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Abstract

In the present work, CuO with concentration of 0.15 mol/L, ZnO with a concentration of 0.25 mol/L, and ZnO/CuO Nano
composites with following ratios (50% ZnO & 50% CuO and 70% ZnO & 30% CuO) were prepared and deposited on glass
substrates by the sol-gel spin coating process. Physical techniques such as X-ray diffraction analysis (XRD), atomic force
microscopy, and UV-Vis spectroscopy were used for the characterization of the crystal structure, surface topography, and
optical properties. The XRD analysis showed that CuO and ZnO crystallize respectively in monoclinic and hexagonal
symmetries. Crystallite size decreased while dislocation density and microstress increased upon addition of CuO. These
increases are responsible for the reduction in crystallite size. The AFM microscopy demonstrates alteration in the surface
morphology, with inclusion of CuO leading to decrease in the average roughness (Ra) of ZnO. The UV-Vis
spectrophotometry indicate that the band edge absorption is red-shifted whereas 50%Zn0/50%CuO is highly red-shift in
spectra. The gap energies (Eg) of 1.73, 3.25, 3.19, and 2.88 eV are found respectively for CuO, ZnO, 70%Zn0/30%CuO and
50%7Zn0/50%CuO. The films exhibit high super-capacitor properties, the electrochemical study showed that the electrode
50% Zn0O/50%CuO has high specific capacitance of 217.81 F/g at 1 mV/s and excellent cyclic stability with nearly 96%
capacity retention after 5000 cycles at 0.1 mA/cm?.
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Highlights

e 7Zn0O, CuO, and ZnO/CuO Nano-composites were successfully synthesized by sol-gel method.

e The influence of different composition ratios of ZnO/CuO Nano-composite on crystallite size.

e Investigation of the structural, morphological, and optical properties of ZnO/CuO Nano-composites.
e High super-capacitor and excellent cyclic stability of the 50%Zn0O/50%CuO electrode.

1 Introduction

Nowadays, the production of Nano-materials has increased
with numerous researches due to their unique properties and
distinct characteristics. Among these Nano-materials, Nano-
composites of ZnO and CuO have attracted great interest
due to their potential applications in fields of solar cells [1],
photocatalysis [2], lithium-ion batteries [3], sensors [4] and
electronic [5].

Previous studies have investigated the synthesis and
electrochemical performance of ZnO/CuO Nano-
composites for super-capacitor applications. These studies
have demonstrated that the morphology, composition, and
synthesis method of the Nano-composites significantly
influence their photocatalytic and electrochemical proper-
ties. For example, Wu and Wang [6], reported the synthesis
of CuO/ZnO Nano-composite by solide-state reaction and
achieved a specific capacitance of 579.5 F/g with 83%
capacity retention after 2000 cycles at current density of
5 A/g. Similarly, Bishwakarma and Kumar [7] prepared
Cu0O/ZnO Nano-composite using one-step electrochemical
discharge process and obtained a specific capacitance of
313F/g at 2 A/g current density and 84.1% retention
capacitance after 5000 cycles. Despite the progress made in
the development of ZnO/CuO Nano-composites for super-
capacitors, several research gaps remain. These include the
need to improve cycling stability. Although ZnO/CuO
Nano-composites exhibit good initial capacity, their cycling
stability often deteriorates over time. Current research aims
to address these gaps by developing strategies to improve
the cycling stability of Nano-composites through surface
modification, electrolyte optimization, and device design.
By addressing these gaps, this study aims to contribute to
the development of high-performance ZnO/CuO Nano-
composites for super-capacitor applications.

ZnO is a wide band gap semiconductor with n-type
conduction, due to oxygen vacancies. It crystallizes a hex-
agonal Wurtzite structure and a band gap of ~3.2eV,
depending on the synthesis method, a high exciton binding
energy (60 meV), and transparency over the visible region
[8]. Because of its low cost, structural and chemical stabi-
lities and sensitivity to UV-light, it is regarded as a favor-
able material for photocatalytic and photo-electrochemical
applications [9]. On the other side, CuO is a narrow band
semiconductor material with p-type conductivity. It crys-
tallizes in a monoclinic structure and possesses an ideal
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band gap (~1.4eV), chemical stability [10] and is com-
monly used in sensing applications and photocatalysis [11].

Nano-composite materials can be synthesized by differ-
ent methods, including coprecipitation [12], spray pyrolysis
[13], sol-gel method [14], and pulsed laser deposition [15].
These techniques provide the ability to control the size,
shape, and composition of the metal oxide, which subse-
quently influence their semiconductor properties and pho-
tocatalytic performance. Among these techniques, the sol-
gel method is attractive since it produces enhanced active
surface areas with a narrow size distribution. It has various
advantages, namely cost-effective and control of chemical
homogeneity with easily achievable approach.

This work focuses on the deposition of CuO and ZnO, as
well as Nano-composites (50% Zn0O/50% CuO) and (70%
Zn0/30% ZnO) on glass substrates by sol-gel spin-coating
technique. The main objective was to study the impact on
physical, morphological and optical properties. For elec-
trochemical characterization, cyclic voltammetry was used
to evaluate the capacitive behavior, specific capacitance and
scan rate effects. Galvanostatic charge-discharge experi-
ments provided insights into stability, highlighting the
suitability of these materials for energy storage applications.

2 Experimental
2.1 Synthesis of ZnO/CuO nanocomposites

First, the glass substrates underwent a cleaning procedure
with hydrochloric acid (HCI) and acetone, followed by
rinsing with distilled water and sonication using an ultra-
sonic cleaner. Then, pure ZnO Nano-particles were pre-
pared by dissolving 1.376 g zinc acetate anhydrous.

The glass substrates were first cleaned with HCl and
acetone, rinsed with distilled water, and sonicated using an
ultrasonic cleaner. ZnO Nan-oparticles were prepared by
dissolving 1.376 g of Zn (CH3COO), (98% sigma Aldrich)
in 30 mL of ethanol with 0.458 g of mono-ethanolamine
(MEA) (99% Biochem) to obtain a concentration of
0.25 mol/L. The solution was stirred at 70 °C for 1 h under
magnetic agitation [16, 17]. The synthesis of CuO Nano-
particles involved dissolving 0.89 g of copper acetate
monohydrate Cu(CO,CH3),.H,O (98% Sigma Aldrich) in
30 mL of propanol (IPA) together with 0.3 mL. of MEA to
achieve a concentration of 0.15 mol/L. The solution was
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Fig. 1 Flow diagram of the ZnO,
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stirred at 70 °C for 1 h [15]. Both solutions were subjected
to sonication for 10 min at 50 °C.

Two ratios of the ZnO/CuO Nano-composites were
prepared by mixing 70% ZnO solution with 30% CuO
solution and 50% ZnO with 50% CuO. The mixed solutions
were stirred at 70 °C for 1h and then filtered using filter
paper to remove undissolved particles [18].

Finally, deposition of all solutions was carried out on
glass substrates by centrifugation at 2800 rpm for 60 s,
followed by drying at 250 °C for 10 min. on a hot plate.
This procedure was repeated twice to obtain two layers. All
samples were annealed for 1h in open air at 500 °C.

The instrument XPERT-PRO MPD of Panalytical with
Cu radiation (A= 1.5406 A), 30.0kV, and 40.0 mA was
employed to study the structure and microstructure of thin
films produced.

The optical properties were studied by using the UV-Vis
spectrophotometer Jasco V-750 in the range (50-800 nm),
PTFE was used as reference.

2.2 Electrode preparation

The electrochemical experiments were carried out in a
sealed container using a three-electrode system. Pt gauze
was used as a counter-electrode, while a saturated calomel
electrode (SCE) served as a reference [19]. The working
electrodes were fabricated from the following samples:
ZnO, CuO, a mixture of 70% ZnO and 30% CuO, and a
mixture of 50% ZnO and 50% CuO; KOH (1 M) was used
as electrolyte. A Solartron electrochemical workstation
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Fig. 2 XRD patterns of ZnO, CuO, 50%Zn0O/50%Cu0O, and 70%Zn0O/
30%CuO thin films

(model SI 1287-1260) managed by CorrView software was
employed for the electrochemical tests.

3 Results and discussions

3.1 XRD analysis

Figure 1 shows the experimental protocol for ZnO/CuO
deposited on glass substrates by the sol-gel spin coating

process Fig. 2 shows the crystal planes for ZnO are (010),
(002), (011), (012), (110), (013), (112), and (021) observing
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Table 1 Structural parameters of CuO/ZnO thin films

Sample Size D Dislocation density 8 Microstrain £*
(nm) 10)"° (1079

CuO 12.88 6.02 8.8

ZnO 18.06 3.06 6.4

70%ZnO/ 15.24 43 7.7

30%CuO

50%Zn0O/ 11.73 7.26 10

50%CuO

at 20 =32.16, 34.81, 36.63, 47.95, 57.01, 63.36, 68.38 and
69.61°, respectively, are in accordance with hexagonal
wurtzite ZnO structure (JCPDS card N°: 98-015-4487) [20].

The XRD peaks of CuO are observed at 20 = 32.86,
35.97, 39.11, 49.34, 53.76, 58.73, 62.07, 66.71, 68.45 and
75.56°, which correspond to the (110), (11-1), (200), (20-2),
(020), (202), (11-3), (31-1), (220) and (22-2) planes, in that
order. Are assigned to be monoclinic CuO structure (JCPDS
card number: 98-065-3723) [21].

The XRD peaks for ZnO/CuO nanocomposites with
different ratios are (010), (002), (011), (012), (110), (013),
and (112) planes according to jcpds data of ZnO and (200),
(220) planes according to JCPDS data of CuO. The pre-
pared samples show single phases with a high purity, as
only ZnO and CuO are composed; not observed other
phases, such as Cu,O. The sizes of crystallites (D), dis-
location density (d), and microstrain (¢) were calculated
from the following relations [22, 23] and given in Table 1.

09x%1
Dzﬂcos& (1)
§=1/D° (2)
e=f/4tan 0 3)

where  the measurement of the full width at half maximum
of the peak, and 0 the diffraction peak.

The results (Table 1) indicate a decrease of the crystallite
size with increasing the CuO concentration due to the influence
of defects caused by Cu®" within the ZnO lattice structure [24,
25], due to the slight difference in ionic radii between Zn>"
(0.60 A) and Cu®>" (0.62 A) [22]. The increase of the disloca-
tion density is associated with the increase of the microstrain
within the Nano-composites, which contributes to the reduction
in the crystallite size, as the internal stresses can prevent the
formation of larger crystal domains [22, 26].

3.2 Surface morphological analysis

The morphological properties were examined using (MFP-
3D-SA) (AFM) (area of 10 pm by 10 um) (Fig. 3).
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The average surface roughness (Ra) and the root mean
square (Sq), measured by Gwydion software, are given in
Table 2.

According to the literature [27, 28], addition of CuO
has modified the morphology of ZnO layers and reduced
the roughness (Ra) due to incorporating particles
within the Nano-composites. It is also noted that the
roughness of ZnO/CuO decreases with decreasing the
CuO content.

3.3 Optical properties analysis

UV-Vis absorbance was measured in the spectral range
(50-800 nm). Figure 4 shows that pure ZnO has a high
absorbance in the UV region and is transparent over the
visible region. On the other hand, CuO has broad-range
absorption in the UV-Visible region. The addition in CuO
concentration improved the absorbance intensity of ZnO,
and simultaneously the band edge absorption is red-shifted
[29, 30].

The gap energy (E,) of all samples are determined to use
the well-known relationship [28]:

(ahv)" = Const(hv — Eg) (4)

where o is the coefficient of absorption (ax=2.303 A/d)
whose inverse is equal to the penetration length of
monochromatic radiation (A), A the absorbance, d the
thickness obtained by using PLASMOS SD 2000 ellips-
ometer for 06 different points of each sample) and hv the
photon energy (eV), the exponent r indicates the nature of
the transition. The gap E, of all samples are determined by
extrapolating the linear part of (ahv)® to the x-axis, as
depicted in Fig. 5 and Table 3. It is important to note that
the bandgap values reported here are based on the Tauc
approximation, which assumes a homogeneous and con-
tinuous thin film structure.

The inclusion of CuO shifts the gap of Nano-composites
toward lower energies. The phenomenon is due to an
enhanced combined transition involving (O*~: 2p) — Zn**:
3d"%-45) and (O*": 2p) — Cu*: 3d%) [25, 31].

3.4 Electrochemical performance

Figure 6 presents the cyclic voltammograms of the different
samples, recorded at various scan rates. Oxidation and
reduction peaks were observed at ~0.4V and 0.55V vs.
SCE, respectively, indicating a quasi-reversible behavior of
the electrode materials [32]. A slight shift toward more
anodic and cathodic potentials occurs with increasing the
scan rate [32, 33]. The comparison highlights the electro-
chemical behavior of each film at different sweeping rates,
thus providing information on their capacitive properties
and charge storage mechanisms.
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Fig. 3 3D and 2D atomic force microscope (AFM) images of pure ZnO (a), pure CuO (b), 50%Zn0/50%CuO (c), and 70%Zn0O/30%CuO (d)
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Table 2 Surface roughness parameters of all samples

samples RMS (Sq) (nm) (Ra) (nm)
CuO 101.126 73.607
ZnO 85.337 65.668
70%Zn0/30%CuO 12.553 10.703
50%Zn0/50%CuO 15.742 12.537
0,35
pure CuO
0.30 ——2Zn070%Cu030%
D ——Zn050%Cu050%
—— pure ZnO
0,25 4

L

N

o
1

Absorbance (a.u)
o
o

All samples exhibit battery-type supercapacitor behavior,
characterized by distinct oxidation and reduction peaks in
their cyclic voltammograms in the region (0.0-0.6 Vgcp).
Moreover, the curves maintain stable shapes even at high
speeds, indicating good flow capacity of the processed
oxides.

Figure 7 shows the CV curves at a scan rate of 10 mV/s,
where 50%ZnO - 50%CuO sample demonstrates the
highest oxidation and reduction peaks. This enhancement is
attributed to the improved redox activity and synergistic
effects between ZnO and CuO, where faradaic processes in
charge storage is involved [34]. To calculate the specific
capacitance from the cyclic voltammograms, we used the
following formula [9]:

fI(V)dV

— =7 5
O = hAVY ©)
Where:

0,10 4
0,05 + Table 3 Optical gap of CuO, ZnO and ZnO/CuO Nano-composites
0,00 - Oxide Thickness (nm) E, (eV)
400 500 600 700 800 CuO 194 1.73
Wavelength (nm) Zn0 202 325
. b ; ) o - 70%Zn0/30%CuO 151 3.19
ig. 4 UV-vis absorption spectra of samples pure ZnO, pure CuO,
509%Zn0/50%Cu0, and 70%Zn0/30%CuO S0%Zn0/50%Cu0 187 2.88
Fig. 5 Determination of the Pure 210 TORENOR0%CLO
optical gap (E,) of ZnO, CuO, 8,00E+08 _—
50%7Zn0/50%Cu0O, and 70% '
7Zn0/30%CuO o 6005405 |
j"* 0%2.00E+10-
g <
& 4.00E+08 g
S5 1,00E+10 <
2,00E+08 =
0,00E+00 . r . 0,00E+00 T 7 T T
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energie (eV) energie (eV)
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2 n%‘1.0054'10
g <
£ 5
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Fig. 6 Cyclic voltammograms of different electrodes (A-D) at Various scan rates for ZnO, CuO, 50%Zn0/50%CuO, and 70%Zn0/30%CuO

synthetized by sol-gel route

e Cs: Specific capacitance (F/g)

e [I(V)dV: Integrated area of one complete cycle of
CV curve

e m: Mass of the active material (m =0.11 mg)

e AV : Potentiel Windows (V)

v: Scan rate (V/S)

Figure 8 illustrates the specific capacitance decreases
with increasing scan rates for all samples; the values at a
scan rate of 1 mV/S were calculated to be:

Pure CuO: 98.77 F/g, Pure ZnO: 78.73 F/g, 710% ZnO/
30% CuO: 77.73 F/g, and 50% ZnO/50% CuO: 217.81 F/g.
The superior specific capacitance of the 50% ZnO — 50%
CuO composition is due to its large surface area, resulting
from the reduced size of its crystallites [35].

Table 4 shows that the 50% ZnO/50% CuO electrode
exhibits high capacitance and excellent stability like other
composite materials.

To investigate the charge storage mechanisms and elec-
trochemical behavior of the materials, the current density

was plotted as a function of the square root and logarithm of
the scan rate (Fig. 9). A linear relationship log (Ip)-log (scan
rate) was obtained, suggesting a charge storage process
controlled mainly by diffusion. Meanwhile, plotting the
current density as a function of the logarithm of the scan
rate provides information on the capacitive behavior, dis-
tinguishing surface-controlled processes from diffusion-
limited mechanisms [6, 36].

GCD tests were performed on 50%Zn0O/50%CuO at
various current densities. As shown in Fig. 10, the material
exhibits battery-type behavior, confirming the involvement
of faradaic reactions during the charge and discharge cycles
[6, 36-40].

Figure 11 illustrates the specific capacitance retention of
the 50%Zn0O/50%CuO electrode after 5000 cycles. The
retention, 96% of the initial capacitance, indicates the
excellent electrochemical stability of this material.

The electrochemical impedance spectroscopy (EIS)
analysis provides insights into the charge transfer kinetics,
ion transport mechanisms, and interfacial properties of the
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Fig. 7 Cyclic voltammograms of different samples at 10 mV/S for pure
ZnO, pure CuO, 50%Zn0/50%CuO, and 70%Zn0/30%CuO synthesis

by sol-gel route
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Fig. 8 Specific capacitance as a function of the scan rate determined
from CV curves for ZnO, CuO, 50%Zn0/50%CuO and 70%Zn0/30%

CuO

Table 4 Comparison of the specific capacitance of different electrodes

Composite material Synthesis method Electrolyte Specific capacitance Cyclic retention (%) Refs.
ZnO Nps Co-precipitation 3M KOH 86.4F/g 2mV.s™ ") 97% after 2000 cycles [41]
ZnO/rGO Chemical 2M KOH 185.4 (15 mV.s’l) Not reported [42]
CuO/ZnO Co-precipitation Not Reported 208 (5mV.s™h Not reported [43]
ZnO/AC One Step Electrospinning 6M KOH 1782 25mV.s™h) Not reported [44]
Graphene/ZnO Hydrothermal 0.5M Na,SOy4 156 (5 mV.s’l) Not reported [45]
NiO-ZnO/graphene oxide (GO) Co-precipitation 1M Na,SO, 1690 F.g’l (10mVs™h Not reported [46]
PVP-capped Ni(OH),/NiO Chemical bath deposition 1M KOH 1184F.g~' (0.5 mA.cm™?) Not reported [47]
Nanosheet-like CuO successive ionic layer adsorption 0.5M NaSO, 566.33 F.g’1 (5mV s’l) 100% after 1000 cycles [48]
Gr/ZnO/Ni(OH), Electro-deposition 4M KOH 545.5 mF.cm 2 (1 mA.cm™2)  92.7% after 10 000 cycles [37]
NiO/C Template assisted hydrothermal 2M KOH 686F.g ' (1Ag™) 100% after 5000 cycles [38]
Ultrathin a-Ni(OH), chemical deposition method 2M KOH 562 F.g’1 62% after 500 cycles [39]
50%7Zn0/50%CuO Sol-gel 1M KOH 217.81 (1mV.sh) 96% after 5000 cycles This work
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Fig. 11 Cyclic tability of 50% ZnO/50% CuO at a current density of
0.1 mA/cm?

50% Zn0O/50% CuO nanocomposite, before and after 5000
charge-discharge cycles.

The Nyquist plots (Fig. 12) illustrate the evolution of
electrochemical parameters (Table 5), including electrolyte
resistance (Rel), charge transfer resistance (Rct), material
transfer resistance (R1), and constant phase elements (CPE1
and CPE2). These variations highlight the impact of cycling
on the electrode’s electrochemical behavior.

The resistance (Rel), which represents the intrinsic
resistance of the electrolyte and electrode contacts, remains
almost constant (4.47 to 5.35 Q-cm?) after 5000 cycles. This
slight increase can be attributed to slight changes at the
electrode/electrolyte interface or variations in the electrolyte
composition during cycling. The first constant phase ele-
ment (CPE1), which models the double layer capacitance
and interfacial charge storage, decreases slightly, from
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3000 -
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R
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Fig. 12 EIS plots of nano-composite 50% ZnO- 50% CuO electrode
before and after 5000 cycles

Table 5 Electrochemical parameters for 50% Zn0O/50% CuO nano-
composite

Ry, CPEl n, Ry CPE2 n, R,

(Q (mF (Qcm™) (mF (Qcm™?)
cm cm’z) cm’z)
-2
)
Before 447 0331 076 73754  2.009 0.89 6949
After 535 0309 0.88 9504 1.25 0.57 7000
5000
cycles

0.331 to 0.309 mF-cm™2, while its exponent nl increases
from 0.76 to 0.88. These results suggest an improvement in
the homogeneity of the charge distribution, due to the
activation and restructuring of the electrode during cycling.
The resistance Rct, which quantifies the difficulty of elec-
tron transfer at the electrode/electrolyte interface, increases
from 737.54 to 950.4 Qecm? after 5000 cycles. This mod-
erate increase suggests:

A slight degradation in charge transfer efficiency, likely
due to the formation of resistive surface layers or minor
electrode aging.

Reduced accessibility to electroactive sites, slightly
increasing polarization effects.

The moderate increase in Rct suggests a slight decrease
in charge transfer efficiency, but remains within an accep-
table range for stable long-term cycling. The increase in R1
reflects minor changes in ion transport properties, but the
material retains reasonable ionic conductivity. The decrease
in CPE2 and the reduction in n2 indicate a change in charge
storage behavior, likely reflecting changes in the pseudo-
capacitive contribution. Overall, the 50% ZnO/50% CuO
Nano-composite exhibits good electrochemical stability
after 5000 cycles, with minimal degradation in charge

@ Springer
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transfer and ion transport, making it a promising material
for supercapacitor applications.

4 Conclusion

The simple sol-gel route was successfully used for the synthesis
of ZnO, CuO and ZnO/CuO Nano-composites. The incor-
poration of monoclinic tenorite CuO within Wurtzite ZnO has
been confirmed by X-ray diffraction. Increasing CuO con-
centration in ZnO/CuO Nano-composites results in a reduction
in crystallite size, optical gaps and variation in surface rough-
ness. These changes are interconnected and result from the
intrinsic properties of CuO and its interaction with the ZnO
matrix. These correlations are essential for optimizing the
properties of ZnO/CuO Nano-composite for specific applica-
tion, particularly supercapacitor. The 50% ZnO-50% CuO
composite material is a promising candidate for transparent
supercapacitor electrodes due to its excellent specific capaci-
tance, efficient charge transfer, and remarkable electrochemical
stability. These results provide valuable insights for the future
development of advanced metal oxide materials in energy
storage technologies.
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