns of hydrothermally synthesized CuO, ZrO, NPS and
CuO/ZrO, NC. The XRD pattern of CuO NPs confirms the formation of single phase monoclinic CuO with lattice
parameter values of a =4.58 A, b=3.49 A, c=5.51 A, a=v=90", and = 96.75". The diffraction peaks observed
at 20 = 32.99°, 36.00°, 37.03", 39.23", 42.89", 49.26’, 53.98’, 58.71", 62.01", 66.59", 68.50°, 72.96", and 75.52’
corresponding to the (110), (111), (111), (200), (112), (202), (202), (113), (310), (220), (311), (222) lattice planes
respectively. The peak positions and relative intensities are in good agreement with the standard JCPDS file No.
00-048-1548, confirming the formation of phase pure monoclinic CuO [24].

The XRD pattern of pure ZrO, NPs reveals the formation of monoclinic phase zirconia with lattice
parameters of a=5.05 A, b=5.38 A and c =5.28 A a =7 =90, and p = 98.54". Characteristic peaks located at
20~23.71°,28.21°,31.22°, 34.29", 49.53", 54.85" are indexed to the (011), (111), (111), (020), (212), (202), lattice
planes, respectively. Zirconium oxide generally exists in three polymorphic forms, namely monoclinic (m-ZrO,),
tetragonal (t-ZrO,) and cubic (c-ZrO), among which monoclinic phase is thermodynamically stable at low
temperature, whereas the tetragonal and cubic are quite stable at elevated temperatures. The obtained XRD pattern
agrees well with JCPDS Card No. 96-810-4265 and confirms the formation of monoclinic ZrO, [25].

Now the XRD patterns of CuO/ZrO, NC display both monoclinic and tetragonal phases of ZrO, in
addition to a monoclinic phase of CuO. The strong peaks at 20 ~ 36.3°, 47.7°, 52.5° and 58.7° are assigned to
(002), (112), (020) and (202) planes of the monoclinic structures of CuO respectively. These peaks are in good
agreement with the standard XRD data of JCPDS card no: 96-410-5686. The other characteristic peaks identified
at nearly 20 = 29.7°,34.1°, 50.1° and 59.6° are assigned due to (101), (110), (200) and (211) plane of the tetragonal
phase of ZrO,. These peaks are well in agreement with JCPDS card number: 17-0923. The peaks further, emerged
at about nearly 20 =~ 24.2°, 28.9°, 31.3°, 45.4° 51.4° and 56.7° are assigned to the (111), (111), (111) (121), (202)
and (311) planes due to the monoclinic phase of ZrO,, which are well in line with the peaks mentioned in the
standard JCPDS card number 96-210-8454. Lattice parameters, Axes of symmetry and volume of unit cell of
CuO, ZrO; NPs and CuO/ZrO, NC were presented in Table 1.

The monoclinic phase fraction (Xm) of ZrO, was estimated using the Garvie—Nicholson relation [26]
(Eg-1) from the integrated intensities (I) of the characteristic monoclinic (-111) and (111) reflections at 26 = 28.9°
and 31.3°, together with the isolated tetragonal (101) reflection at 26 =~ 29.7°, The monoclinic volume fraction (V)

was subsequently calculated using the Toraya corrections [27] (Eq. 2):

X, = In(-11D+,(11D) )

Im(=111)+1,(111)+1:(101)

Where m, t stands for monoclinic and tetragonal phases, respectively.

_ 1311Xpy
m 140.311X,

The calculated monoclinic volume fraction was found to be 72.69 %, indicating that m—ZrO, remained
the dominant polymorph in the CuO/ZrO, NC. Compared with pure ZrO,, the CuO/ZrO, NC exhibits a reduced
monoclinic phase fraction together with partial stabilization of the tetragonal ZrO, phase. This behavior may be
associated with interfacial strain, lattice mismatch, and interfacial interactions arising from the formation of the

CuO/ZrO; heterojunctions.



The average crystallite size and lattice strain of the synthesized samples were evaluated using the Debye—

Scherrer equation (Eq. 3) [28] and the Stokes—Wilson equation (Eq. 4) [29], respectively.

_09A

b= Bcos® 3)
__B
T 4Tano )

Where D is the average crystallite size, A is the wavelength of the X-ray radiation, B is the full width at half
maximum (FWHM) of the diffraction peak and 6 is the Bragg diffraction angle. The average crystallite sizes of
CuO and ZrO; were found to be 14.20 nm and 8.38 nm, respectively. The Williamson-Hall (WH) method was
further employed to determine the crystallite size and lattice strain from the intercept and slope of the linear fit
using Eq. (5). The calculated parameters are summarized in Table 2, and corresponding WH plots are presented

in Figure 3.
B cosB = O'Z—A + 4£sin@ ----- 5)

Furthermore, the dislocation density (8) was calculated from crystallite size using the Williamson- Smallman

equation (Eq. 6)

Upon hydrothermal synthesis, the crystallite size of the CuO/ZrO, NC increased to ~ 38nm compared
with those of the individual CuO and ZrO, NPs, suggesting enhanced crystal growth during composite formation
[29]. This
increase may be associated with interfacial diffusion and improved crystallinity resulting from the intimate contact
between the two oxide phases. Furthermore, the XRD results reveal the coexistence of monoclinic and tetragonal
ZrO» phases, indicating partial stabilization of the tetragonal ZrO; phase in the CuO/ZrO; NC. In pure zirconia,
the monoclinic-to=tetragonal phase transformation is accompanied by significant lattice strain and volume
change, which restrict crystallite growth [30, 31]. Therefore, the incorporation of CuO during hydrothermal
synthesis is expected to influence the phase stability of ZrO, through interfacial interactions and strain relaxation.

A possible mechanism reported in the literature involves the substitution of Cu?* ions at Zr* lattice sites,
resulting in charge compensation through the formation of oxygen vacancies [32, 33]. This defect reaction can be
represented using Kroeger-Vink notation as:

2Cu0 - 2Cuy, + V7 + 207 ---(7)
where Cuy, represents a Cu ion occupying a Zr** site, V" denotes an oxygen vacancy with an effective double
positive charge, and O} represents a lattice oxygen ion at its regular crystallographic site. The partial stabilization
of the tetragonal phase is accompanied by reduced lattice strain and dislocation density, as evidenced by the
Williamson-Hall analysis. The resulting strain relaxation facilities grain-boundary migration during hydrothermal
synthesis, leading to enhanced crystallite growth in the CuO/ZrO, NC compared with the individual oxide NPs.
4.1.2. SEM with EDAX:

The SEM micrograph of the CuO sample (Figure 4(a)) reveals irregularly shaped particles with
pronounced agglomeration, forming densely packed secondary clusters rather than isolated primary NPs. The
particles exhibit a rough and granular surface, indicating that each secondary particle consists of numerous smaller
crystallites. ImagelJ analysis estimated an average particle size ~980 nm, which is considerably larger than the
average crystallite size (~14 nm) obtained from XRD analysis. This significant difference indicates that the

observed particles are polycrystalline agglomerates formed through the assembly of multiple nanocrystallites.



Such agglomeration -driven growth is a characteristic feature of transition metal oxide nanomaterials synthesized
via hydrothermal methods and has been widely reported in the literature [34-36].

The SEM micrograph of the ZrO, sample (Figure 4(b)) exhibits irregular to quasi-spherical particles with
rough surfaces and non-uniform outlines. No anisotropic structures such as rods, plates or elongated structures are
observed, suggesting predominantly isotropic crystal growth during hydrothermal synthesis. Similar to CuO, the
ZrO; particles are strongly agglomerated into large secondary clusters composed of numerous nanocrystallites.
ImagelJ analysis yielded an average particle size of ~ 900 nm, which is substantially larger than the XRD crystallite
size (~ 8 nm), confirming the agglomerated polycrystalline nature of the particles. The exclusive presence of the
monoclinic phase observed by XRD indicates that, in the absence of stabilizing species, hydrothermal synthesis
favours the thermodynamically stable monoclinic ZrO, phase at room temperature [37].

The SEM micrograph of the CuO/ZrO, NC (Figure 4(c)) reveals a heterogeneous cauliflower-like
morphology composed of irregular to quasi-spherical agglomerates decorated with fine nodular features. The
rough surface texture reflects the intimate assembly of CuO and ZrO, nanocrystallites into hierarchical secondary
particles without the formation of anisotropic structures, indicating isotropic growth behaviour. ImageJ analysis
shows a broad particle-size distribution ranging from approximately 200 to 1400 nm, with an average particle size
of about 800 nm. As in the individual oxide samples, the particle size is significantly larger than the crystallite
size obtained from XRD, confirming that the observed particles are secondary agglomerates consisting of multiple
nanocrystallites. The reduced particle size of the composite compared with pure CuO and ZrO; suggests that the
incorporation of CuO influences the growth behaviour during hydrothermal synthesis. Moreover, the absence of
observable phase segregation indicates uniform dispersion of the constituent phases, consistent with the
heterostructure formation inferred from XRD analysis.

Figure 5 presents the EDAX spectra of (a) CuO, (b) ZrO; and (c) CuO/ZrO, NC together with their
corresponding elemental compositions. The EDAX spectra confirm the presence of Cu and O in CuO, Zr and O
in ZrO,, and Cu, Zr and O in the CuO/ZrO; NC without detectable impurity elements, demonstrating the high
purity of the synthesized materials. Elemental mapping further reveals a homogenous spatial distribution of Cu,
Zr and O throughout the NC, indicating uniform dispersion of constituent phases. These observations are in good
agreement with the XRD results and further support the successful formation of a homogeneous CuO/ZrO, NC.
4.1.3. Crystal Structure Visualization and Coordination Analysis

Figure 6(a) presents the VESTA visualization of the monoclinic CuO crystal structure generated from
CIF file number 9016326 obtained from the Crystallography Open Database (COD). The lattice parameters (a, b,
c and B) were replaced with the experimentally determined values obtained from XRD analysis, whereas the space
group and atomic fractional coordinates were retained from the reference CIF file. The resulting model was used
solely for crystal structural visualization and coordination analysis. The VESTA output contains 22 atoms, 24
bonds and six coordination polyhedra within the displayed unit cell. Each Cu?* ion is coordinated by six oxygen
atoms in a distorted CuOs octahedron consisting of four shorter equatorial Cu-O bonds and two elongated axial
Cu-O bonds, characteristic of the Jahn-Teller distorted elongated octahedral (4+2) coordination environment. The
distorted CuOs coordination environment is therefore useful for understanding the relationship between the local
atomic arrangement and the crystallographic structure of monoclinic CuO.

Figure 6(b) presents the VESTA visualization of monoclinic ZrO; (space group P21/C), generated from
CIF file No. 2108453 obtained from the COD. The lattice parameters were replaced with the experimentally



determined values obtained from XRD analysis, whereas the space group and atomic fractional coordinates were
retained from the reference CIF file. The VESTA output contains 24 atoms, 28 bonds and four coordination
polyhedra within displayed unit cell. Each Zr** ion is coordinated by seven oxygen atoms, forming a distorted
ZrO7 polyhedron consisting of four relatively shorter and three longer Zr-O bonds. The unequal Zr—O bond lengths
reflect the low-symmetry coordination environment characteristic of monoclinic zirconia and are consistent with
the crystal structure identified by XRD. The distorted ZrO; coordination environment provides a structural basis
for understanding the local atomic arrangement and crystallographic characteristics of the monoclinic ZrO; phase.

Figure 7 presents the VESTA visualization of the constituent phases in the CuO/ZrO, NC, generated using
CIF file No. 9016326 for monoclinic CuO, No. 2108453 for monoclinic ZrO,, and No. 1525705 for tetragonal
ZrO». The lattice parameters of the individual phases were replaced with the experimentally determined values
obtained from XRD analysis (Table 1), while the corresponding space groups and atomic fractional coordinates
were retained from the reference CIF files. The structural models illustrate the coexistence of monoclinic CuO
with distorted CuOg coordination, the predominant monoclinic ZrO» phase containing distorted ZrO; polyhedra
and a minor tetragonal ZrO; phase characterized by ZrOs coordination polyhedra. The coexistence of these
coordination environment is consistent with the phase composition determined from XRD analysis and supports
the partial stabilization of the tetragonal ZrO; phase in the CuO/ZrO; NC. The structural mismatch between the
distorted CuOg octahedra and ZrO7 polyhedra may generate localized interfacial distortion, which could contribute
to the stabilization of the ZrOg coordination environments associated with tetragonal ZrO,. These structural
models provide a visualization of the local coordination environments and complement the crystallographic phase
analysis obtained from XRD, thereby offering an atomic-scale perspective on the structural evolution of the
CuO/ZrO; NC.

Figure 8 Schematically illustrates the multiscale structural evolution of the CuO/ZrO, nanocomposite by
correlating the atomic-scale coordination environments (VESTA), Crystallographic phase evolution (XRD) and
nanocrystalline agglomerated morphology (SEM). The Schematic provides a conceptual framework for
understanding the observed structure-property relationships.

4.2. Optical properties:
4.2.1. Fourier Transform Infrared Spectroscopy (FTIR):

Figure 9 compares the FTIR spectra of CuO, ZrO, and CuO/ZrO, NC recorded in the wavenumber range
of 400-4000 cm!. The spectra were analysed to identify the characteristic metal-oxygen vibrations, surface
functional groups and structural changes associated with the formation of the CuO/ZrO, NC.

The FTIR spectra of CuO NPs exhibits a strong absorption band at ~ 590 cm™!, corresponding to the
characteristic Cu—O stretching vibration of the monoclinic CuO. A weak shoulder observed near 550 cm™ is
assigned to the Cu-O bending vibration [38]. The appearance of this weak bending mode is consistent with the
local lattice distortion associated with the Jahn-Teller distorted CuOg coordination environment identified from
the crystal structure analysis. Bands observed at ~1352 and 835 ¢cm! are attributed to C-O stretching vibrations
arising from surface-absorbed carbonate species, which may originate from atmospheric CO, absorption or
residual precursor species [39]. The absorption band in the 1400-1600 cm™ region corresponds to the H-O-H
bending vibrations of absorbed water molecule [40], whereas the broad band extending from ~2500 to 3200 cm'!

is assigned to O—H stretching vibrations of surface hydroxyl groups and physically absorbed water molecules



[41]. The broad and low-intensity nature of this band indicates the presence of surface hydroxylation and absorbed
moisture, which are commonly observed in hydrothermally synthesized CuO NPs.

The FTIR spectra of ZrO> NPs exhibits strong absorption band around 600cm’!, corresponding to the
characteristic Zr-O stretching vibrations, whereas the weak band near 825cm! is assigned to the Zr—O—Zr bending
vibration [42]. These low—wave number absorption bands confirm the formation of zirconia framework and are
consistent with the monoclinic ZrO, phase identified by XRD. The absorption band centered at ~1654 cm™ is
attributed to the H-O—H bending vibration of absorbed water molecules, while the broad absorption band
observed in the 3200 to 3400 cm™' region corresponds to the O-H stretching vibrations of surface hydroxyl groups
and physically absorbed moisture. The presence of these hydroxyl-related bands is characteristic of
hydrothermally synthesized zirconia and indicates surface hydroxylation arising from exposure to atmospheric
moisture. The FTIR observations are consistent with the structural model established from XRD and VESTA.

The FTIR spectrum of the CuO/ZrO, NC exhibits significant broadening of the low-wavenumber region
together with shoulder features, arising from the overlap of the characteristic Cu-O and Zr-O lattice vibrations
following composite formation. Such spectral broadening may be associated with variations in bond lengths and
local coordination environments resulting from the coexistence of CuQOg, ZrO7; and ZrOs structural units, as
illustrated by the VESTA analysis [43]. In addition, C-O (~ 1380 cm™), H-O-H (~ 1680cm™) and broad O-H
(~2500 — 3000 cm™') bands indicate the absorption of atmospheric CO, and moisture on the NC surface. These
observations are consistent with the lattice-strain evolution obtained from the Williamson-Hall analysis and
support the successful formation of the CuO/ZrO, NC.

4.2.2. UV-Vis Diffuse Reflectance spectra (DRS):

Figure 10 shows the UV-Vis diffuse reflectance spectra (DRS) of CuO, ZrO, NPs and CuO/ZrO, NC recorded in
the wavelength range 300-1200 nm at room temperature. The optical band gap was determined from Kubelka-
Munk function F(R), by extrapolating the linear portion of the [F(R)hv]"versus hv plots, and the calculated values
are summarized in Table 4. According to the Kubelka-Munk [44], the relation between Kubelka-Munk function

F(R) and absorption coefficient K is given by Eq. (8)
----- ®)

Where ‘S’ is the scattering coefficient. The optical band gaps evaluated from Kubelka approach for CuO NPs is
about 2.44 eV, for ZrO, NPs is about 4.04 eV, and for CuO/ZrO, NC is about 3.64 eV. The obtained band gaps

(1-R)? _ K
2R S

F(R) =

for CuO and ZrO; NPs are in good agreement with findings reported in literature [45-46]. Pure ZrO, NPs exhibit
strong absorption in UV region with high reflectance throughout the visible range, characteristic of a wide band
gap oxide. In contrast, CuO NPs show intense absorption extending across visible region, indicating their narrow
band gap semiconducting nature. The CuO/ZrO, NC shows an intermediate band gap of 3.64 eV, which is
significantly reduced compared to pure ZrO> and higher than that of CuO. The intermediate band gap of the
CuO/ZrO, NC indicates electronic interaction between CuO and ZrO; and is consistent with the heterostructure
formation inferred from XRD and SEM analysis. The observed reduction in the optical band gap may be
associated with several factors. The intimate contact between CuO and ZrO, in the NC can modify the interfacial
electronic structure, while lattice mismatch and the accompanying strain may influence the electronic band
structure. In addition, interfacial defects and oxygen-vacancy related states, within the band gap, thereby
contributing to the observed band gap reduction.

4.2.3. Photoluminescence Spectra



Figure 11(a) shows the room temperature photoluminescence (PL) spectrum of CuO NPs excited at 350 nm. The
spectrum exhibits a broad emission band extending from ~380 —480 nm. Gaussian deconvolution resolves the
broad emission into three components centered at approximately 400 nm (3.10 eV), 422 nm (2.94 eV) and 461
nm (2.67 eV) respectively [47]. These emissions are attributed to defect-assisted radiative recombination rather
than direct band-to-band transitions, considering the much narrower optical band gap of CuO determined from
DRS analysis. The emission at ~ 400 nm is assigned to defect-related electronic transitions, whereas the peaks at
~422 and ~ 461 nm are associated with oxygen-vacancy related defect states and deep-level recombination
involving Cu?*/Cu* defect centers. The observed PL behaviour therefore indicates that intrinsic lattice defects play
an important role in the radiative recombination process of hydrothermally synthesized CuO NPs.

Figure 11(b) shows the room temperature PL spectrum of ZrO, NPs excited at 350 nm. The broad visible
emission band was deconvoluted using Gaussian fitting into two components centered at ~428 nm (2.90 eV) and
479 nm (2.59 eV). Considering the wide optical band gap of ZrO; (4.80 eV) obtained from DRS analysis, no near
band-edge emission is expected in the visible region, indicating that the observed emission originates from defect-
assisted radiative recombination. The emission at ~428 nm is attributed to oxygen-vacancy related defect centers,
whereas the lower energy emission at ~ 479 nm is associated with deep-level defect states arising from oxygen-
vacancy clusters and surface-related defects [48, 49]. These observations are consistent with the defect-rich nature
of hydrothermally synthesized ZrO; and agree well with the monoclinic phase identified by XRD.

Figure 11(c) shows the room temperature PL spectrum of the CuO/ZrO; NC excited at 350 nm. The
broad emission was resolved into four Gaussian components centered at ~ 403, 427, 454 and 456 nm. The emission
at ~ 403 nm is attributed to defect-related electronic transitions associated with CuO, whereas the ~ 427 nm peak
originated from oxygen-vacancy related defect centers in ZrO,. The additional emissions at ~454 nm and ~456
nm was assigned to deep level defect states that may arise from oxygen-vacancy related defects and local
interfacial electronic states formed during composite synthesis. Compared with the individual CuO and ZrO; NPs,
the CuO/ZrO; Nc exhibits an additional emission component while retaining the characteristic emission features
of both constituent oxides. The appearance of this additional emission, without significant spectral broadening,
suggests the formation of new radiative recombination centers associated with composite formation rather than
extensive structural disorder.

The PL behavior of the CuO/ZrO, NC is consistent with the structural and optical characteristics revealed
by XRD, FTIR, VESTA and DRS analysis. The additional defect related emission and reduced optical band gap
suggest modified defect-assisted radiative recombination following composite formation, making the NC a
promising candidate for visible-light driven photocatalytic and optoelectronic applications.

5. Conclusions:

In this study, CuO, ZrO, NPs and CuO/ZrO, NC were successfully synthesized via the hydrothermal route and
systematically characterized using XRD, SEM, EDAX, VESTA, FTIR, DRS and PL analyses. XRD revealed the
coexistence of monoclinic CuO with predominantly monoclinic ZrO, together with partial stabilization of
tetragonal ZrO» phase in the CuO/ZrO, NC. Williamson-Hall analysis confirmed the nanocrystalline nature of all
synthesized samples, while SEM observations showed that the NPs formed agglomerated secondary particles
composed of multiple nanocrystallites. EDAX confirmed the high purity and homogenous elemental distribution
of the constituent elements, whereas VESTA visualization provided atomic-scale insight into the coordination

environments of CuQOs, ZrO7 and ZrOg polyhedra. FTIR, DRS and PL analyses demonstrated that composite



formation modifies the local bonding environment, optical band gap, and defect-assisted radiative recombination

behaviour compared with the individual oxide NPs. These complementary structural and optical characteristics

indicate that the CuO/ZrO, NC is a promising material for visible-light driven photocatalytic, gas sensing and
optoelectronic applications.
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Figure 1. Flow chart for the preparation of CuO/ZrQO:z NC.
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Figure 2(a). XRD patterns of synthesized CuO NP and ZrO: NP with JCPDS reference

comparison.
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Figure 2(b). XRD patterns of synthesized CuO/ZrO: NC with JCPDS reference

comparison
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Figure 3. WH Plot of (a) CuO NP (b) ZrO: NP and (c) CuO/ZrO:2 NC.
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Figure 4. SEM micrograph of CuQO, ZrO: NPs and CuO/ZrO: NC and particle size

distribution fitted with Gaussian function.

18



Figure 5. EDAX spectra and corresponding elemental composition of CuO, ZrO: NPs
and CuO/Zr0O:z NC.
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Figure 6. Crystal structures of (a) monoclinic CuO and (b) monoclinic ZrQO: visualized

ball-and-stick and polyhedral models (VESTA)
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Figure 7. Crystal structure visualization of the individual and combined phases present
in the CuO/ZrQO: NC. Ball-and-Stick (top row) and polyhedral models (bottom row) using
VESTA illustrate monoclinic CuO (m-CuQ), monoclinic ZrQ: (m-ZrQO), tetragonal ZrO:

(t-Zr0O:) and their co-existence.

21



Figure 8. Multiscale structural correlation in CuO/ZrO; NC: Atomic Distortion,

phase Evolution and morphology
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Figure 9. FTIR spectra of CuO, ZrOz NPs and CuO/ZrO: NC.
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Figure 10. DRS spectra of Pure CuQO, ZrO: NPs and CuO/ZrO:z NC.
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Figure 11. Photoluminescence of (a) CuO NP (b) ZrO:z NP and (¢) CuO/ZrO:z NC.
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Table 1 Phase component, lattice parameters, Axes of symmetry and Volume of unit cell

of CuO, ZrO:z NP and CuO/ZrO:> NC

Sample Lattice parameters Volume of Axes of
code Phase of (A) Unit cell (A)* symmetry
component a b c Mono. = sinffabc o=P=90° and y
Tetragonal = a’c

Cu Monoclinic 458 349 551 87.34 a=y=90°, B =96.75°

Zr Monoclinic 505 537 5.28 141.59 a=y=90°, B =98.54°

Cu/Zr CuO — Monoclinic 4.50 3.48 4.98 77.47 a=y=90°, B =96.50°
ZrO> — Monoclinic 5.03 5.38 5.16 138.68 a=y=90°, § =96.63°
ZrO; — Tetragonal  3.67 3.67 4.34 58.37 a=p =y=90°
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Table 2 Average crystal lattice size, lattice strain and dislocation density of CuO, ZrO:
NP and CuO/ZrO: NC from Debye-Scherer and W-H plot calculations

Sample Crystallite size (nm) Lattice strain (g) x10# Dislocation density (d)
Code (6 x 10 m?2)
Scherer’s W-H plot Scherer’s W-H plot Scherer’s W-H plot
Cu 14.27 38.19 57.84 36.32 4.92 0.69
Zr 8.38 28.51 179.68 129.74 24.77 1.23
Cu/Zr
Cu— mono. 33.08 75.76 26.95 18.00 0.91 0.17
Zr— mono. 43.67 80.61 33.02 11.42 0.52 0.15
Zr— tetra. 44.25 64.79 28.86 12.04 0.51 0.24
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Table 3 Infrared Transmission spectra bands assignment and their relative positions in
cm’! of CuO, ZrO: NP and CuO/ZrO: NC

Band Assignment Band positions (cm™) Intensity
CuO Zr0; CuO/ZrO:
Zr-0 stretching vibrations - 470 466 Strong intense
Cu(II)-O Vibrations 590 - 602 Strong intense
Zr—0 stretching vibrations - 726 732 Weak
910 922
Cu—O- Cu linkages 1350 - — Weak band
bending mode of O—H group 1569 1626 1619 Strong intense
or surface hydroxyls 1920
O-H vibrations mode for 2015 2087 2096 Weak intense
CuO/ZrO> nanoparticles. 2348 2346 2332
O-H stretching mode of - 3174 3152 Broad and intense

hydroxyls or adsorbed water
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Table 4 Optical band gap energies derived from UV-VIS DRS and emission band
positions obtained from PL spectra of CuO, ZrO: NP and CuO/ZrOz2 NC

Code of Optical PL peak position (nm)
Sample energy gap Peak1l Peak 2 Peak 3 Peak 4
(eV)
Cu NP 2.44 400 422 461 -
Zr NP 4.04 428 479 -- -
Cu/Zr NC 3.64 403 427 454 456

0
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Figure Captions

1. Figure 1. Flow chart for the preparation of CuO/ZrO, NC

2. Figure 2(a). XRD patterns of synthesized CuO NP and ZrO> NP with JCPDS reference
comparison

3. Figure 2(b). XRD patterns of synthesized CuO/ZrO, NC with JCPDS reference
comparison

4. Figure 3. WH Plot of (a) CuO NP (b) ZrO> NP and (c) CuO/ZrO; NC

5. Figure 4. SEM micrograph of CuO, ZrO> NPs and CuO/ZrO, NC and particle size
distribution fitted with Gaussian function

6. Figure 5. EDAX spectra and corresponding elemental composition of CuO, ZrO; NPs
and CuO/ZrO; NC

7. Figure 6. Crystal structures of (a) monoclinic CuO and (b) monoclinic ZrO> visualized
ball-and-stick and polyhedral models (VESTA)

8. Figure 7. Crystal structure visualization of the individual and combined phases present
in the CuO/ZrO; NC. Ball-and-Stick (top row) and polyhedral models (bottom row)
using VESTA illustrate monoclinic CuO (m-CuQO), monoclinic ZrO> (m-ZrO»),
tetragonal ZrO> (t-ZrO>) and their co-existence.

9. Figure 8. Multi scale structural correlation in CuO/ZrO2 NC: Atomic Distortion,
phase Evolution and morphology

10. Figure 9. FT- IR spectra of CuO, ZrO> NPs and CuO/ZrO, NC

11. Figure 10. DRS spectra of Pure CuO, ZrO> NPs and CuO/ZrO> NC.

12. Figure 11. Photoluminescence of (a) CuO NP (b) ZrO; NP and (c) CuO/ZrO, NC.
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2. Table 2. Average crystal lattice size, lattice strain and dislocation density of CuO, ZrO>
NP and CuO/ZrO; NC from Debye-Scherer and W-H plot calculations

3. Table 3. Infrared Transmission spectra bands assignment and their relative positions
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4. Table 4. Optical band gap energies derived from UV-VIS DRS and emission band
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