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In this work, a CuO@TiO2@ZnO nanocomposite (CTZ NC) material was synthesized via a hydrothermal method. To 
fabricate perovskite solar cells (PSCs), the CTZ NC material was coated onto 㿿�uoride-doped tin oxide (FTO) glass substrates 
via a dip coating procedure. The produced CTZ NC material was investigated using X-ray di�raction (XRD), scanning 
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), UV‒vis spectroscopy, Fourier transform infrared 
(FTIR) spectroscopy, thermogravimetric analysis (TGA), and di�erential thermal analysis (DTA). The XRD results revealed 
three combinations of monoclinic CuO, tetragonal TiO₂, and hexagonal ZnO phases in the CTZ NC powder material. These 
phases were further con⿿�rmed by FTIR analysis. Moreover, SEM measurements showed agglomerated nanoparticles of 
di�erent sizes. The optical direct band gap energy of the CTZ NCs on the FTO substrate was determined to be 3.06 eV. 
Furthermore, the photovoltaic performance of the PSCs under di�erent illuminations (including daylight, a 6 W UV lamp, 
and a 7 W LED lamp) was evaluated. Notably, after illumination with a 7 W LED lamp, the optimal photovoltaic performance 
was obtained for FTO/Ag/CTZ/perovskite/spiro-OMeTAD/Ag, with a maximum open-circuit voltage (1 V), short-circuit 
current (37.5 mA cm⁻²), and ⿿�ll factor (0.46), as well as the highest cell e῿�ciency (17.54%). These ⿿�ndings suggest that using 
a ternary CTZ NC material for the fabrication of PSCs could enhance cell e῿�ciency compared to other materials.
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Introduction

In recent years, metal oxide-based perovskite solar 
cells (PSCs) have gained significant attention due to their 
rapidly increasing efficiency, superior optoelectronic 
properties, defect tolerance, and ease of processing at 
relatively lower temperatures [1-5]. Among their notable 
advantages are low cost, high absorption coefficient, 
lightweight structure, outstanding charge carrier mobility, 
and flexibility. Additionally, the solubility of active 
layers in solar cell production and their easy application 
on large surfaces are key features that distinguish 
perovskite solar cells. The power conversion efficiency 
of perovskite solar cells has significantly increased to 
29% [6], bringing them close to conventional silicon 
solar cells.

Recent studies have demonstrated that the efficiency of 
metal oxide-based PSCs remains insufficient; however, 
it can be improved through various methods such as 
doping [7-11], incorporating ferroelectric materials [12, 

13], or using two-component metal oxide nanocomposite 
(NC) materials. Manibalan et al. [14] reported that the 
efficiencies of bare cerium oxide (CeO2) and CeO2-CuO 
NC PSCs were 5.56% and 10.58%, respectively. Chen 
et al. [15] demonstrated that the efficiencies of CuO-
Cu2O-based PSCs at 300°, 350°, and 400° were 3.15%, 
7.32%, and 6.49%, respectively. Ali et al. [16] indicated 
that the photovoltaic performance of a graphene oxide‒
silver‒zinc oxide (GO‒Ag‒ZnO) NC-based PSC was 
8.72% Beyond PSC applications, NC materials have 
also been utilized in other fields, such as improving 
supercapacitor performance [17, 18]. Moreover, NC 
materials are employed in silicon solar cells and copper 
indium gallium selenide (CIGS) solar cells [19, 20]. 
Recently, NC materials have attracted attention in the 
field of photocatalyst degradation due to their remarkable 
performance, cost-effectiveness, reliability, and energy 
efficiency [21-23].

PSCs typically consist of a mesoporous metal oxide 
layer, such as CuO, copper(I) oxide (Cu2O), ZnO, nickel 
oxide (NiO), tungsten trioxide (WO3), tin oxide (SnO2), 
or TiO2, deposited on conductive substrates, along with 
a perovskite sheet, a hole transport layer, and a metal 
electrode. Previous studies have indicated that CuO, 
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TiO2, and ZnO nanoparticles can be utilized in PSC 
fabrication; however, until recently, CTZ NCs had not 
been employed in PSCs. Considering its potential, the 
CTZ NC material is expected to provide superior electron 
transport characteristics and synergistic compatibility with 
the perovskite absorber layer. Therefore, a ternary CuO@
TiO2@ZnO nanocomposite (CTZ NC) electron transport 
layer (ETL) was selected for integration into a planar 
PSC. Furthermore, the perovskite methylammonium lead 
iodide (CH3NH3PbI3) was chosen as a hole transport 
layer (HTL) due to its well-documented efficiency in 
solar cells [10]. Similarly, spiro-OMeTAD was used as 
an HTL to enhance the light conversion efficiency of 
PSCs [24]. 

In this study, for the first time, we examined the 
application of a three-component CTZ NC material in 
the manufacturing of PSC devices. The primary objective 
was to develop a novel ternary ETL layer within the 
structure of CTZ NCs that could be incorporated into 
solar cells. This NC material was hydrothermally 
synthesized and applied to PSC fabrication using the 
dip coating method. We anticipate that our research 
will offer a simple and cost-effective approach to 
fabricating high-efficiency PSCs using low-temperature 
solution techniques such as hydrothermal synthesis and 
dip coating, which present significant advantages over 
conventional high-temperature production methods for 
manufacturing compact layer devices. The hydrothermal 
method is widely employed for the synthesis of 
nanoparticles due to its ability to produce materials with 
precise control over size, shape, and crystallinity. This 
technique involves the reaction of precursor materials 
in an aqueous environment under high temperature and 
pressure, facilitating the formation of nanostructures. 
One of the key advantages of the hydrothermal process 
is its versatility, enabling the synthesis of a wide range 
of materials, including metals, oxides, and composites 
[25]. Additionally, it allows for fine-tuned control over 
the morphology and composition of nanoparticles, 
which is essential for tailoring material properties for 
specific applications. The method is also considered 
environmentally friendly, as it typically uses water as a 
solvent, minimizing the need for hazardous chemicals. 
Moreover, hydrothermal synthesis can be easily scaled 
up, making it suitable for industrial production. These 
advantages make the hydrothermal method an attractive 
approach for producing high-quality nanoparticles, 
particularly for applications in catalysis, solar cells, 
sensors, and various other fields.

Experimental 

Titanium (III) chloride (TiCl3, 20% solution in 
hydrochloric acid, 250 mL, Sigma‒Aldrich), copper 
(II) acetate monohydrate (C4H6CuO4, Sigma‒Aldrich), 
and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Merck) 
salts were used at a molar ratio of 1:0.5:0.5. Separate 

dissolution processes were carried out for each precursor 
salt. First, zinc nitrate (Zn(NO₃)₂·6H₂O; 2.8 g/20 mL) 
was mixed with hexamethylenetetramine (C6H12N4; 
1.4 g/20 mL) in ultrapure water and stirred for 10 
minutes to prepare the ZnO solution. Next, a copper(II) 
oxide precursor solution was prepared by dissolving 
copper(II) acetate monohydrate (2.9 g/75 mL) in water. 
Simultaneously, 1.6339 g of NaOH pellets were dissolved 
in 25 mL of water in a separate beaker, and this NaOH 
solution was then added to the CuO solution. Finally, 
10 mL of TiCl3 was mixed with 11.5 mL of HCl. The 
three prepared solutions were combined, and the total 
volume was adjusted to 200 mL with distilled water. The 
mixture was stirred for 30 min at room temperature. A 
color change from white to light blue was observed in 
the final solution.

The solution was then subjected to a hydrothermal 
process, where it was transferred to a Teflon vessel, sealed 
tightly with linen tape, and placed in an autoclave. The 
mixture was heated at 160 °C for 12 hours to facilitate 
the formation of the ternary nanocomposite. The resulting 
CTZ nanocomposite powder was washed three times 
with distilled water for purification, precipitation, and 
filtration. After the final wash, the powders were dried at 
room temperature and then calcined at 450 °C for 1 hour 
to remove hydroxyl groups and promote crystallization. 
The experimental procedure for the synthesis of the CTZ 
NCs is shown in Fig. 1.

First, MAI was synthesized using the following 
materials: dimethylformamide (DMF), chlorobenzene 
(CB; Sigma‒Aldrich ReagentPlusR; 99% purity), lead 
iodide (PbI2, Strem Chemicals; 99.9% purity), and 
methylamine (CH3NH2; Sigma; 33% by weight ethanol 
solution) [26]. An aqueous solution of 12 ml of HCI 
(57% by weight aqueous solution, Sigma‒Aldrich) and 
24 ml of methylamine iodide (MAI; CH3NH2I) were 
sequentially added to 100 ml of ethanol, which was left 
in an ice bath and mixed with a magnetic stirrer for 2.5 
hours. The color of the solution changed from dark red to 
bright yellow over this period. A rotary evaporator was 
then used to remove the remainder of the solution. The 
resulting powder was rinsed three times with a mixture 
of diethyl ether and ethanol. MAI crystals with a white 
color were obtained after drying at ambient temperature 
[27]. Second, 553 mg of PbI2 was dissolved in 1 ml of 
DMF and heated at 55 °C, while both 30 mg of MAI 
and 100 µl of 4-tert-butylpyridine (TBP) were dissolved 
in 1 ml of 2-isopropanol (IPA) at room temperature. To 
prepare the perovskite solution, PbI2 solution was added 
to the MAI solution at a 1:2 volume ratio [28-31]. 

First, 72.3 mg of spiro-OMeTAD and 520 mg of 
lithium bis(trifluoromethylsulfonyl)imide were dissolved 
in 1 ml of CB and 1 ml of acetonitrile (ACN; CH3CN), 
respectively. To prepare the HTL material, 0.1 ml of 
spiro-OMeTAD, 28.8 μL of TBP, and 17.5 μL of lithium 
bis(trifluoromethylsulfonyl)imide were added and mixed 
rigorously for 45 minutes at 45 °C [32, 33]. 
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An FTO substrate with a 14 Ω/sq resistivity and 
dimensions of 3 × 15 × 15 mm3 was used for the 
fabrication of the PSCs. Prior to deposition, the substrate 
was sequentially cleaned in detergent, ultrapure water 
and isopropyl alcohol solutions for approximately 10 
minutes and then dried in a drying oven for 10 minutes. 
To fabricate PSCs using prepared solutions, the FTO 
substrate was coated with CTZ nanoparticles in the form 
of a thin film via the dip coating technique [34]. For 
this method, the substrate was dipped into the prepared 
solutions for five minutes and lifted vertically from 
the solution (CTZ NC in ethanol) for two minutes of 
drying. This process was repeated five times until the 
desired thickness was achieved. The coated CTZ film 
was sintered at 450 °C for 30 minutes. Thus, an ETL 
layer was formed on FTO. The perovskite material was 
coated onto the ETL layer by dropping. To reduce the 
crystal size, achieve homogeneity, and ensure even 
distribution over the surface, approximately 100 μl of 
CB was added to the coating. The coated layer was 
subsequently annealed at 450 °C for 30 minutes to 
eliminate the solvent, after which crystal alignment was 
achieved. The same procedure for coating perovskite 
was also applied for coating spiro-OMeTAD as an HTL. 
A transparent conductive layer (FTO), an ETL (CTZ), 
an HTL (spiro-OMeTAD), a perovskite (MAPbI3), and 
a metal contact are the typical components of planar 
regular heterojunction PSCs [35]. The structure of the 
PSC is shown in Fig. 1. The PSC was characterized 
via I-V measurements. Silver contact was made by hand 
using silver paste (Electrodag 1415, Agar Scientific, 
25  g).

Characterization

Structural characterization was performed by recording 
the X-ray diffraction patterns of the film with a Bruker 
A8 advanced X-ray diffractometer (XRD) with Cu Kα 
(0.154 nm) radiation. The surface morphologies of 
the materials were studied via EVO40-LEO scanning 
electron microscopy (SEM). Compositional analysis 
of the CTZ NCs was performed via energy dispersive 
X-ray spectroscopy (EDS) connected to SEM. The 
absorption spectra of the materials were obtained on a 
UV‒Vis spectrophotometer (Shimadzu UV-2600). Fourier 
transform infrared (FTIR) spectroscopy was used in the 
wavenumber range of 4000-400 cm-1 (Perkin Elmer 
Spectrum400 Shimadzu, Japan). Thermogravimetric 
analysis (TGA) was performed with a Perkin Elmer 
Pyris 1 instrument, whereas differential thermal analysis 
(DTA) was carried out via a Perkin Elmer DSC 4000 
apparatus. The J-V characteristics of the PSCc with an 
area of 1 cm2 were measured via a computer-controlled 
Keithley 2400 source meter and LabTracer 2.0 data 
processing software. During the measurements, the 
responses of the PSC were analysed by using daylight 
and two different light sources: a UV lamp (6 W) and 
an LED lamp (7 W).

Results and Discussion

XRD was employed to identify the crystalline phases 
in the prepared CTZ NC material. The XRD pattern 
of the CTZ NC material obtained via the hydrothermal 
technique is shown in Fig. 2. The CTZ NC material 

Fig. 1. Schematic diagram of CTZ NC material synthesis via a hydrothermal method and PSC fabrication.
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consisted of a mixture of three phases: monoclinic CuO, 
tetragonal TiO2, and hexagonal ZnO. Similar XRD 
patterns have been reported in the literature [36-39]. 

Additionally, the observed and standard structural data 
are listed in Table 1. Based on the XRD peak analysis, 
the average crystallite size of the CTZ nanocomposite 
was calculated to be 136.7754 nm, and the observed data 
are listed in Table 2. Additionally, dislocation density 
[39] was calculated and is given in Table 2.

Generally, the surface morphology of the CTZ NC 
material strongly influences the physical and electrical 
properties of PSC. The surface morphology of the CTZ 
NC material was evaluated via SEM, and the results at 
magnifications of 5.00 K × and 10.00 K × are illustrated 
in Figs. 3 a and b, respectively. According to the SEM 
image, a very small and nearly spherical morphology 
with a mesoporous surface was observed.

Fig. 4 shows micrographs of the PSC device obtained 
using the CTZ NC material. Fig. 4(a) shows that the SEM 
image of the CTZ NC material coated onto the FTO 
substrate indicated that both nanoplates and nanorods 
of different sizes and shapes had spaces between them. 
Similar results were reported by Maheswari et al. [36] 
for TiO2/CuO/ZnO NC materials. Figs. 4(b) and (c) 

Table 2. Crystalline grain size and Full Width at Half Maximum (FWHM) values of the XRD peaks for the CTZ nanocomposite.
2 Theta (°) FWHM Cristalline size (nm) Dislocation density (nm-2)

32.27 0.63683 12.98648204 0.005929
35.25 0.31049 26.84720043 0.001387
36.30 0.45995 18.17691367 0.003027
38.49 0.08658 97.19031099 0.000106
42.10 0.41795 20.36749111 0.002411
48.70 0.07607 114.6347307 7.61E-05
53.33 0.19576 45.41271974 0.000485
57.83 0.02664 340.6793414 8.62E-06
61.23 0.07029 131.3340113 5.8E-05
65.77 0.03198 295.8271842 1.14E-05
67.91 0.02388 401.0729629 6.22E-06

Table 1. Structural parameters of the CTZ NC material.

Material
Observed values Standard values

(hkl) JCPDS 
card no Phase

2q (°) d (Å) 2q (°) d (Å)

CTZ NC

32.27 2.48 32.53 2.74 (110) 00-021-1276 Tetragonal (TiO2)
35.25 2.50 34.33 2.61 (002) 00-001-1136 Hexagonal (ZnO)
36.30 2.44 36.49 2.46 (101) 00-001-1136 Hexagonal (ZnO)
38.49 2.29 38.96 2.30 (200) 01-073-6023 Monoclinic (CuO)
42.10 2.19 41.23 2.18 (111) 00-021-1276 Tetragonal (TiO2)
48.70 1.85 48.75 1.85 (2̄02) 01-073-6023 Monoclinic (CuO)
53.33 1.62 54.32 1.68 (211) 00-021-1276 Tetragonal (TiO2)
57.83 1.75 57.16 1.61 (102) 00-001-1136 Hexagonal (ZnO)
61.23 1.47 61.57 1.50 (3̄11) 01-073-6023 Monoclinic (CuO)
65.77 1.41 65.84 1.42 (2̄21) 01-073-6023 Monoclinic (CuO)
67.91 1.34 68.14 1.37 (220) 01-073-6023 Monoclinic (CuO)

Fig. 2. XRD patterns of the CTZ NC material produced via a 
hydrothermal method.
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Fig. 3. SEM image of a CTZ NC taken at magnifications of (a) 5.00 K × and (b) 10.00 K ×.

Fig. 4. SEM micrographs of the PSC device: (a) FTO/CTZ structure, (b) FTO/CTZ/perovskite structure, (c) FTO/CTZ/perovskite/
spiro-OMeTAD structure, and (d) device thickness.

Fig. 5. EDS spectrum of the ternary CTZ NC material.
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present the mesoscopic perovskite image and top view 
of the PSC device morphology, respectively. Fig. 4d 
shows a cross-sectional SEM image of the FTO/Ag/
CTZ/perovskite/spiro-OMeTAD/Ag structure. As shown 
in this figure, the thicknesses of the CTZ NC, perovskite, 
and spiro-OMeTAD were 19 µm, 74 µm, and 1.9 µm, 
respectively.

Fig. 5 presents the elemental analysis (EDS) of the 
CTZ NC material. The EDS spectrum verified the 
existence of peaks for CuO, TiO₂, and ZnO, suggesting 
that the three metal oxides were successfully integrated 
into a single structure to create a three-component metal 
oxide. According to the elemental distribution map, the 
weight percentages of Cu, Ti, Zn, and O were 1.28%, 
48.14%, 2.57%, and 40.69%, respectively, whereas the 
atomic percentages of Cu, Ti, Zn, and O were 0.55%, 
27.5%, 1.08%, and 69.77%, respectively. The Au peak 
in the EDS spectrum is due to the sample surface being 
coated with gold, according to the SEM image.

Fig. 6 shows the absorbance curves of the CTZ NC 
material. The absorption (A) edge of the CTZ NC powder 
is related to the electron transition from the valence band 
to the conduction band and can be used to calculate the 
bandgap of the material.

The direct optical band gap energy (Eg) is calculated 
via Tauc’s relation according to the following formula 
[40].

 (1)

where B is the independent constant of energy, h is the 
Plank constant, and n is the incident photon frequency. 
The absorption coefficient (a) of the material was 
evaluated via the following formula [41].

 (2)

where T is the normalized transmittance and where d is 

the thickness. The direct optical band gap energy was 
determined by plotting (a hn)2 as a function of photon 
energy hn, as shown in Fig. 6b. The direct optical 
band gap energy value for the CTZ NC material was 
calculated as 3.06 eV by plotting the intercept of the 
versus (hn) curve.

Optical parameters such as the refractive index (n), 
extinction coefficient (k), reel (e1), and imaginary (e2) 
parts of the complex dielectric constant can be evaluated 
via UV‒vis spectroscopy via the following relationships 
[42, 43]. 

 (3)

 (4)

 (5)

 (6)

 (7)

where R is the reflectance. Plots of n, k, e1, and e2 as a 
function of wavelength are shown in Figs. 8a, b, c, and d, 
respectively. At a wavelength of 550 nm, the n, k, e1, and 
e2 values of the CTZ NC material were determined to 
be 1.42, 2.49 × 10-5, 2.03, and 7.08 × 10-5, respectively.

Fig. 9 shows the FTIR spectrum of the ternary 
nanocomposite calcined at 400 °C. The FTIR spectrum 
of the CTZ NCs was recorded in the range of 400-
4000 cm⁻¹. FTIR spectroscopy (Shimadzu, Japan) was 
employed to analyse the chemical bonds in the synthesized 
nanoparticles. Metal oxides typically exhibit absorption 
bands below 1000 cm⁻¹ due to interatomic vibrations 
[44]. FTIR analysis of the CTZ nanocomposite revealed 
multiple peaks associated with various functional groups 

Fig. 6. Plot of absorbance versus wavelength for the CTZ NC 
material.

Fig. 7. Plots of (a hn)2 vs. hn for the CTZ NC.
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and vibrations. Upon analysing the FTIR spectrum, a 
peak at 740.2 cm⁻¹ was identified, which was attributed 
to the formation of the CTZ NCs. The prominent 
absorption band at 3901.1 cm⁻¹ is associated with the 
O–H stretching and bending modes of water [45]. It 
has been reported in the literature that copper oxide 

nanoparticles in CTZ NCs exhibit specific Cu‒O peaks 
in the 400-675 cm⁻¹ range, which serve as structural 
confirmation of the molecules present in the sample 
[46]. The peak observed at 740.2 cm⁻¹ in the CTZ NC 
spectrum confirms the presence of Cu in the structure. 
For ZnO in the CTZ NC, the absorption peak observed at 
740.2 cm⁻¹ corresponds to the stretching vibration mode 
of ZnO [47, 48]. 

To investigate the thermal properties of the CTZ 
NCs, thermogravimetric analysis (TGA) was conducted. 
Additionally, to confirm the coordination of the CTZ 
nanocomposites, simultaneous differential scanning 
calorimetry (DSC) and TGA analyses were performed 
over a temperature range of 50 °C to 800 °C. The 
DSC‒TGA curve is shown in Fig. 10. According to 
this curve, a single endothermic peak was observed 
at 363 °C for the CTZ NCs. This peak, attributed to 
the dehydration process, decomposition of organic 
species, and crystallization, marks the beginning of the 
formation of the ternary nanocomposite phase at 363 
°C [49]. Notably, weight loss occurred between 50 °C 
and 800 °C, which is believed to be associated with 
the transformation of the ternary nanocomposite due to 
the evaporation of absorbed water and decomposition 
of salts.

Fig. 8. Dependence of (a) n, (b) k, (c) e1, and (d) e2 of the CTZ NC material on the wavelength.

Fig. 9. FTIR spectrum of the CTZ NC material.



Hydrothermal synthesis of CuO@TiO2@ZnO ternary nanocomposites as electron transport materials… 293

The current‒voltage (I‒V) characteristics of the PSC 
device were analyzed to evaluate key cell parameters, 
including the open-circuit voltage (Voc), short-circuit 
current (Jsc), fill factor (FF), and cell efficiency (η). 
Fig. 11 presents the J‒V curves of the PSCs assembled 
with the CTZ NC materials. J‒V measurements were 
conducted under daylight and illuminated conditions 
using two different light sources: a 6 W UV lamp and 
a 7 W LED lamp. The cell parameters for the PSC with 
the CTZ layer are listed in Table 3. The efficiency of 
the PSCs improved with the use of a 7 W LED lamp, 
reaching 17.54%. This enhancement in efficiency can be 
attributed to the reduced charge recombination observed 
in PSC devices incorporating the ternary CTZ NC 
material [50]. 

Conclusions

In this work, a CTZ NC material was successfully 
synthesized via a hydrothermal method. XRD analysis 
confirmed its polycrystalline structure, comprising 
monoclinic CuO, tetragonal TiO₂, and hexagonal 
ZnO phases. Additionally, SEM images revealed a 
mesoporous surface with a nearly spherical morphology. 
The optical analysis demonstrated that the direct optical 
band gap energy of the CZT NC material was 3.06 eV. 
Furthermore, optical parameters such as the refractive 
index, extinction coefficient, and real and imaginary parts 
of the dielectric constants were evaluated based on the 

absorption data. The hydrothermally synthesized CTZ 
NC material was employed for PSC fabrication using 
the dip coating method. The photovoltaic performance 
analysis showed that the PSC device fabricated with 
the ternary CTZ NC material exhibited an efficiency 
of 17.54%. These findings highlight the potential 
of a ternary electron transport layer synthesized via 
hydrothermal methods and applied via dip coating as an 
alternative approach for enhancing solar cell efficiency.
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