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ARTICLE INFO ABSTRACT

Keywords: In this study, unary ZnO, CuO, CdO, and ternary ZnO-CuO-CdO metal oxide thin film materials were fabricated
Ternary oxides using the SILAR procedure. The XRD spectra of the synthesized films show sharp and dominant diffraction lines,
Zn0-Cu0-CdO indicating the high crystallinity of both the unary and ternary composite films. The crystallite size values of
g;g?f:;alym activity unary ZnO, CuO, CdO, and ZnO-CuO-CdO ternary films were found to be 18.71 nm, 12.86 nm, 15.88 nm, and
TLM method 21.96 nm, respectively. FESEM pictures exhibited that nanocomposites have spherical and nanorod-like hybrid

morphology, and EDX showed that Cd has a higher content than Zn and Cu. The prepared samples’ FT-IR spectra
in the wavenumber range of 500-4000 cm ™! revealed the existence of numerous vibrational modes. The optical
bandgap values were found to be 1.47, 3.20, 2.21, and 2.51 eV for the CuO, ZnO, CdO, and ternary ZnO-CuO-
CdoO films, respectively. The photocatalytic efficiency of the ternary composites is higher than that of the unary
metal oxides. The specific contact resistivity values were 780.83 chmZ, 213.33 kQem? 347.33 Qcmz, and 1.97
kQem? for ZnO, CuO, CdO, and ternary ZnO-CuO-CdO thin films, respectively. Our inventions provide advanced
prompting for constructing new types of catalysts. The characterization results imply that the ternary nano-
composite can be used as a cost-effective alternative material for optoelectronic and photocatalytic
implementations.

1. Introduction

Metal oxide (MO) nanocomposites (NC) have gained significant
attention in recent years because of their unique properties, including
electrical, mechanical, optical, thermal, structural, and photocatalytic
properties [1-3]. Because of their dynamic potential, simplicity of pro-
duction, size, form, and ability to be doped with different elements,
nanocomposites can be used to improve the characteristics of other
materials. When two or more MOs are combined on a nanoscale, NCs are
created, and the characteristics of these mixtures depend on the con-
centration of each individual MO component. The characteristics of
separate MOs have been greatly enhanced by combining them to
generate unique NCs, providing a new line of inquiry for electrical,
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photocatalysis, biological, and optoelectronic applications [4-7].

Zinc oxide (ZnO) is a semiconductor oxide material with a direct
band gap of 3.37 eV, an excitonic binding energy of 60 meV, and a high
piezoelectric constant. It is classified as the n-type. ZnO is a viable option
because of its low cost, biocompatibility, excellent stability, low toxicity,
and environmental harmlessness. These properties make it suitable for
various applications such as light emitting diodes, optically pumped
lasers, biosensors, UV photoelectric devices, piezoelectric nano-
generators, and solar cells in different fields [8-11]. With a narrow
optical bandgap of 1.5 eV, copper oxide (CuO) is a significant p-type
semiconductor at room temperature. When compared to other materials,
CuO is a cost-effective and non-toxic material that has inspired both
science and industry. CuO has drawn attention because of its excellent
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pseudo capacitance behavior, simplicity of production at the nanoscale
level, and elemental abundance [12,13]. Although cadmium is a toxic
element, the oxide phase (CdO) is quite stable, like other metal oxides.
CdO is a technologically important material because of its good elec-
trical conductivity, high optical transparency, and high carrier concen-
tration due to the natural point defects at cadmium interstitials and
oxygen vacancies. With a direct band gap of 2.2-2.7 eV, CdO is a po-
tential II-VI composite n-type semiconductor material. Owing to its low
electrical resistivity, ease of doping, natural abundance, and chemical
stability, CdO has attracted a lot of interest lately [14,15].

Numerous scientists have prepared ZnO, CuO, and CdO MOs, both
individually and as binary nanocomposites, and studied their physical
properties and photocatalytic activities. Sankaran and Kumaraguru [16]
fabricated CuO/ZnO and CuO/CdO NCs using a two-step process that
involved co-precipitation and hydrothermal techniques. The degrada-
tion efficiency of RhB and MG dyes was investigated using CuO/Zn0O and
CuO/CdO NC at room temperature. ZnO/CuO NC was synthesized by
Mubeen et al. [17] using a wet chemical process. The photocatalytic
activity of the samples was evaluated by testing their ability to degrade
methylene blue (MB) under visible irradiation. This study reported on
tuning the band structure of ZnO/CuO NCs to enhance their photo-
catalytic activity. Sirohi et al. [18] prepared CdO- ZnO NC using the
hydrothermal method. This study demonstrated that these composites
can serve as effective photocatalysts for the degradation of MB, RhB, and
methyl orange dyes. It was also discovered that the composite enhanced
the efficiency of dye degradation.

Various techniques are used to fabricate ternary oxide-based nano-
composites, including sol- gel, hydrothermal, co-precipitation, wet
chemical, solvothermal, and successive ionic layer adsorption and re-
action (SILAR) techniques [19-24]. Of the techniques mentioned above,
the SILAR method is preferred for synthesizing nanocomposites because
of its simplicity, efficiency, low growth temperature requirement,
eco-friendliness, and cost-effectiveness [25,26].

The primary environmental concern facing all developing countries
today is the explosion of organic contaminants in aquatic ecosystems,
which is a result of continued technical advancements, industrialization,
and rapid population expansion. A diverse range of toxic pollutants,
predominantly in the form of dyes, are discharged from a multitude of
industrial sectors, including textile manufacturing, printing, food pro-
cessing, and paint manufacturing. The dyes, including methylene blue
(MB), methyl orange (MO), p-nitroaniline (P-Nitro), rhodamine B (RhB),
and cresol red (CR), with their complex organic structures, contribute to
eutrophication pollution and pose a significant risk to aquatic ecosys-
tems. Many methods, including sedimentation, adsorption, ion ex-
change, chemical processes, and photocatalytic reactions, have been
used to remove these contaminants from wastewater. The utilization of
semiconductor oxide photocatalysts for the photocatalytic degradation
of organic pollutants in wastewater represents an efficient approach to
the complete elimination of these stubborn contaminants. Furthermore,
the photocatalytic process enjoys widespread adoption due to its gen-
eration of non-toxic byproducts, its utilization of solar energy within the
visible spectrum, and its ease of operation [10,11,27-30].

At this time, environmentally friendly catalytic activities are gaining
more interest, and the photocatalytic approach ensures a method for
controlling the matter. Nanostructured semiconductor materials have
been extensively used as photocatalysts owing to their distinctive
structural, optical, electrical, and catalytic abilities. Hence, the photo-
catalytic performance of all synthesized films was investigated by
degrading the MB dye under UV light.

In the decade, different nano-scale metal-oxide particles have been
accomplished as hopefully photocatalysts for the degradation of organic
pollutants and dyes and as a consequence of their wide optical bandgap
and electronic structures, as well as their high abundance and chemical
stability in aqueous solutions. The encouraging regulation of the elec-
tronic structure, light transmission or absorption characteristics, and
charge transport properties of nanostructured metal-oxides has made its
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implementation as a photocatalyst feasible [31]. They have wide tech-
nological importance in electronics and environmental remediation due
to their capability to generate charge. Although unary forms of
metal-oxide particles have been frequently used for this purpose,
research on ternary structures is still at an early stage. For this purpose,
in this research, the three most widely known metal-oxides were
preferred and their main physical characteristics, and photocatalytic
efficacy were investigated.

To the best of our knowledge, there have been few studies on the
production of ternary composites of ZnO, CuO, and CdO metal oxides as
well as their physical properties. In this study, we fabricated single films
of ZnO, CuO, and CdO as well as a ZnO-CuO- CdO multiple NC film
using a cost-effective and simple SILAR method. The aim of this study
was to investigate the physical and photocatalytic properties of the
films. Advanced analysis methods, such as FESEM, XRD, UV- vis, FTIR,
and TLM, were used to investigate the physical characteristics of the
single films and NCs.

2. Experimental details

In this experiment, unary ZnO, CuO, CdO, and ternary ZnO-CuO-CdO
metal oxide thin film materials were fabricated on soda lime glass sub-
strates using the SILAR procedure. A.R. grade Cupric chloride dihydrate
(Cl,CuH402, > 99.0%, Merck), Zinc(II) acetate dihydrate (C4H;¢OgZn, >
99.0%, Merck), and Cadmium diacetate dehydrate (C4H19CdOg, 98%,
Merck) precursors were used without any modification. The glass sub-
strates were cleaned using acetone (CH3COCHj3, > 99.5%, Sigma-
Aldrich) and sulfuric acid solution (HSO4, 98.0%, Sigma-Aldrich),
rinsed with deionized water, and ultrasonically treated before the pro-
duction of the films. To improve their adherence to the glass slides, they
were thereafter allowed to air dry. 0.1 M concentrations of these salts
were dissolved in 100 mL of deionized water to obtain a Zn?*- Cu®*-
Cd**solution. These growth solutions were stirred for 10 min. to ensure
that they were more transparent and homogeneous. The temperature of
the growth baths and deionized water were adjusted to 85 °C and
remained stable at this value during the experiment. One SILAR cycle
includes two steps: immersion in a growth bath solution and then rinsing
in deionized water. Soda-lime substrates were first immersed in pre-
pared aqueous solutions and then in deionized water to suspend weakly
bound ions from the substrate material. These operations were con-
ducted for 15 s. The dipping and rinsing stages were recurrent 18 times
to supply the requested thickness of unary and ternary thin film mate-
rials. This process was repeated separately for each metal. The manu-
factured unary and ternary thin film materials were annealed at 625 K
for 2 h in air.

The surface morphology of the unary and ternary thin films was
recorded using field emission scanning electron microscopy (FE-SEM)
(JEOL SEM model JEM-5610 LV). In addition, elemental components
and mapping were performed using an energy-dispersive X-ray spec-
trometer (EDX) connected to the FE-SEM equipment. The structural
properties of the fabricated samples were investigated by using Cu Ko
radiation source (1 = 1.5406 f\) in the range of 20 = 20°-80°. The optical
band gap properties were estimated using a UV-Vis. Spectrophotometer.
The chemical bonding features of the samples were examined using
Fourier transform-infrared (FT-IR) spectroscopy. The conductivity
characteristics (I-V) of the unary and ternary thin films were determined
via computer-controlled Agilent B2912A SMU at 300 K and in the dark.
The transfer length method (TLM) was applied to establish the electrical
resistance. Managing the SMU and data staging was conducted using
VEE Pro-based SeCLaS software.[32]

The photocatalytic performance of unary and ternary materials on
MB was surveyed by investigating a DIY photo reactor equipped with
385 nm UV led lamps driven by a 3 W constant current source at room
temperature. The photocatalytic activity of the ternary nanostructured
composite was examined using a methylene blue (MB) dye solution with
stirring under a UV LED (3 W) positioned 10 cm above the reaction
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mixture. For the photocatalytic process, 20 mg of ZnO-CuO-CdO com-
posite powder was dissolved in 20 mL aqueous solutions of MB at spe-
cific pH and concentration (10 ppm). The samples were collected after
starting from 5 min every 10 min at regular intervals to establish the MB
degradation efficiency. Periodically, 3 mL of the suspensions were
aggregated, centrifuged, and examined using a UV-vis. spectrometer.
MB degradation was determined by using the change in the violence of
the incorporated representative band absorption at 635 nm. To deter-
mine the concentration alteration of dye solutions, the UV-vis spectrum
was recorded. The color of the dye (MB) solutions started to diminish
with an increase in irradiation time. After 20 min, the MB dye solution
took 120 min, confirming the degradation of the nanosized composites.
The degradation efficiency (1) was calculated using the following rela-
tion [33,34]:

1= (Co — C¢/Co)x100% 1

where Cj is the initial concentration and C; is the concentration (mg/1)
after irradiation at different time intervals.

Manufacturing nano-scale materials by using metal-oxides based
structures to exterminate pollutants from waste water is the most
famous field for research interests [35,36]. Noteworthy volumes
(~10%) of synthetic dyes are preferred in industrial applications, and
medical laboratories have a comprehensive influence on public health
and the environment owing to their high toxicity. Various approaches
have been employed to extirpate the organic contaminants. For this aim,
the solar photocatalytic methodology is imagined to be an influential
attempt to reduce the inverse environmental impact of hazardous water
wastes and organic pollutants in aquatic ecosystems. This research has
revealed that the ternary form of metal-oxide nanocomposites has a
boosted sensing ability towards organic pollutants compared to
unary-phase materials.

3. Results and discussion

Surface morphological examinations of the fabricated materials play
a significant role in establishing the surface characteristics and nature of
nanostructured materials. Hence, FESEM was used to characterize the
shape, size distribution, and morphology of manufactured unary and
ternary thin film nanostructures. Fig. 1. FESEM images of the unary ZnO,
CuO, CdO, and ternary ZnO-CuO-CdO metal oxide thin film nano-
composites. It is clear that all of the films have smooth and homogeneous
dense surface morphological features, crystallized structures, and the
spherical and nanorod-like hybrid morphology of the as-synthesized
ZnO-CuO-CdO nanocomposites. The implementation of three
different metal oxides altered the morphology and kinetics of particle
creation in nanostructured thin films. It is observable that the ternary
metal- oxide structure has large accumulation, which is owing to the
interaction between 3 different metals of oxides that convert the size,
morphology, and kinetics of grown particles [37-39]. The changes in
particle structures may be interrelated with the different electronega-
tivity and atomic radius of the source elements, which influence the
thermodynamically stable growth process and free surfaces of the crystal
faces of ternary ZnO-CuO-CdO. A similar structure was also obtained
from Munawar et al. [40] for the same ternary nanocomposite. The
particle size and distribution of binary metal-oxide samples were
transfigured with a ternary component and these outcomes have a good
agreement with the XRD analysis.

The elemental composition analyses and surface mapping of the
Zn0-CuO-CdO nanocomposite material revealed the elements’ peaks in
the spectra. The obtained EDX result clearly represented the presence of
zinc, copper, and cadmium with percentages of 24.7%, 21.0%, and
35.9%, respectively, and oxygen at 18.4% (Fig. 2). As seen in the
mapping, Zn is represented by red, Cu by navy blue, Cd by turquoise,
and O by green. The absence of any other peaks related to impurities
further evidenced the purity of the manufactured materials.
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X-ray diffraction (XRD) was used to analyze the phase compositions
and crystal structures of the produced films. The XRD diffraction peaks
of the ZnO-CuO- CdO ternary nanocomposite structures and nano-
structured unary ZnO, CuO, and CdO films are displayed in Fig. 3. The
diffraction patterns of the films are in the wurtzite structure of hexag-
onal ZnO complying with JCPDS No 00-036-1451[41], in the poly-
crystalline structure with monoclinic phase of CuO complying with
JCPDS No 01-072-0629 [42], and in the polycrystalline surface-centred
cubic structure of CdO complying with JCPDS No 05-0640 [43]. Peaks
related to ZnO are identified as lines (100; 20=31.75°), (002;
20=34.42°), (101; 20=36.26°), (102; 20=47.54°), (110; 26=57.00°),
(103; 26=62.87°), (112; 26=67.95°), and (201; 26=69.07°) [44]. CuO
can be represented by various lines, including (110; 20=32.45°), (111;
20=35.53°), (111; 20=38.65°), (202; 20=48.87°), (020; 20=53.40°),
(202; 20=58.31°), (113; 20=61.56°), (311; 20=66.25°), and (220;
20=67.99°) [45]. CdO corresponds to planes (111; 20=32.92°), (200;
20=38.21°), (220; 20=55.19°), and (311; 20=65.81°) [46]. The XRD
pattern did not reveal any additional diffraction lines related to the
hydroxides and impurity phases, except for the diffraction images of
ZnO, CuO, CdO, and the ZnO-CuO- CdO composite. The XRD spectra of
the synthesized films show sharp and dominant diffraction lines, indi-
cating high crystallinity of both the unary ZnO, CuO, and CdO films, as
well as the ZnO-CuO- CdO ternary composite film.

The average crystal size (D) values were calculated using Scherrer’s
relation [47], considering only the dominant peaks in the XRD picture.

0.942
" peosd

(2)

In Scherrer’s equation, 4, 5, and 0 correspond to the wavelength, full
width at half height, and Bragg’s angle of the X-ray, respectively. The D
values of unary ZnO, CuO, CdO, and ZnO-CuO- CdO ternary films were
found to be 18.71, 12.86, 15.88, and 21.96 nm, respectively (Table 1).
The D value of the ZnO-CuO- CdO ternary nanocomposite film is
attributed to the varying ionic radii of ZnO (Zn**: 0.60 A), CuO (Cu®*:
0.57 A), and CdO (Cd2+: 0.78 10\) in the respective single MOs. The sit-
uation in D may be attributed to the combination of ZnO, CuO, and CdO
MO materials in a single lattice structure in the synthesized films [40,48,
49]. These structural alterations also have a good compromise with the
particle thickness observations from the FESEM images.

The Fourier transform infrared (FT-IR) method was employed to
validate the existence of significant functional groups present in the
samples. The modes of FT-IR are influenced by particle size, shape, and
accumulation state. The recorded FT-IR spectra of the ZnO, CuO, CdO,
and ternary samples are displayed in Fig. 4. in order to verify their
structures. As illustrated in Fig. 4, the prepared samples’ FT-IR spectra in
the wavenumber range of 500-4000 cm™! revealed the existence of
numerous vibrational modes.

Metal-oxide materials typically show absorption bands in the
fingerprint area (below 1000 cm™!) due to interatomic vibrations [50].
The vibration mode for pure CdO was observed at 548 cm ! [34]. The
peaks observed at 878, 751, and 674 cm™! can be attributed to the
stretching modes of metal-oxygen (M-O) (M = Zn, Cu, Cd). FT-IR
spectra confirmed the successful formation of nanocomposites via the
presence of metal- oxygen bonds. These consequences affirm the ac-
quired structure of the nano-scale ternary composite and are well sup-
ported by the XRD results.

The peaks in the functional group regime are the result of residual
precursors, organic contaminants, and CO5 from the air interacting with
the metallic cations. The intense peak at 2350 cm™! was attributed to
the stretching vibrations of CO5 [51]. The weak peak intensities of ab-
sorption indicate the existence of water molecules within the thin films.
Weak peaks at 3740 and 3678 cm ™! were identified as the stretching
vibration of the OH group [52]. Additional bands around 3000-2900,
and 1600-1000 cm™! that were attributed to additional chemical
bonding, may have resulted from the deformation and bending



O. Kahveci et al. Journal of Alloys and Compounds 997 (2024) 174827

Signal A= Inlens J 4 Signal A= Inlens
Mag= 2500KX . I Mag= 5000KX

a o=

400 nm EHT = 7.00kV Signal A= SE2 . ZEISS
L 1 WD = 85mm Mag= 5000KX et

Fig. 1. FESEM images of unary ZnO, CuO, CdO, and ternary ZnO-CuO-CdO nanocomposite thin film materials. It is clear that all of the films have smooth and
homogeneous dense surface morphological features, crystallized structures, and the spherical and nanorod-like hybrid morphology of the as-synthesized ZnO-CuO-
CdO nanocomposites.



O. Kahveci et al.

Journal of Alloys and Compounds 997 (2024) 174827

- Map Sum Spectrum
Wt% o
Cd 359 02
Zn 24.7 0.1
Cu 210 0.1
(0] 184 0.1

Powered by Tru-Q®

6 ke’

a2

Fig. 2. Energy dispersive X-ray spectroscopy elemental maps of Zn, Cd, Cu and O in ternary ZnO-CuO-CdO nanocomposite thin film materials. The obtained EDX
result clearly represented the presence of zinc, copper, and cadmium with percentages of 24.7%, 21.0%, and 35.9%, respectively, and oxygen at 18.4%.

vibrations of chemisorbed or physically absorbed CO and CHy-CHj3
molecules [53]. The vibration modes resulting from different chemical
bonds were identified: 1577 and 1063 cm ™! for CO stretching vibrations
caused by air and 2979, 2905, 1400 and 1245 em™! for CHy-CHs
vibrations.

The optical phonon frequency (vy) may be determined from FT-IR
spectra by analyzing the observed bands associated with the vibra-
tions of ZnO, CdO, and CuO bonds. vy is the optical phonon frequency
(Hz), v is the wave number (cm™ 1) and 2 is the wavelength (cm). Cal-
culations for vy and Debye temperature 0p were performed on the basis
of the observed vibration of CuO, ZnO, and CdO bonds using the equa-
tions: ¢ = Avg = vo/v and hyy = kgOp, where h and kg are the Planck’s
constant and Boltzmann constant [34,54].

1/2
1 k) 3)

v=— |-
2rc

Eq. 3 can be used to calculate the force constants of CuO, ZnO, and
CdO. where k is the force constant, c is the speed of light (3.00x 10'%cm/
s) and p is an effective mass of ZnO, CdO, and CuO given by y = ,"'Efﬁzz ,
where m; and my are the atomic weights of the bounded atoms [54,55].
Table 2 contains the values of the vibrational parameters that have been
computed.

UV-vis spectra of unary ZnO, CuO, CdO, and ternary ZnO-CuO-CdO
composites are presented in Fig. 5. The absorption intensities of ZnO,
CdO, and CuO are higher than those of ZnO-CuO-CdO nanostructures.
The rough surface of the composites would allow more light for ab-
sorption than the smooth surface of bare CuO, ZnO, and CdO. These
results imply that the photocatalytic performance of ternary
Zn0O-CuO-CdO is higher than that of unary metal oxides. The charac-
terization results imply that the ZnO-CuO-CdO nanocomposite may be a

good candidate material for optoelectronic and photocatalytic
applications.

The utilization of nanostructured metal-oxide materials for photo-
catalytic degradation of different dyes is an economically friendly pro-
cedure; hence, there is no requirement to supplement any expensive
chemical materials, like capping or reducing agents. For the imple-
mentation of enhanced wastewater treatment procedures on an indus-
trial scale, it is not avoidable that they should be environmentally and
economically sustainable. The economic cost of fabricated materials for
photocatalytic degradation largely depends on the type of equipment
and facilities and on market demand. In this experiment, preferred metal
sources like Zn, Cd, and Cu are abundant sources in nature that are easily
available [56].

Methylene blue (MB) as a heterocyclic dye has been comprehen-
sively used in industrial implementations, having diverse impacts on
ecosystems and public health owing to their high toxicity. In this
research, the utilization wavelength in the visible light region (390 nm)
for photocatalytic degradation of pollutants is found to be the best op-
tion at the industrial scale; hence, solar light is a safe, clean, and most
economical light source.

Degradation mechanism of MB under UV light irradiation occurs in 4
steps [33,34,57];

1. photo excitation of metal oxides and creation of electron (e ) / hole
(h™) pairs with UV photons:

CdO-Cu0-ZnO + hv —» CdO-Cu0-ZnO + (¢ + h™) (@)

2. oxygen absorption of metal oxides:

CdO-Cu0-ZnO (e ) + Oz » CdO-CuO-ZnO + ¢Oy 5)
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Fig. 3. X-ray diffraction patterns of unary ZnO, CuO, CdO, and ternary ZnO-
CuO-CdO nanocomposite thin film materials. It shows sharp and dominant
diffraction lines, indicating the high crystallinity of both the unary and ternary
composite films.

Table 1
Crystallite size and optical bandgap values of ZnO, CuO, CdO and ZnO-CuO-CdO
films.

Sample Name Crystallite Size (nm) Optical Bandgap (eV)

ZnO 18.71 3.20
CuO 12.86 1.47
Cdo 15.88 2.21
Zn0O-CuO-CdO 21.96 2.51

3. ionization of water molecules:
H,O — HY + OH ™ (6a)

0y + 2H' + € — Hy0, —2 ¢OH (6b)

4. protonation of excited oxides:
#OH + MB — Degraded products (72)

0, -+ MB — Degraded products (7b)

The band gap energy values of ZnO, CuO, CdO, and ternary
ZnO-CuO-CdO were relatively low, and UV irradiation excites an
electron from the valence band of these oxides to the conduction band,
leaving holes in the background (in the valence band) (step 1.). These
excited electrons tend to create superoxide radical anion (step 2.) and
hydroxide radicals (step 3), which both are highly reactive, and finally,
they oxidize the MB molecules (step 4).

Journal of Alloys and Compounds 997 (2024) 174827

The ZnO-CuO-CdO nanocomposite attacks the carboxylic acid
formed by the degradation of aromatic rings because of the photo-
catalytic effect of MB and the acetate ions in the solution. Because the
solubility product of copper is smaller than that of cadmium and zinc, a
copper acetate compound is formed. This could correspond to the
opening of aromatic rings with the transient formation of carboxylic
acids. This compound, which has a water solubility of 43.7 g/L, can
easily form like zinc acetate (30 g/100 g H>0) and cadmium acetate and
gives a blue color to the solution (as given in Eq. 8). As a result, there is a
slight increase in the absorbance peak in the UV spectrum. A schematic
representation of the photocatalytic degradation measurement setup is
described in Fig. 6.

C4H1006Zn + ClyCuH404 + C4H19CdOg — Cu(CH3CO0), + Zn?*+ + Cd?*
+ CI' + C4H100% (8)

All the results indicate that degradation kinetics were in a second-
order process until 40 min, followed by a first-order process [58]
(Fig. 7). When copper, zinc, and cadmium oxides are applied separately
to MB adsorption, removal occurs at a linearly increasing rate and rea-
ches a constant value after a while 20 min (Fig. 8). Similar increased
photocatalytic performance was recorded for CuO-ZnO compared to
bare CuO and ZnO. As in the study by Harish et al. for ZnO-CuO-CdoO, it
was observed that the photocatalytic adsorption, which began with a
higher acceleration, started to decrease after a while and then remained
constant again [33]. The ZnO-CuO-CdO composite reached a 70%
removal value in 20 min, then reached a 60% removal value in 40 min, a
50% removal value in 60 min, and remained constant thereafter (Fig. 8).
It has been observed that photocatalytic degradation occurs in an
increasing linear change for all CuO, ZnO, CdO, CuO/ZnO, and
ZnO-CuO- CdO composites between 0 and 20 min (Fig. 8). All these
results indicate that degradation kinetics were in a second-order process
until 40 min, followed by a first-order process [58]. Different re-
searchers have affirmed the important effects of the crystallite size on
the photocatalytic performance. It is usually considered admirable for
the crystallite size of a photocatalyst to be nano-scale; i.e., the specific
surface area should be extensive. Obtained nano-scale particle size leads
to easy transport of photogenerated electrons (e7) and holes (h')
[59-61].

The degradation efficiency of ternary ZnO-CuO-CdO composite rea-
ches a maximum value about 20 minutes and the kinetic degradation
rate (In (Cp/Cy)) value was determined as 0.46. This result is in good
agreement with the literature (Table 3).

Metal-oxide based nanostructured photocatalysis offers a permanent
adjustment for cleaning up contaminated environments. When appro-
priate metal-oxide materials are exposed to artificial light or sunlight,
they generate electron-hole pairs, thus decomposing contaminants from
contaminated environments and boosting air and water quality [65,66].
These features makes them an important and suitable candidate for
applications ranging from drinking water treatment to wastewater pu-
rification in both domestic and industrial areas.

The absorbance in the UV-vis. spectra is commanded by the bandgap
energy (Eg) of a metal-oxide semiconductor material, which is correlated
with the optical absorption coefficient (a) and the incident photon en-
ergy (hv) by the following relation:

(ahv) = C(hv — E,)"/* ©

where C is an energy-independent constant and Ej is the optical bandgap
energy value [67]. Fig. 9 shows the plots of (ahv)? versus ho of unary
ZnO, CuO, CdO, and ternary ZnO-CuO- CdO nanostructured composite
thin films. The estimated E; values were found to be 3.20, 1.47, 2.21,
and 2.51 eV for the ZnO, CuO, CdO, and ternary ZnO-CuO-CdO films,
respectively (Table 1). Every component of the ternary ZnO-CuO- CdO
nanocomposite thin film presents various energy gaps, such as ZnO has
~3.37 eV [68], CdO has ~2.3 eV [69], and CuO having a smaller energy
gap of 1.5 eV [25]. This segregation in the optical energy gap values of
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Fig. 4. FT-IR spectra of unary ZnO, CuO, CdO, and ternary ZnO-CuO-CdO nanocomposite thin film materials. The prepared samples’ FT-IR spectra in the wave-
number range of 500-4000 cm ! revealed the existence of numerous vibrational modes.

Table 2
FT-IR bands, force constant, effective mass, optical phonon frequency, and
Debye temperature rates for the unary ZnO, CdO, and CuO samples.

Unary Wavenumber Effective Force Optical Bending
Oxides (em™h mass constant, phonon Debye
(10-%° k (N/cm) frequency, temperature
kg) vo (Hz) 6p (K)
1013
ZnO 878 2.1343 5.8460 2.634 1260
CuO 751 2.1224 4.2533 2.253 1080
Cdo 674 2.3256 3.7538 2.022 970
5
CuO
- ZnO
Cdo
4 = ZnO-Cu0-CdO
=
c
N
£ 3—
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Fig. 5. UV-vis absorbance for unary ZnO, CuO, CdO and ternary ZnO-CuO-CdO
nanocomposite thin film materials. The absorption intensities of ZnO, and CuO
are higher than those of ZnO-CuO-CdO nanostructures. The rough surface of
the composites would allow different light for absorption than the smooth
surface of bare CuO, ZnO, and CdO.

unary materials affects the entire energy gap manner of the nano-
structured ternary metal oxides. The singular features and electronic
structures of each metal oxide create the integrated energy gap of the
ternary composite thin film materials. Accordingly, by mixing the three

UV source %\\
© y =
.-

Magnetic
stirrer

20 ppm
Methylene blue
solution

\ Centrifuge /

Fig. 6. Schematic representation of photocatalytic degradation measure-
ment setup.

Uv-vis spectromete’

different metal-oxide materials, the bandgap energy can be engineered
to make the nanostructured ternary composite material suitable for
several applications, such as photocatalysis, optoelectronics, and elec-
tronic devices.

The electrical conduction mechanism of thin films is different from
that of bulk materials. In bulk materials, the current conduction mech-
anisms depend on the properties of the material, and the properties of
the surface are usually not taken into account, whereas in thin films, the
conductivity is tightly coupled to both the properties of the bulk mate-
rial and the surface properties of the thin films. However, many pa-
rameters, such as the thickness of the films, annealing temperature, the
size of the crystals forming the film, the conductivity behavior at domain
boundaries, the presence of dopant atoms and defects that form the basis
of current conduction, especially in metal oxides, and their densities,
affect the conductivity mechanism [70-74]. Therefore, when producing
devices based on the electrical properties of materials, a method such as
the transfer length method (TLM) (Fig. 10), which can account for both
the properties of the contact and current conduction in thin films, such
as current crowding, should be considered [75].

In this method, contact distances and series resistance (Rt) param-
eters, calculated from current- voltage (I-V) measurements between
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Fig. 7. Degradation kinetics of MB in unary and ternary composite samples. All the results indicate that degradation kinetics were in a second-order process

until 40 min.
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Fig. 8. Removal percentage of MB by unary and ternary composite samples.
When copper, zinc, and cadmium oxides are applied separately to MB adsorp-
tion, removal occurs at a linearly increasing rate and reaches a constant value
after a while 20 min.

Table 3
Comparison of photocatalytic performance of ternary CuO-CdO-ZnO nano-
materials on the degradation of MB dye pollutants.

Photocatalysts In (Co/Cp* Refs.
ZnO-CuO 0.20 [62]
ZnO-CuO (15% wt.) 1.15 [63]
CdO-ZnO 0.45 [64]
ZnO-NiO-CuO (1:1:1) 0.45 [50]
NiO-Fe,03-CdO 0.40 [4]
Cu0-CdO-ZnO 0.46 Present work

" Some values here were obtained pointwise from the relevant graphs.

these contacts, can be plotted. Using the data from these graphs and the
relations given below, the effective transfer length (Lt), which is an
important parameter for load transport, and the specific contact resis-
tance (p.), which is important for device manufacturing, can be calcu-
lated. In such a case, the slope and intercept of the d vs. Ry plots give the
total contact resistance (R¢) and the Ly with the following equations [75,

761]:
R. = %coth(d/h) 10)
and
L= [P an

where w, d and Rgy is the width of the contact, length of the contact, and
modified sheet resistance under the contact, respectively. Current—
voltage measurement results of unary ZnO, CuO, CdO, and ternary
ZnO-CuO- CdO metal oxide thin film nanocomposites are given in
Fig. 11 a—d. All metal oxide thin films showed ohmic behavior, and re-
sistivity values depended on their unique nature.

The DC resistivity values decreased with pad distance. The calculated
Rt values are given in Fig. 12. (a-c) for each thin film nanocomposite.
CdO was the most conductive film, and the resistivity values of CuO
were higher than those of other films. We expected that the resistivity
values of ternary ZnO-CuO-CdO thin film nanocomposites would differ
between CdO and CuO. Also, calculated lowest and highest Lt and p.
values belongs to CdO and ZnO thin films, respectively (Fig. 12 (d-e)).

Specific contact resistivity values were 347.33 Qcm?, 213.33 kQem?,
780.83 kQcm? and 1.97 kQem? for CdO, CuO, ZnO, and ternary
ZnO-CuO-CdoO thin films, respectively. The conductivity of metal oxides
mainly depends on their density of oxygen vacancies [72,73], and the
influence of some morphological parameters (e.g. film quality, particle
distribution, and size surface roughness, etc.) should be considered [37,
48]. CdO films grown by the SILAR method have very low sheet re-
sistances (about 102 Qcm for annealed samples) because of the high
carrier concentration density [71,77]. The effects of this high carrier
concentration are also clearly observed in the ternary film for values of
pc and Ly. CuO and ZnO thin films grown by the SILAR method have
relatively higher specific contact resistivity values due to the lower ox-
ygen vacancy density.

4. Conclusions

As a conclusion, bare unary ZnO, CuO, CdO, and ternary ZnO-CuO-
CdO oxide nanostructured composite thin films were fabricated by the
low-cost SILAR method. The XRD pattern supported the creation of
nanocomposites with ZnO (hexagonal), CuO (monoclinic), and CdO
(cubic). The alteration in crystallite size was recorded because of the
interaction of three different metal-oxides. It was apparent that all of the
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Fig. 9. Optical band gap energy values of unary ZnO, CuO, CdO and ternary ZnO-CuO-CdO nanocomposite thin film materials. The estimated Eg values were found to
be 3.20, 1.47, 2.21, and 2.51 eV for the ZnO, CuO, CdO, and ternary ZnO-CuO-CdO films, respectively. The singular features and electronic structures of each metal
oxide create the integrated energy gap of the ternary composite thin film materials.
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Fig. 10. Experimental setup of electrical measurement system by TLM method.

films have smooth and homogeneous dense surface morphological fea-
tures, crystallized structures, and the spherical and nanorod-like hybrid
morphology of the as-synthesized ZnO-CuO- CdO nanocomposites. The
XRD, EDX, and FTIR, confirmed the formation of the ZnO-CuO-CdO
nanocomposite structure. The photocatalytic degradation in-
vestigations exhibited boosted efficacy of the ZnO-CuO-CdO ternary
composite for the degradation of methylene blue dye (70% in 20 min),
which is demonstrated to be a propitious sunlight-driven photocatalyst.
Additionally, the electrical behavior and photocatalytic performance of
fabricated unary and ternary samples presented more effective and
efficient results. The optical absorption properties, hence optical
bandgap energy (E,), and electrical conductivity were found to be
strongly affected by the composition of nanostructured binary metal-
oxides. The optical bandgap value was 2.51 eV calculated for ternary
Zn0-CuO-CdO using UV-vis spectra. This obtained optical bandgap
energy, which made the fabricated ternary nanocomposite an excellent
photocatalyst under sunlight. Obtained photocatalytic outcomes intro-
duce an innovative sunlight driven photo-catalyst for the degradation of
MB as a heterocyclic dye. Accordingly, by mixing the three different
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Fig. 11. I-V characteristics of unary CdO (a), CuO (b), ZnO (c) and ternary ZnO-CuO-CdO (d) metal oxide thin film nanocomposites. All synthesized metal oxide thin
films showed ohmic behavior, and resistivity values depended on their unique nature.

metal-oxide materials, the bandgap energy can be engineered to make
the nanostructured ternary composite material suitable for several
implementations, such as photocatalysis, optoelectronics, and electronic
devices. In this study, some descriptive thin film properties of each metal
oxide forming the ternary composite film, as well as the properties of the
ternary film and its synergetic effect, were revealed. Future research
could be focused on sensing ability and investigating the role of thin film
properties of each component in the ternary composite. In addition,
different possible solutions can be tried to use the synthesized composite
films in a large-scale process. Also, testing different dyes may be the
subject of future research initiatives.
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