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HIGHLIGHTS

e Sr-doped ZnO NRs/CuO composite films were synthesized by SILAR method.

e With Sr doping, the band gap energy value increased from 2.41 eV to 3.61 eV.

o Electrical measurements showed a decrease in the total resistivity values as the Sr doping ratio increased.

e The degradation results showed that 2.0 % Sr doping enhanced the photocatalytic degradation of ZnO NRs/CuO NC films.

ARTICLE INFO ABSTRACT

Keywords: This study investigates the effect of Sr doping on the physical and photocatalytic properties of ZnO nanorods/
ZnO nanorods/CuO CuO nanocomposites. Various techniques were applied to understand how Sr doping modifies these films. SEM
Strontium

analysis showed that ZnO and CuO formed structures such as nanorods or nanowires. Sr-doped samples exhibited
increased aggregation compared to undoped composites, with Sr doping levels of 2.0 % and 4.0 % leading to
more pronounced morphological changes. AFM measurements showed an increase in average roughness from
70.53 nm to 111.83 nm with higher Sr doping levels. XRD analysis showed that the crystallite sizes decreased
from 36.20 nm for undoped samples to 31.55 nm and 29.90 nm with 2.0 % and 4.0 % Sr doping, respectively.
FTIR Spectroscopy provided insights into the chemical bonding changes induced by Sr doping. The bandgap
analysis revealed that Sr doping in the ZnO/CuO nanocomposites enhanced the bandgap energy, with the value
increasing from 2.41 eV in the undoped sample to 3.61 eV at 4.0 % Sr doping. Electrical conductivity mea-
surements showed a decrease in total resistance values as the Sr doping ratio increased. The contact resistance
values increased from 3.13 x 10° Q in the un-doped samples to 3.22 x 10° Q in the 4.0 % Sr-doped films. It was
observed that 2.0 % Sr doping increased the photocatalytic degradation of the ZnO nanorods/CuO nano-
composite films, whereas 4.0 % Sr doping decreased this effect. Thus, the dynamic evaluation of the catalytic
performance with TOF yields values of 0.176 and 0.184 for ZnO nanorods/CuO nanocomposites films and ZnO
nanorods/CuO:Sr (2.0 %), respectively.

TLM method
Bandgap
Photocatalytic degradation

1. Introduction as well as disciplines such as materials science, physics, and chemistry.
NCs containing metal oxides (MOs) are particularly interesting due to

Nanocomposites (NCs) are defined as materials formed by the com- their superior physical, chemical, and optoelectronic properties. These
bination of two or more different phases of nanometer size, and these materials combine the properties of individual MOs and new properties
materials are of great importance in terms of technological applications emerging at the nanoscale, making them extremely attractive for
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applications in catalysis, sensing, energy storage, and optoelectronics
[1-4].

Metal oxide NCs provide significant benefits such as superior me-
chanical strength, improved electrical and thermal conductivity, and
enhanced chemical stability by exploiting the harmonious interactions
between various oxide materials. This compatibility results from the
interfaces between the oxide phases where charge transfer, electron-
hole separation, and enhanced catalytic activity occur. Furthermore,
these nanomaterials’ large surface area/volume ratio significantly en-
hances their reactivity and performance in applications such as photo-
catalysis and gas sensing [5-8].

Zinc oxide (ZnO) and copper oxide (CuO) have significant potential
in the development of nanocomposites owing to their complementary
properties among MO. ZnO is an n-type semiconductor with a wide band
gap (~3.37 eV) and has unique properties such as high electron
mobility, strong UV-light absorption, and high thermal stability. The
hexagonal wurtzite crystal structure provides a robust and efficient
structure, which is especially suitable for various technological appli-
cations such as optoelectronics, piezoelectric devices, and photo-
catalysis [9-12]. In contrast, CuO is a p-type semiconductor with a
relatively narrow band gap (~1.2 eV), allowing it to absorb visible light
efficiently. The CuO compounds have attracted great interest due to
their high electrical conductivity, superior photothermal properties, and
effective catalytic performance. The combination of its monoclinic
crystal structure and its ability to function as an efficient p-type semi-
conductor makes CuO an ideal candidate for the formation of compos-
ites with ZnO [13-15].

The combination of ZnO nanorods (NRs) and CuO in a nano-
composite structure produces ZnO NRs/CuO NC that exhibit tunable
properties that exceed those of the individual oxides. The synthesis of
ZnO NRs/CuO NC reduces recombination by increasing electron-hole
separation, thereby increasing the efficiency of the material for photo-
catalysis and sensing. Furthermore, the structural flexibility of these NCs
allows the optimization of the surface area, morphology, and phase
composition, making them highly adaptable for specific applications.
ZnO NR/CuO NCs have shown remarkable potential in a wide range of
applications. The potential of these materials as effective photocatalysts
in water splitting and environmental remediation has been extensively
studied. Furthermore, NC has remarkable efficacy in medical applica-
tions such as gas sensing, energy storage devices, and even antimicrobial
agents [16-19].

Doping of ZnO/CuO nanocomposite films is a widely used effective
method for improving structural, optical, electrical, and photocatalytic
properties. The addition of doping elements facilitates the separation of
charge carriers by changing the band structure and increasing reactive
oxygen species formation during photocatalysis. For example, transition
metals such as Mn, Fe, Al, and Cu doped into ZnO/CuO composites in-
crease visible light absorption and decrease recombination rates of
electron-hole pairs. Therefore, the doping process plays a critical role in
optimizing the performance of ZnO/CuO films in photocatalytic and
other functional applications [20-22].

Strontium (Sr) was chosen as a doping element due to its unique
combination of physical and chemical properties, which are particularly
suitable for modifying the structural and electronic properties of ZnO/
CuO nanocomposite films. Sr has a larger ionic radius (1.18 A) than the
Zn%* ion (0.74 1°\), enabling it to fit into the ZnO lattice efficiently,
generating lattice stress and introducing structural defects such as ox-
ygen vacancies. Such defects are known to enhance the separation of
charge carriers and increase the surface reactivity, which is highly
beneficial for photocatalytic activity. Furthermore, Sr is an alkaline
earth metal with a valence of +2, so the charge balance is maintained
when replacing the Zn?* ion. Sr is less toxic and environmentally safer
than other dopants, such as rare earth elements or transition metals [23,
24].

Researchers have frequently studied the synthesis of ZnO NRs/CuO
NCs. Various techniques such as hydrothermal method, sol-gel method,
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co-precipitation methods, thermal oxidation methods, electrochemical
deposition, microwave-assisted synthesis, chemical vapor deposition
(CVD), and successive ionic layer adsorption and reaction (SILAR) have
been developed to optimize properties for specific applications [25-28].
Among these methods, the SILAR technique is a versatile and
cost-effective method widely used in the synthesis of thin films and
nanostructures of MO, including ZnO NRs/CuO NCs. This technique is
widely used because of its ease of application, the possibility of precise
control over film thickness, and the ability to be compatible with various
substrates [29,30].

Although conventional wastewater treatment methods effectively
remove solid wastes and certain chemical pollutants, they are often
ineffective in degrading persistent organic pollutants, such as dyes,
pharmaceuticals, and pesticides. In this context, semiconductor-based
photocatalysis is a promising approach for environmental remedia-
tion, offering a sustainable and efficient method for degrading a wide
range of organic compounds under light irradiation. Removing organic
pollutants in this way significantly benefits the ecosystem and human
health [31-34].

ZnO NRs/CuO nanocomposite materials are being studied to solve
the problem of environmental pollution through photocatalytic degra-
dation. The ability of these composites to work effectively at different
light wavelengths, coupled with enhanced charge separation, provides
high efficiency for the degradation of organic pollutants [35-37]. Recent
studies in the literature have also shown that ZnO NRs/CuO NCs exhibit
superior photocatalytic performance to those of their constituent com-
ponents. For example, Kumari et al. investigated the high performance
of ZnO NRs/CuO NC in degrading organic dyes such as methylene blue,
rhodamine B, and methyl orange under both UV and visible light [38]. In
another study, Xu et al. found that ZnO NRs/CuO NC synthesized by
hydrothermal method showed improved photocatalytic activity for the
degradation of methylene blue (MB) dye under visible light [39].

So far as we know, no study has examined the influence of strontium
(Sr) doping on the main characteristics and photocatalytic efficacy of
ZnO NRs/CuO NC was investigated by the degradation of methylene
blue dye under UV light. Accordingly, this study aimed to fabricate Sr-
doped and undoped ZnO NR/CuO composites using the SILAR method
and to investigate the effect of Sr doping on their structural, morpho-
logical, electrical, and photocatalytic properties. The remainder of this
paper is structured as follows: Part 2 describes the synthesis and char-
acterization details of undoped and Sr-doped ZnO/CuO nanocomposite
films by SILAR method. Part 3 presents the results and discusses the
films’ structural, morphological, optical, electrical, and photocatalytic
properties. Finally, Part 4 summarises the results obtained from the
study and highlights the effect of Sr doping on the performance of the
nanocomposite films.

2. Experimental section

Sr-doped ZnO NRs/CuO nanocomposite films were fabricated using
the SILAR method, which allows the controlled deposition of ionic
species on the substrate surface through adsorption and reaction steps.
This method facilitates the sequential growth of oxide materials by
precisely adjusting the stoichiometry and film thickness. The precursor
salts used in the synthesis of the films are zinc acetate dihydrate
[C4He04Zn-2H20, Merck KGaA], copper (II) chloride dihydrate
[Cl;Cu-2H20, Merck KGaAl], and strontium chloride hexahydrate
[CloSr-6H50, Merck KGaA]. Analytical grade reagents were used, and
deionized water was used as the solvent to maintain purity throughout
the process. The glass substrates were cleaned by sequential washing
with acetone and deionized water. This process ensured uniform adhe-
sion of the deposited ions by removing surface contaminants. 100 mL of
ZnO/CuO aqueous precursor solution was prepared using 0.1 M
C4H1¢0¢Zn solution (60 mL) and 0.1 M Cl,CuH404 solution (40 mL). The
solutions were thoroughly mixed to ensure homogeneity and complete
salt dissolution. The cleaned substrates were immersed in a ZnO/CuO
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solution at room temperature for 20 s to adsorb Zn?* and Cu?" ions on
the substrate surface. Subsequently, the substrates were rinsed with
deionized water for 20 s to remove loosely bound ions and prevent the
formation of unwanted by-products. The adsorption and reaction steps
above were repeated 10 times alternately to obtain the desired ZnO
NRs/CuO nanocomposite structure. To investigate the contribution of
Sr?t to the properties of the ZnO NRs/CuO nanocomposite film,
SrCly-6H50 salt was added to the ZnO NRs/CuO solution, and Sr** ions
were co-adsorbed on the surface. Sr-doped composite films were pro-
duced by applying the above SILAR procedure. After deposition, the
samples were thermally annealed in a muffle furnace at 400 K for 45
min. This process improves the composite material’s crystallinity and
increases the nanocomposite’s overall stability by providing firm
adhesion between ZnO and CuO. The fabrication procedures of the
SILAR have been schematically delineated in Fig. 1. The synthesized
ZnO NRs/CuO NC were analyzed to determine their structural,
morphological, electrical, and optical properties and photocatalytic
performances using a range of characterization techniques.

X-ray diffraction (XRD; Bruker D8 Advance, CuKa, A = 1.518 A) was
used to evaluate the crystallographic structure, while scanning electron
microscopy (SEM; Zeiss evo Ls 10), atomic force microscopy (AFM; NT-
MDT/Ntegra Solaris), and energy dispersive X-ray spectroscopy (EDX)
were used for morphological and compositional analysis. The functional
groups were identified using Fourier transform infrared (FTIR) spec-
trometry (Bruker Vertex70). The Jasco V-670 UV-Vis spectrophotom-
eter was used to study the optical characteristics. The thicknesses of the
composite films were determined with the AEP Technology NanoMap
500 LS 3D profilometer by averaging the thicknesses measured at
different points of the films. Current-voltage (I-V) measurements were
made using a Zive Sp1 (Wonatech) Potentiostat device for the electrical
analysis. Au contact motifs were designed on thin-film samples ac-
cording to the transfer-length method (TLM).

The photocatalytic performance of the synthesized ZnO NRs/CuO NC
composites, including those doped with Sr at concentrations of 2.0 %
and 4.0 %, was evaluated by monitoring the degradation of methylene
blue (MB) under UV light exposure. An MB solution with a concentration
of 10 ppm was prepared in distilled water, and its pH was adjusted using
NaOH and the pH value of the final solution was 10. Subsequently, 30
mg of each catalyst sample was added to 30 mL of the dye solution and
stirred for 20 min to achieve adsorption-desorption equilibrium. Each
sample mixture was irradiated with UV light (3 Watt, 395-400 nm),
with 3 mL aliquots collected at 10min intervals. The samples were
centrifuged at 3000 rpm for 4 min to remove the photocatalysts, and
absorbance measurements were performed at 665 nm using a Shimadzu

Materials Chemistry and Physics 343 (2025) 131009

UV-1201 spectrophotometer to assess MB degradation. Over 120 min of
UV exposure, a marked reduction in dye color and absorbance was
observed. Photocatalytic degradation measurements were conducted
only once for each sample due to experimental constraints, and the
absorbance values monitored at 665 nm exhibited a consistent
decreasing trend without any observable anomalies, indicating reliable
measurement stability throughout the irradiation period.

3. Results and discussion
3.1. Morphological analyses

SEM was used to analyze the surface structure and aggregation
behavior of the synthesized NC. SEM images of un-doped and Sr-doped
ZnO NRs/CuO NCs at 2.0 % and 4.0 % concentrations are shown in
Fig. 2. From the un-doped ZnO NRs/CuO SEM images, both ZnO and
CuO form structures such as nanorods or nanowires. ZnO NRs are
typically hexagonal and longer, while CuO nanowires appear much
shorter and dispersed. However, Sr?t doping at 2.0 % concentration
caused noticeable changes in the morphological characteristics. From
the images, we observed that ZnO NRs became larger and more prom-
inent, and CuO nanowires came together to form clusters. A denser and
tighter surface structure was obtained at an Sr** doping concentration of
4.0 %. The morphological changes observed by Sr doping in ZnO/CuO
nanocomposite films are mainly related to ionic radius mismatch, defect
formation, and changes in surface energy. The changes in the surface
structure of ZnO NRs/CuO NC upon Sr-doping can be attributed to
several factors. Sr>* ions have a larger ionic radius (1.21 /0\) compared to
Zn®" (0.74 A) and Cu®" (0.73 A).

When Sr?* is added to the ZnO NRs/CuO lattice, the replacement of
smaller ions by larger Sr** ions can lead to a change in the lattice and
surface structures. That is, lattice stress and distortions may occur. The
addition of Sr?* ions can affect the nucleation and growth kinetics of
ZnO and CuO crystals. During the synthesis process, Sr?* ions may
interact differently with ZnO and CuO compared to the un-doped com-
posites. These interactions can change the diffusion rates of Zn>" and
Cu?* ions and thus affect the crystallization process. This can lead to
changes in surface morphology. Furthermore, Sr doping can affect the
preferential growth orientation of ZnO nanostructures by changing the
surface energy of certain crystal planes. Such orientation changes can
directly affect the growth shape of grains and nanostructures, resulting
in morphological differences [23,40-42].

EDX was used to determine the elemental composition of the ZnO
NRs/CuO NC and confirm the successful doping of the Sr?>* dopant.
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Fig. 1. Demonstration of the fabrication of Sr-doped ZnO/CuO nanocomposite films by SILAR procedure.
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Fig. 2. SEM micrographs of ZnO NRs/CuO NCs with various Sr doping concentrations (0.0 %, 2.0 %, and 4.0 %). Both ZnO and CuO can form one-dimensional

structures like nanorods or nanowires.

Fig. 3 shows the EDX spectra of the ZnO NRs/CuO and ZnO NRs/CuO: Sr
(4.0 %) composite films. EDX mapping confirmed the successful incor-
poration of Sr?* into the ZnO NRs/CuO matrix and its uniform distri-
bution along the sample surface. The atomic percentages of Zn, Cu, O,
and Sr in various regions of the composite are presented in Fig. 3. In the
EDX elemental mapping; specific colors were assigned to each element
to visually represent their distribution in the composite material: Zn,
yellow; Cu, blue; O, green; and Sr, red.

Atomic Force Microscopy (AFM) was used to investigate the surface
topography and roughness of the Sr-doped ZnO NRs/CuO NC. Fig. 4
shows 2D and 3D AFM images of un-doped and Sr-doped ZnO NR/CuO
nanocomposite structures. AFM images of the un-doped samples showed
that the ZnO NRs/CuO composite has a relatively smooth surface
structure with uniformly distributed nanoscale grains, consistent with
its polycrystalline nature. The root mean square (Sq) roughness was
approximately 91.42 nm, and the average roughness (Sa) was 70.53 nm.
The entropy value, which measures the degree of surface complexity,
was found to be 11.80, reflecting a relatively regular topography with
minimal surface irregularity. After 2.0 % Sr doping, significant changes
were observed in all three parameters. Sa increased to 96.33 nm, and Sq
increased to 127.56 nm. This indicates that Sr?" doping contributes to
forming larger or more protruding grains. The entropy value for the 2.0
% Sr-doped composite also increased to 12.23, suggesting a more
complex and less homogeneous surface morphology. When the Sr
dopant rate was 4.0 %, the Sa value increased to 111.83 nm, and the Sq
value increased to 143.82 nm, indicating a significant increase in the
surface roughness of the composites. The entropy also increased to
12.43, indicating the composite’s increasing surface complexity and

irregularity. These values are also presented in Table 1. The increase in
Sa, Sq, and entropy values due to increasing Sr content can be attributed
to the lattice distortion caused by size mismatch when Sr is incorporated
into the ZnO NR/CuO lattice, changing the nucleation and growth dy-
namics of ZnO and CuO crystallites. Moreover, doping can cause
changes in the surface energy of ZnO NRs/CuO composites and in the
electrostatic interactions between Sr?* ions and particles [43-48].

3.2. Xray diffraction analysis

XRD was used to analyze the crystal structure and phase composition
of undoped and Sr-doped ZnO NRs/CuO NC. The XRD diffraction pat-
terns obtained depending on the Sr content are given in Fig. 5. The XRD
spectrum of the undoped ZnO NR/CuO composite shows characteristic
peaks corresponding to the wurtzite structure of ZnO (JCPDS No. 01-
076-0704) and the monoclinic phase of CuO (JCPDS No. 00-080-
1917) [49,50]. Notable diffraction peaks were observed at 20 =~
31.97°, 34.63°, 36.45°, 47.72°, 56.75°, 63.02°, 66.51°, 68.09°, 69.22°,
72.71° and 77.08°, associated with the (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004) and (202) planes of ZnO, as well as
peaks at 20 ~ 35.70°, 38.96°, 48.68°, 58.11°, 61.76°, 72.71° and 75.11°,
corresponding to the (111), (111), (202), (202), (113), (311) and (004)
planes of CuO. After doping with 2.0 % and 4.0 % Sr?*, slight shifts
toward lower 20 angles were observed, especially in the diffraction
peaks of ZnO, indicating that Sr ions were successfully doped into the
ZnO lattice. In addition, the diffraction peaks in Fig. 5 show that the
intensity of the ZnO peaks changes with doping. This shift and change in
the peaks was probably due to the displacement of the smaller Zn?* ions
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Fig. 3. EDX spectra and elemental mapping of Sr-doped ZnO NRs/CuO NCs. The EDX mapping shows that Sr is present in the ZnO NRs/CuO matrix and is evenly

distributed on the sample surface.

by the larger Sr** ions, leading to strain in the crystal lattice. The CuO
peaks remained largely unaffected by Sr doping, indicating that Sr
doping primarily affects the ZnO lattice [51-53].

The mean value of the crystallite size (D) was determined using the
well-known Scherrer equation [54].

pcos @
where k is the shape factor, 1 is the X-ray wavelength, f is the full width
at half maximum 6 is the diffraction angle. All ZnO and CuO diffraction
peaks were considered when finding the average D values. The average
crystallite sizes were calculated as 36.20 nm for undoped samples,
31.55 nm for 2.0 % Sr-doped composites, and 29.90 nm for 4.0 % Sr-
doped composites. The reduction in crystallite size with increasing

Sr2* content implies that Sr** doping disrupts the growth of larger, well-
ordered crystallites, leading to smaller, more strained particles. The size
difference between Zn>* (0.74 A) and Sr®>" (1.21 A) ions leads to the
formation of intrinsic stress in the ZnO lattice by Sr doping. This stress
may be the reason for the decrease in crystallite size. In addition, Sr ions
inhibit the growth of crystals by reducing mobility at grain boundaries.
This mechanism explains the regular reduction of the crystallite size
despite increasing doping. The changes in peak intensities and decrease
in crystallite size with increasing Sr’>* concentration may be primarily
due to lattice distortion, strain, and defects introduced by the larger Sr**
ions, which disrupt the crystal structure of ZnO. Sr doping affects the
nucleation and growth processes, leading to smaller crystallites and a
more irregular lattice, changing the XRD peak intensities [55-57].

Sr doping leads to a decrease in crystallite size (XRD) but also to
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Fig. 4. AFM topographic images of ZnO NRs/CuO NCs with different Sr doping levels. The variations in surface roughness among the samples indicate that Sr doping
significantly alters the nanometer-scale morphology of the ZnO-NRs/CuO composites.

Table 1

Average roughness (Sa), root mean square (Sq), entropy, optical bandgap en-
ergy, and crystallite size values of ZnO NRs/CuO NC films as a function of Sr
concentration in the growth solutions of the SILAR process.

Sample Average Root Mean  Entropy  Optical Crystallite
Name Roughness Sa Square Sq Bandgap Size (nm)
(nm) (nm) (eV)

ZnO NRs/ 70.53 91.42 11.80 2.41 36.20
CuO

ZnO NRs/ 96.33 127.56 12.23 3.42 31.55
CuO:Sr
(2.0 %)

ZnO NRs/ 111.83 143.82 12.43 3.61 29.90
CuO:Sr
(4.0 %)

larger clusters on the surface (SEM) and higher surface roughness
(AFM). These techniques complement the multiscale effects of Sr doping
on the nanocomposite, and the differences between them are due to their
methodological characteristics. The AFM results agree with these find-
ings, showing increased surface roughness (higher Sa and Sq values)
with Sr doping. The SEM images also support the XRD observations by
revealing changes in particle morphology.

3.3. FTIR analyses

Fourier Transform Infrared (FTIR) spectroscopy was performed to
investigate the chemical bonding and vibrational characteristics of the
Sr-doped ZnO NRs/CuO NC. FTIR spectra were recorded for the undo-
ped, 2.0 % Sr-doped, and 4.0 % Sr-doped samples, covering the spectral
range from 400 to 4000 em™! (Fig. 6).
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Fig. 5. XRD patterns of ZnO/CuO NCs doped with Sr. The XRD pattern of the undoped ZnO/CuO composite exhibited well-defined peaks characteristic of the

wurtzite structure of ZnO and the monoclinic phase of CuO.

The stretching modes of metal-oxygen (M-O) bonds in metal-oxide
materials typically occur in the low-frequency region (fingerprint re-
gion) of the FTIR spectrum, generally below 1000 cm™'. So, peaks,
appearing at ~447 to ~888 cm ™}, can be assigned to the metal-oxygen
(M — O) (M = Zn, Cu) stretching modes that arise from inter-atomic
vibrations [58,59]. Also, the absorption peak located at 880 cm~! was
appointed to the characteristic stretching mode of the Zn-O bonds [59,
60]. A broad absorption band diverse regions of the FTIR spectrum
(located near 3440 cm’l) can be assigned to O-H stretching vibrations
of the hydroxyl groups, signifies to O-H stretching modes of surface
adsorbed water molecules or hydroxyl groups in M — OH (M = Zn, Cu)
and indicates that presence of adsorbed water molecules on the ZnO
NRs/CuO NCs films [59,61].

Also, peaks between 2356 cm ™! and 2922 cm ™! can be attributed to
C=O0 and -CH, vibrations from the residual precursors and organic
contaminations. The weaker band at 1647 cm™! was identified as the
H-O-H bending mode. Stretching vibrations of = located at 1740 cm™?,
the band near 1375 cm ™! is associated with C-O stretching vibrations,
and bending and wagging bands of C-H are observed in the range 1451

and 1316 cm™!. And finally, peaks at 1235-1035 cm ™~ are attributed to
characteristic C-O-C and C-O-H bending and stretching vibrations [59,
61]. The FTIR results are thus consistent with those obtained by XRD and
EDX [62-66].

3.4. Optical analyses

The band structures of semiconductor materials used in electronic
and optoelectronic devices, which have an important place in today’s
technology world, are critical for determining their electrical and optical
properties. The semiconductor materials have two basic types of band
structures: direct and/or indirect. The most commonly used method to
determine whether the band gap is direct or indirect is to plot the graphs
of (ahv) versus photon energy for certain power values. Therefore,
whether the Tauc graphs drawn for power values exhibit a steep/linear
increase is checked. In the UV-Vis measurements conducted, the ab-
sorption edge of the ZnO/CuO films exhibited a sharp and well-defined
increase in absorbance, which is indicative of direct electronic transi-
tions. The ZnO NRs/CuO material used in the present study was
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Fig. 6. FTIR spectra of Sr-doped ZnO NRs/CuO NCs. The FTIR analysis confirmed that Sr doping induces significant modifications in the vibrational characteristics of

ZnO NRs/CuO NCs.

observed to have a direct bandgap, and the bandgap values were
determined using the Tauc model [67]:

(ahv) =A(hv — Ep)" (2)

In the expression above, hv is the photon energy, « is the absorption
coefficient, Eg is the band gap energy, and A parameter is known as the
energy-independent Tauc constant. The other parameter, m, is a con-
stant corresponding to 1/2 for direct transition and 2 for indirect tran-
sition. The direct nature of the transition is further supported by the
linearity of the Tauc plot using the (ahv)? vs. ho form. As shown in Fig. 7,
the direct bandgap values of ZnO NRs/CuO films prepared using
different Sr doping concentrations were obtained from the graphs of
(ahw)* against hv and by extrapolating the graphs to the zero-absorption
value of the linear region.

For the un-doped ZnO NRs/CuO composite, the bandgap was found
to be approximately 2.41 eV, which is typical for a combination of ZnO
(with a wider bandgap around 3.3 eV) and CuO (with a narrower

bandgap around 1.7 eV). This value reflects the composite nature, where
the interaction between the ZnO and CuO phases leads to band align-
ment and intermediate electronic states. When doped with 2.0 % or 4.0
% Sr, the band gap broadened from 3.42 to 3.61 eV. These changes in the
bandgap values can be attributed to the formation of different crystal
structures with different doping ratios or to the inhomogeneities
observed in the film. The increase in bandgap observed with Sr doping in
ZnO NRs/CuO NCs can be explained by multiple interrelated factors,
including the reduction in defect states, lattice distortion, and modifi-
cation of the electronic band structure.

Additionally, it can be shown that the calculated E, values agree with
similar studies in the literature, considering the structural differences
[43,68-71].

Fig. 8 shows the transmittance curves of un-doped, 2.0 % Sr, and 4.0
% Sr doped ZnO/CuO nanocomposite films in the 190-3500 nm wave-
length range. The lowest transmittance (~20-50 %) in all spectral re-
gions, especially high absorption in the UV and visible region, was
observed in the un-doped film. In the 2.0 % Sr-doped film, the



A. Tekin et al.

(@) Zn0O/Cu0O 0 o o)
[ Zn0O/Cu0:Sr(2.0%)
O Zn0/Cu0:Sr(4.0%) G
—
=
<
'
(9|
—
2
|
3
N
1
w
1 <+ 5

hu(eV)

Fig. 7. Tauc plot analysis for determining the optical bandgap of ZnO NRs/CuO
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NRs/CuO NCs effectively increased the bandgap energy.
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Fig. 8. Optical transmittance curves of undoped, 2.0 % Sr and 4.0 % Sr doped
Zn0O/CuO nanocomposite films. Optical transmittance increases with increasing
Sr doping.
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transmittance curve is generally higher, especially between 400 and
1000 nm, showing a significant increase (~50-70 %). When the Sr
contribution is 4.0 %, the transmittance increases further and reaches
values between ~70 and 85 % in the NIR region. Sr>" doping stretches
the crystal structure by replacing Zn?" ions in the ZnO lattice. Accord-
ingly, widening the band gap may lead to an increase in transmittance.
Sr doping increases crystallinity, and absorption centers such as oxygen
vacancies in the ZnO/CuO system are reduced (reduction of defect
levels). This increases the transmittance ratio. The increase in trans-
mittance can also be attributed to the film thickness. The thicknesses of
un-doped, 2.0 % Sr-doped and 4.0 % Sr-doped ZnO/CuO composite films
were found to be 466 nm, 405 nm, and 292 nm, respectively. As the Sr
doping increases, the thickness of the films decreases, and the films
become more transparent, increasing optical transmittance [72-74].

3.5. Electrical analysis

The electrical properties of doped and un-doped ZnO NR/CuO NC
thin films were analyzed using the Transfer Length Method (TLM) [75].
The electrical properties of materials are important for understanding
current conduction mechanisms. Moreover, the electrical properties are
important for understanding photocatalytic conversion. Because of the
surface morphology, the presence of doped atoms and the defects caused
by doping can affect the conductivity properties of thin-film materials.
Similarly, the defects caused by doping and the presence of surface states
affect the photocatalytic behavior by changing the positions of the band
edges. For example, differences in the doping and metal oxide structure
ratios cause changes in the donor concentrations and changes in the
photocatalytic activity [76], and donor impurities significantly affect
the electrical conductivity [77]. The TLM method was preferred for the
electrical analysis of ZnO NR/CuO NC thin film samples, which also
considers properties such as contact resistance, effective transfer length,
and crowding of the current. In this method, the formulas used to
calculate the electrical properties of thin-film materials are as in Equa-
tion (3) and Equation (4) below.

RskLT
R.= " coth <d/Lr> 3

_ P
Ly= Ry @

In these equations, R, represents the total contact resistance, Ry rep-
resents the modified sheet resistance, L represents the effective transfer
length, and p, represents the specific contact resistance. This method has
four contacts of width w and length d with different distances between
them. Gold (Au) contact patterns were produced on the surfaces of un-
doped ZnO NRs/CuO NC, 2.0 % and 4.0 % Sr-doped ZnO NRs/CuO
NC thin films under high vacuum by thermal evaporation (~50 nm
thickness) with a shadow mask. The parameters of the contacts are given
in Fig. 9(a), which includes a schematic drawing of the contacts.
Current-voltage (I-V) measurements were taken with a Zive Spl
Potentiostat device ranging from —5 to +5 V at a scanning rate of 50
mV/s. The data were exported using software integrated with the device
[78], and the parameters were calculated using VEE Pro-based SeCLaS
software [79]. I-V characteristics were obtained for all thin film samples
over two contacts (@1-2, @2-3, @3-4) with different d distances (d;,
dy, d3). Fig. 9(b) shows the I-V characteristics obtained from contacts 2
and 3 (@2-3) for doped and un-doped ZNO NRs/CuO NC films. Ry, Ry,
and Rg series resistance values corresponding to the dj, dy, and d3
contact distances were obtained for each thin film. More detailed in-
formation on obtaining these resistance values from I-V characteristics
was reported in the studies of Sogan, S. et al. [80].

The calculated electrical parameters are summarized in Table 2.
When the distance between the contacts increased, the resistance values
increased for all samples. This is expected because the distance that
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Fig. 9. (a) Schematic drawing of the contacts designed for the TLM method and some embedded parameters; (b) I-V characteristics obtained from contacts 2 and 3

for thin films.

Table 2

Electrical parameters of ZnO NRs/CuO NC and Sr-doped ZnO NRs/CuO NC thin
films from TLM method.

Electrical ZnO NRs/ ZnO NRs/CuO: (2.0 ZnO NRs/CuO: (4.0
Parameters CuO %Sr) %Sr)

R; (Q) 1.13 x 10'°  6.02 x 10° 2.08 x 10°

R; (Q) 1.82 x 10'°  6.34 x 10° 4.58 x 10°

Rs (Q) 2.22 x 10*°  6.58 x 10° 7.42 x 10°

R. (Q) 3.13 x 10° 2.87 x 10° 3.22 x 108

pe (Q.cm?) 1.57 x 107 2.53 x 107 0.34 x 107

Ly (um) 1.43 25.33 3.01

charge carriers will travel for current conduction increases. At the same
time, this observed correlation may also indicate that the thin film is
homogeneously and uniformly distributed on the surface [81]. Because
the thickness differences within the thin films could disrupt the corre-
lation that changes with distance. It can be observed from Table 2 that
the effective transfer length values differ for thin films. On the other
hand, the series resistance values decreased with the effect of doping. It
can be seen that Sr doping affects the change in total contact resistance
(Ro). While the R, value is 3.13 x 107 Q for the ZnO NRs/CuO thin film
sample, it decreases to 2.87 x 10° Q for 2.0 % Sr-doped ZnO NRs/CuO:
(2.0 % Sr) and further decreases to 3.22 x 108 Q for ZnO NRs/CuO: (4.0
% Sr) when 4.0 % Sr was doped. The results show that Sr>* doping in-
creases conductivity.

This result may be related to the increase in the grain size observed in
the SEM and AFM results. Similarly, in the studies of Vijayan, T. A. et al.
[82], Sr doping was attributed to the larger grain size and the increase in
conductivity. The p_ is 1.57 x 107 Q em? for undoped ZnO/CuO, in-
creases to 2.53 x 107 Q em? with 2.0 % Sr doping, but decreases to 0.34
x 107 Q em? with 4.0 % Sr doping. This electrical parameter, which is
determined specifically for the film, may also be related to photo-
catalytic performance because the increase in current carrier concen-
tration reduces the catalytic performance [76] and the electrical
resistance value [83]. The results show that the electrical parameters are
affected by both the doping and the structural and morphological
changes of the different metal oxide composites.

3.6. Photocatalytic degradation efficiency analysis

The photocatalytic properties of materials and their application in
implementing enhanced wastewater treatment procedures on an

10

industrial scale also affect their electrical performances. For these rea-
sons, the materials used in such applications must be obtained from
cheap and abundant resources, and their production methods must be
simple. In addition, optimizing material properties, such as conductiv-
ity, dopant ratio, particle size, etc., causes a difference in electrical,
optical, and morphological properties and photocatalytic abilities [75,
81]. Thus, the properties of the synthesized materials can be exploited to
achieve the desired properties.

The decolorization of methylene blue (Methylthioninium chloride,
MB) as a dye has been comprehensively used in industrial imple-
mentations, and testing on this provides good information on the
effectiveness of the catalyst. In addition, nanostructured metal oxide
materials are a good source of electrons for redox reactions; they are
usually cheap and easy to produce and do not require any expensive
chemical materials to supplement.

In this study, we synthesized ZnO NRs/CuO NC and Sr-doped ZnO
NRs/CuO NCs at different Sr concentrations. The presence of CuO in the
ZnO-based composite contributes to improved photocatalytic activity by
enhancing charge separation and reducing recombination. Previous
studies also demonstrated that multi-component oxide composites (e.g.,
ZnO-CuO-CdO) exhibit higher degradation efficiency and kinetic rate
constants than individual oxides. The photocatalytic decolorization of
MB with manufactured ZnO NRs/CuO NC and Sr-doped ZnO/CuO NC
was measured by UV-vis spectra and observed that the main absorption
peak at 665 nm systematically decreased with UV light exposure and
became almost transparent after 120 min under UV light irradiation. The
measured absorbance results are presented in Fig. 10. The decreasing
trend observed in the absorbance values of all samples indicates the
efficiency of the photocatalytic decolorization process for ZnO NRs/CuO
NC and Sr-doped ZnO/CuO NC. Although they are prepared under
identical conditions, the samples’ behavior may differ due to the amount
of dopant after the catalyst sample is added until adsorption-desorption
equilibrium is achieved. Therefore, these initial conditions differ for
doped and un-doped ZnO NR/CuO NC. However, the degradation effi-
ciency and first-order kinetic plots of ZnO NRs/CuO NC, ZnO NRs/CuO:
Sr (2.0 %), and ZnO NRs/CuO:Sr (4.0 %) more clearly reveal the effect of
doping on the decolorization process.

The degradation process can be summarized as follows: ZnO and
CuO have relatively low bandgap energy values and UV light easily
excites an electron from the valence band to the conduction band,
creating a hole in the valence band (Fig. 11.).

The excited electrons participate in the formation of superoxide and
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Fig. 11. Degradation of Sr-doped ZnO NRs/CuO NC.

hydroxyl radicals, which subsequently oxidize the MB molecules. The
degradation of MB under UV irradiation proceeds through the following
four-step mechanism [75,84-86].

i. Photoexcitation of ZnO/CuO and creation of electron (¢ )/hole (h™)
pairs via UV light:

CuO-ZnO + hv —» CuO-ZnO + (e~ + h™)

ii. Oxygen absorption of ZnO/CuO:
CuO-ZnO (e ) + O3 —» CuO-ZnO + 0Oy

iii. Ionization of water:

H,0 — H' + OH,
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0, + 2H' + e — Hy0, —2 ¢OH

iv. Protonation of the excited ZnO NRs/CuO NC:
eOH + MB — Degraded products
0y + MB — Degraded products

The degradation efficiency (1) was calculated using the following
relation [85,86]:

n= (CO - C[/Co)xloo% (5)

Where Cy is the initial concentration, and C; is the concentration (mg/1)
after irradiation at 10-min intervals. As shown in Fig. 12, the degrada-
tion efficiency of the ZnO NRs/CuO NC and Sr-doped ZnO NRs/CuO NC
gradually decreased, reaching a value below 50 % after 120 min. In
addition, all the results indicate that the degradation kinetics were in a
first-order process (Fig. 13(a).

The degradation rate constant (k) was obtained from linear fits to
first-order kinetic plots (Fig. 13(b). The degradation rates of the ZnO
NRs/CuO NC and 2.0 % Sr-doped ZnO NRs/CuO NC were very similar,
and increasing Sr doping slightly decreased this rate. This phenomenon
can be explained by excess Sr doping, which reduces both the formation
of e’ /h" pairs and the effectiveness of ZnO NRs/CuQ, the main compo-
nent of degradation, in steps (i) and (ii) of the degradation process, as
mentioned above.

In photocatalytic degradation, some metrics help to assess the cata-
lyst’s ability to drive the reaction, especially within heterogeneous re-
action environments. The terms "active site," "turn-over number (TON),"
and "turn-over frequency (TOF)" are fundamental for assessing and
quantifying catalyst efficiency in heterogeneous catalysis. Active sites
are called specific regions on the catalyst surface where reactant mole-
cules adsorb, and catalytic reactions are facilitated. The nature and
characteristics of these active sites significantly influence the efficiency
and selectivity of the catalytic process. TON provides a quantitative
measure of a catalyst’s efficiency by dividing the total number of
product molecules by the number of available active sites or catalyst
molecules in the system [81,87-89];

(%n)(Number of molecules of substrate)

TON = Number of molecules of catalyst

©

The TOF offers a dynamic evaluation of catalytic performance, rep-
resenting the number of reaction cycles occurring over a set time period
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Fig. 12. Changes in the degradation efficiency of MB solutions upon UV light
exposure of ZnO NRs/CuO NCs and Sr-doped ZnO NRs/CuO NC.
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and expressed as [81,88];

TOF = M @

time

The TOF emphasizes the catalyst activity over time, which is espe-
cially useful when evaluating ongoing reactions.

In our experiment, 30 mg ZnO NRs/CuO NC contained 36 % CuO,
and the active site number was calculated as 37.14 mmol. Similarly, a
30 ml 10 ppm MB solution contained 9.379 x 10~7 mol, representing the
number of catalyst molecules used as catalyst number. The active sites of
the doped atoms were also calculated, considering the doping level, as
given in Table 3.

The calculated results show an increase in TON and TOF as the
doping concentration increases with 2.0 % Sr doping, suggesting that
ZnO nanoparticles exhibit slightly boosted catalytic efficiency. Howev-
er, when the Sr doping rate was 4.0 %, the degradation efficiency
decreased significantly, and accordingly, the TON and TOF values
decreased (although the total active site is almost constant). The results
obtained here are essential in revealing the effect of doping on the
mechanisms of the photocatalytic degradation process. While the impact
of excess doping ions on the degradation parameters is positive for low
doping rates, the presence of positive ions prevents the formation of e/
h™ pairs when doping increases.

The photocatalytic performance of composite materials is not solely
determined by the material itself but also by factors such as synthesis
method, surface area, crystallinity, and the nature of the pollutant.
Compared to systems like ZnO/TiO,, ZnO nanorods/CuO nano-
composites offer certain advantages, mainly due to CuO’s narrower
bandgap, which facilitates more effective charge separation during
degradation reactions [90,91]. Although TiO; is known for its photo-
stability under UV light, this property can sometimes be a limitation in
photocatalytic systems [92]. While ZnO/CuO heterostructures have
demonstrated higher photocatalytic activity than pure ZnO or CuO in

Table 3
Calculated parameters for the photocatalytic degradation of ZnO NRs/CuO NC
and Sr-doped ZnO NRs/CuO NCs.

Sr Active site  Active site  Total %n TON TOF

Doping subs. dopant active site (x1072

(%) x107* x10°° 1073 min ')
mol) mol) mol)

0.0 0 0 37.14 69.72 0.176 1.47

2.0 6.0 6.9 37.08 7275 0.184 1.53

4.0 12.0 13.7 37.03 58.02 0.147 1.22

* The number of molecules of MB is 9.379 x 10”7 mol, and the time was 120

min.
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the literature (with reported kinetic rate constants as high as
0.042-0.052 min~! for methylene blue degradation under UV light
[93-95] the lower rate constant obtained in this study (0.010 min 1)
may be attributed to factors such as suboptimal CuO content, larger
particle size, or reduced light intensity. Nevertheless, the results confirm
that the ZnO/CuO composite still performs better than its individual
components and holds potential for further enhancement.

4. Conclusions

In conclusion, this study comprehensively analyzes the effects of Sr?*
doping on the structural, surface, and functional properties. Evaluations
using various techniques revealed that Sr** doping significantly trans-
formed the material’s properties. SEM analysis showed that Sr?* doping
markedly changed the film’s surface morphology and promoted the
formation of larger, irregular particle clusters. EDX analyses confirmed
that the Sr dopant was homogeneously dispersed in the ZnO/CuO matrix
and was successfully integrated without phase separation. AFM mea-
surements showed an increase in RMS roughness values from 91.42 nm
to 127.56 nm and 143.82 nm, indicating that Sr doping optimized the
surface properties of the composite structure. With the increase in Sr**
doping, a decrease in the crystal size from 36.20 to 29.90 nm was
observed. This shrinkage indicates that Sr** ions disrupt crystal growth
and introduce defects into the structure. Calculated quantifying catalyst
efficiency numbers (TON and TOF) show both increases as the doping
concentration increases with 2.0 % Sr doping, indicating enhanced
catalytic efficiency. This study demonstrates that Sr** doping effectively
alters the surface morphology, crystalline structure, and functional
properties of ZnO/CuO nanocomposite films. The enhanced surface
area, improved electrical properties, and improved photocatalytic effi-
ciency of the Sr-doped ZnO/CuO films indicate their potential for use in
environmental remediation and optoelectronic devices.
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