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In the present work, we have synthesized an n-ZnO/p-NiO (1:1 molar ratio) heterostructure via the
hydrothermal method, effectively coupling n- and p-type semiconductors. Raman spectroscopy and X-
ray diffraction (XRD) analyses confirmed the successful synthesis of ZnO/NiO composite nanopowders.
Based on UV-vis absorbance/reflectance data, the direct optical bandgap is estimated to be around 3.02
and 3.31 eV, attributed respectively to the ZnO and NiO phases. Additionally, the photoluminescence
spectrum shows three broad emission bands in the visible range around 410, 453, and 507 nm,
attributed to defects such as metal interstitials, anti-oxygen sites, and oxygen vacancies, respectively.
These defects will contribute to enhancing the electrical conductivity of the ZnO/NiO nanocomposite.
The electrical conductivity oq4c is approximately 10785 em™ higher than that of pure NiO, confirming the
improved conduction properties of the prepared nanocomposite. Additionally, the BET analysis revealed
a significant specific surface area, which is favorable for catalytic applications. The photocatalytic
activities of the ZnO/NiO heterojunction in the degradation of methylene blue (MB) and methyl orange
(MO) dyes were investigated under natural solar irradiations. Photocatalytic degradation efficiencies were
estimated through the evaluation of the decrease of the dye's characteristic absorbance bands (MB:
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1. Introduction

Water decontamination and the degradation of hazardous
organic pollutants are crucial for environmental remediation,
helping to restore water quality and protect ecosystems.
Recently, nanomaterials have gained significant attention from
researchers due to their unique physical and chemical proper-
ties. These properties make them highly effective in various
applications, particularly in environmental protection, where
they play a key role in water purification and the removal of toxic
organic pollutants.”> On the other hand, many chemical,
physical, and biological treatment techniques have been used to
purify contaminated water.* Among these different procedures,
the use of photocatalytic treatment with nanocatalysts has been
considered a promising approach to degrade organic environ-
mental pollutants. Incidentally, organic dyes are responsible for
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the most severe water pollution among various pollutants and
are challenging to decompose. In particular, methylene blue
(MB) is a hazardous organic substance frequently used in textile
industries. Although it can undergo biological degradation
under specific conditions, it is generally considered bio-
recalcitrant and difficult to biodegrade. Moreover, its planar
structure makes it highly soluble in water.*® Therefore, the
photocatalytic process generates hydroxylated reactive species
that completely mineralize organic compounds into harmless
compounds such as CO, and H,0.%” Furthermore, sunlight is
considered the best excitation source for photocatalysis due to
its free availability in the environment.®

Various photocatalysts reported in the literature, such as
ZnO and TiO,, have been widely studied and recognized due to
their potential applications in environmental treatment
fields.** ZnO is an n-type semiconductor with a wide direct
band gap (E;, = 3.37 €V) and electron binding energy (60
meV).">* It represents a promising solution to this environ-
mental issue compared to other oxide semiconductor materials.
Its applications are numerous in the fields of photocatalysis,
chemical sensors, and gas sensors, presenting in particular
advantages in the photodegradation of organic dyes." However,
the rapid recombination of electron/hole pairs in ZnO signifi-
cantly reduces the efficiency of the photocatalytic progression.*®
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During the past decades, several strategies have been investi-
gated to improve the photocatalytic performance of ZnO,
including doping, metal loading, and fabrication of hetero-
structured systems.'*** Among these, the combination of ZnO
with other types of semiconductors allows the formation of
composites that are effective in breaking down organic pollut-
ants. Indeed, the combination of two different semiconductors
(n-type and p-type) in a nanocomposite can facilitate the sepa-
ration of charge carriers (electrons/holes).” Particular interest
has been given to paired semiconductors, such as Fe;Oy,
Mn,0;, CuO, and NiO nanoparticles, with ZnO to construct
a binary nanocomposite.**>* Among the various metal oxides,
nickel oxide (NiO) is proposed as a possible candidate to form
a composite with ZnO for photocatalytic applications, owing to
its interesting properties.***® In fact, NiO is a remarkable p-type
semiconductor with a wide band gap (3.6-4.0 eV). It has excel-
lent properties, including high carrier concentration, superior
stability, and light absorption in the visible region.””* In
addition, it has a unique electronic structure that allows for
rapid charge carrier mobility.*® Several studies have been re-
ported on ZnO/NiO nanocomposites and have shown their
effectiveness in the degradation of organic compounds by
photocatalysis. Many physical and chemical synthesis methods
for the preparation of this binary nanocomposite are also used.
X. San et al*® successfully synthesized a NiO-coupled ZnO
nanocomposite using a hydrothermal method, which effectively
reduced the recombination of electrons and holes during the
photocatalytic process and promoted the active substances
(Oy’— and OH™). E. E. El-Katori et al.** synthesized a NiO-
modified ZnO nanocomposite with the sol-gel method, which
showed strong photocatalytic activity. J. Wu et al.** successfully
synthesized a hetero-structured ZnO/NiO nanocomposite using
a nonsolvent method, which promoted the separation of pho-
togenerated carriers.

From above all well-known techniques, the hydrothermal is
an interesting method to prepare nano-powders with high
crystallinity from aqueous solutions at high temperature and
pressure. Furthermore, the hydrothermal method allows
refining the physical characteristics such as morphology and
size; the implementation of this method is easy, treatable,
inexpensive, and environmentally friendly.****

This study presents a comprehensive characterization of the
ZnO/NiO (molar ratio 1:1) nanocomposite, including its
structural, optical and electrical properties. The material's
specific surface area, optical absorption properties and elec-
trical conductivity are carefully analyzed to understand their
role in enhancing the photocatalytic degradation of organic
dyes, such as methylene blue (BM) and methyl orange (MO). By
reducing the band gaps of ZnO and NiO, the composite is ex-
pected to exhibit better absorption in the visible region of the
solar spectrum, thereby increasing its photocatalytic efficiency.

2. Materials and methods
2.1. Synthesis of ZnO/NiO

All chemical reagents, ZnCl, and (NiSO,-6H,0) precursors,
sodium hydroxide (NaOH), distilled water, acetone, and ethanol
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were supplied by Sigma Aldrich (purity > 99%) and used without
any further purification.

Nanosized ZnO/NiO composite was successfully synthesized
by hydrothermal route. First, ZnCl, and (NiSO,-6H,0), with
a molar ratio of 1:1, were dissolved in distilled water under
magnetic stirring at room temperature for 30 min. In the short
time, an appropriate amount of aqueous sodium hydroxide
(NaOH) solution was added dropwise to the initial solution
every 10 min. The resulting solution was placed in a Teflon-
lined autoclave and kept at 110 °C for 24 hours. After
a filtering step, the precipitate was washed several times with
ethanol, acetone, and distilled water to remove residues and
unwanted impurities. Then, it was dried at 80 °C for 12 hours.
Finally, the as-synthesized powder was annealed at 500 °C for 5
hours to remove organic compounds.*®

2.2. Characterization details

The structural properties of ZnO/NiO nanostructures were
analyzed using an X-ray diffraction pattern obtained by a Phil-
lips powder diffractometer operating with a copper Ko radiation
source (A = 1.54060 A). The morphological properties of the
nanocomposite were investigated using a JEOL JSM7100F
Scanning Electron Microscope (SEM). Then, to estimate the
average grain size, we used the Image] software.’” Specific
surface area measurements were performed using the BET
(Brunauer-Emmett-Teller) method on a gas adsorption
analyzer. Raman measurements were conducted at room
temperature (200-700 cm ™~ ') using a HORIBA “Labram HR 800”
spectrometer equipped with a 532 nm green laser. Optical
properties were studied using a diffuse reflectance UV-Vis Per-
kinElmer 365 spectrophotometer. Photoluminescence (PL)
characterization was done by Jobin Yvon HR 250 spectrometer
at room temperature with an excitation wavelength of 266 nm.
Dielectric measurements were performed by a Hewlett Packard
4284A impedance meter in the frequency range of 20-10° Hz at
room temperature.

2.3. Photocatalytic degradation process

The photocatalytic efficiency of the ZnO/NiO heterostructure
was investigated using both methylene blue (MB) and methyl
orange (MO) as model organic dyes in aqueous solutions.
Initially, 50 mg of ZnO/NiO powders was dispersed in 60 ml of
simulated pollutant solution containing either MB or MO at
a concentration of 5 mg L™ '. The mixture was stirred magneti-
cally in darkness for 60 minutes to establish adsorption/
desorption equilibrium between the catalyst and the respec-
tive organic dye. Following this, the solution was exposed to
direct sunlight between 11: 00 AM and 2: 00 PM in Sfax, Tuni-
sia, during July, when solar intensity is at its peak. The average
solar intensity in this region during summer reaches approxi-
mately 800-1000 W m 2. Samples (approximately 2 ml each)
were collected at 30 minute intervals, centrifuged at 6000 rpm
for 20 minutes to separate the catalytic precipitate from the dye
solution, and then filtered. The concentration of MB or MO in
the resulting aqueous samples was determined by monitoring
the change in absorbance peak intensity at their respective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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wavelengths (664 nm for MB and 464 nm for MO) using a UV-vis
spectrophotometer (Shimadzu UV-1800).

3. Results and discussion

3.1. Structural analysis

The phase identification and crystal structure of ZnO/NiO
powder were investigated using X-ray diffraction analysis. The
XRD pattern (Fig. 1a) shows the presence of ZnO and NiO peaks
with high crystallinity, which confirms the formation of the
ZnO/NiO composite. Peaks at 26 of 31.689, 34.363, 36.255,
47.445, 56.514, 62.789, 67.865, and 69.037° are assigned to
hexagonal wurtzite ZnO, space group P6zmc (JCPDS card
number 01-080-0074). On the other hand, the peaks at 26:
37.197, 43.232, and 62.706° are attributed to the cubic NiO,
space group Fm3m (JCPDS card number 01-073-1523) phase. It
is observed that no additional peaks due to impurities were
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Fig. 1 (a) XRD diffractograms of powders along with the inset shows
the enlarged diffraction peak in the range 26 = 62°-63° and (b) Raman
analysis.
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produced, demonstrating that the developed samples have high
purity and crystallinity. Thus, the correlated XRD and EDS
characterizations highlight the high purity and crystallinity of
the synthesized ZnO/NiO nanocomposite.

The Scherrer equation is the general method to estimate the
average crystallite size (D) from X-ray diffraction peaks:*®

kA
- B cos 0 (1)

where k is an empirical constant equal to 0.9, 8 is the full width
at half maximum (FWHM) of the diffraction peak, 6 is the
angular position of the diffraction peak, and 4 is the excitation
wavelength (1.5406 A) (Table 1).

Lattice parameters of each phase of ZnO and NiO in the
nanocomposite were calculated with the help of Bragg's law and
using the formula of d-spacing:

For the ZnO phase:

1 4/R+hk+i? 2

ﬁ’§<—a2 )%‘z )
where d is the interplanar distance, 4, k, and [/ are the Miller
indices.

For the NiO phase:

V2 + 1k + 122
a=—- (3)
2sin 6

where ¢ is Bragg's angle of diffraction and A is the incident
radiation wavelength.

Moreover, the micro-strain (¢) can be calculated using the
following equation:*®

el 5c;)sz9 (4)

Additionally, we have evaluated the crystal irregularity of
each phase (ZnO or NiO), caused by the interactions between
the phases, using the dislocation density:*’

0= 73 (5)

Furthermore, we calculated the stacking fault probability («)
for prominent diffraction peaks by the Warren and Warekois
model:

Table 1 Lattice parameters and microstructural parameters of both
ZnO and NiO phases

Phase ZnO NiO
Space group P63mc Fm3m
Lattice constant a (A) 3.2581 4.1683
Lattice constant ¢ (A) 5.2038

D (nm) 18 14

Micro-strain & (x10~%) 11.4 13.3
6 (x107° nm™?) 3.19 5.1

a (x107%) 1.45 3.83
Relative intensity ratio W (%) 48.24 51.76
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27A(26)

o= 45+/3 tan(6) (©)

where A(26) is the positional difference between the measured
and the theoretical (JCPDS cards) peaks.

Additionally, the relative intensity ratio of the characteristic
peaks of ZnO (Wy,0) and NiO (Wy;0) can be obtained using the
following expressions:*»**

IZnO
Wzo = ————— x 100% 7
n0 17,0 + Inio x ’ @)
Wio = — N0 100% (8)
Iz7:0 + Inio

where I,0 and Iyio are the main characteristic peak intensities
of ZnO (101) and NiO (200), respectively.

The calculated values of the relative intensity ratio for Wy,,o
and Wyo are 48.24% and 51.76%, respectively. Additionally, the
crystallite size of ZnO (18 nm) is slightly larger than that of NiO
(14 nm). These values are lower than those reported in literature
for powders prepared by other methods**** proving the impor-
tance of the hydrothermal technique. The micro-strain, the
dislocation density, and the stacking fault probability have low
values, which prove the good crystallinity of the synthesized
powder.

Spectroscopic Raman analyses have been crucial for gaining
a deeper understanding of the structure of ZnO/NiO samples.
Raman spectra obtained at room temperature (Fig. 1b) revealed
eight characteristic peaks, indicative of vibrations from both
ZnO and NiO phases within the composite. Among these peaks,
the E,(high) mode of ZnO is identified at 455 cm™", while the
E,(low) mode is associated with the peak at 320 cm ™, con-
firming a high-quality crystalline wurtzite structure. Signifi-
cantly, the peak at 374 cm ™" is attributed to the A; mode of ZnO,
and the one at 596 cm ™" to the E; mode of ZnO, demonstrating
the distinctive presence of these modes in the composite.
Additionally, additional peaks at 200 cm ', 414 cm ', and
526 cm ! were observed, corresponding respectively to the Aqg,
E,, and A;, modes, characteristic of the NiO phase. Notably, the
value of 526 cm™ ' for the Ni-O stretching mode indicates
a perfect stoichiometry of the nickel oxide. This coexistence of
Raman modes from both ZnO and NiO conclusively confirms
the composite nature of the material. Thus, the Raman analysis
confirmed the presence of two distinct crystalline phases in
a binary ZnO/NiO heterostructure, which correlates well with
the XRD data.

3.2. Morphology analysis

The morphology of the synthesized powders was observed using
scanning electron microscopy (SEM). The SEM image obtained
for ZnO/NiO (Fig. 2a) reveals heterogeneously shaped particles,
including both spherical and rod-shaped structures. This
morphological diversity was further analyzed using Image]
software, with a 3D representation showing particle agglomer-
ation (Fig. 2b). The nanometric size of these particles confers
a significant advantage for photocatalytic performance, as
nanomaterials offer a larger active surface area, improving
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Fig. 2 Characterization of synthesized powders: (a) SEM morphology
(b) 3D representation of the surface obtained from the SEM image
analysis using Image J software.

adsorption of organic pollutants and overall photocatalytic
efficiency. The morphological diversity observed in the ZnO/NiO
heterojunction sample could have important implications for
its photocatalytic performance. Spherical and rod-shaped
structures offer distinct surface characteristics, which could
influence their ability to adsorb organic pollutants and promote
photocatalytic reactions. For example, spherical particles have
a uniform specific surface area that favors efficient adsorption
of contaminants, while rod-shaped particles could have
a geometry that favors efficient charge carrier separation during
the photocatalytic reaction.*>*®

3.3. BET

The pore structure and specific surface area of the prepared
ZnO/NiO heterojunction were analyzed by N, adsorption-
desorption, as shown in Fig. 3. According to the IUPAC classi-
fication, type IV isotherms with H3-type hysteresis loops were
observed. Type IV isotherms indicate mesoporous materials,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) N, adsorption—desorption isotherms and BET surface area

plot, (b): BJH pore size distribution (desorption).

characterized by capillary condensation at high P/P, relative
pressures and rapid isotherm increase. Hysteresis loops
extending almost to P/P, = 1 suggest complete mesopore
filling.**%. The linearized model curve shown in Fig. 3a can be
used to determine the volume of gas adsorbed in a monolayer
from the experimental points. This makes it possible to deduce
the specific surface area available for adsorption. The BET
specific surface area of ZnO/NiO is 11.385 m> g~ *. According to
previous results obtained by Thommes M et al. on pure ZnO
prepared by the hydrothermal method, the specific surface
areas were 8.5 m> g ¥ In comparison, the higher specific
surface area of our ZnO/NiO heterojunction (11.385 m> g *)
demonstrates the efficiency of our synthesis method. This high
surface area presents an advantage for photocatalytic applica-
tions, as it enhances the interaction between active sites and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pollutants, showing promising potential for the degradation of
organic pollutants under UV-visible irradiation. It is generally
expected that nanocatalytic materials with a high surface area
and numerous crystal faces, edges, and corners, which are
conventionally regarded as active sites for adsorption of
reagents, will generate better catalytic efficiencies.*

In order to evaluate the pore size distribution of this product,
the Barrett-Joyner-Halenda (BJH) model using the desorption
branch of the N, isotherm was used. The BJH plot presented in
Fig. 3b reveals that the average pore diameter is found to be
around 30.17 nm.

3.4. Optical analysis

Combining two metal oxides of different types with different
energy band gaps improves photocatalytic performance by
optimizing sunlight absorption and reducing charge carrier
recombination.*

The optical absorption properties of the prepared composite
were analyzed by UV-vis diffuse reflectance spectroscopy (DRS).
The data obtained were transformed into an equivalent
absorption spectrum using the Kubelka-Munk equation F(R), as
shown in eqn (9).>%*

(1-R)’

F(R) = S0 ©

where R is the diffuse reflectance.

It was noticed the presence of two absorption edges: the first
marked by an inflection point around 350 nm related to the NiO
phase and the second at 405 nm related to the ZnO phase of the
ZnO/NiO nanocomposite. In fact, these results are in agreement
with the literature, in which the absorption edges of NiO and
ZnO are located at 340 and 400 nm, respectively.>***

To determine the gap energy (Eg) of the prepared nano-
particles, we used the Tauc's low (eqn (10)).%

(ahv) = B(hy — E,)’ (10)

where (a) is the absorption coefficient, calculated from the
Kubelka-Munk function F(R) through the following equation:
o= I@, t = 1 mm represents the thickness of the pellet, § is
a constant independent of energy or band tailing parameter, £ is
the Planck's constant, » is the incident light frequency, and p is
the power factor. The p-value is governed by the optic transition
type; it can take the following values: 1/2, 3/2, 2, or 3 for direct
allowed, direct forbidden, indirect allowed, or indirect
forbidden transition, respectively. In our case, p is equal to 1/2,
since ZnO and NiO have a direct band gap, according to
literature.>***

Indeed, for a precise estimation of the band gap energy, we
computed the first derivative of the logarithmic expression (eqn
(11)), as it approaches its maximum value for photon energy
near E,. Thus, we employed the following equation:

d[In(ahv)] m

dw) — w-E (11)
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The value of E, is determined from the fitted plot of d
[In(ehw)]/d[Av] versus hv (Fig. 4a). Discontinuities in the line
provide insights into optical transitions, pinpointed at specific
maximum energy values where particular transitions, corre-
sponding to specific “m” values, may occur. Additionally, the
plot of [In(ahv)] versus [In(hv - Egp)], as depicted in Fig. 4b,
allowed us to determine the slope (m) of the linear segment.
These analyses revealed that the slope (m) equaled 1/2, indi-
cating a direct-type fundamental bandgap transition.

The values of energy gaps “E,” for ZnO and NiO are 3.099 and
3.2029 eV, respectively. These values are lower than those re-
ported in other works for both phases.***” This reduction in E,
would significantly improve the absorption of visible light, which
is a positive point for photocatalytic activities under sunlight.
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The extinction coefficient (k) and the refractive index (n) are
calculated using the following relations:*®

al
== 12
k 47 (12)
where A is the wavelength.
(1+R) 4R )
n= + -k 13
(1-B) \(@a-r> (13)

Fig. 5a shows the extinction coefficient and the refractive
index variations versus wavelength in the UV and visible range.
The nanocomposite exhibits a low optical loss in the UV
domain, then increases in the visible range. Whereas # is found
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Fig. 4 Plot of (a) dlin(ahw)l/d[hv] versus hv and (b) [In(ahw)] versus [In(hy — Eg)l.
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to vary from 2.52 to 2.9. It increases with the wavelength
increase in the UV range, then decreases as the wavelength
increases in the visible domain.

Furthermore, the optical conductivity (¢,p) can be calculated
as a function of absorption coefficient and refractive index as
follows:*

anc

Topt = 4

- (19

where ¢ is the vacuum light velocity.

Fig. 5b shows that in the UV region, o, reaches a high value
of about 9.7 x 10 s7', then it decreases and reaches
a minimum value of about 8.3 x 10" s™* at 400 nm. Conversely,
in the visible region, it increases with wavelength increase.
Similar values are found by Yasmeen, S. et al..*®

3.5. Photoluminescence analysis

To investigate recombination phenomena in semiconductors,
photoluminescence (PL) spectra were recorded, providing data
on the bandgap and relative energy position of defect states
beneath it. The diversity of defects in materials can vary
depending on factors such as synthesis conditions,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 PL emission spectrum of ZnO/NiO heterostructure: experi-
mental and individual Gaussian decomposition.

morphology, and crystallite dimensions. Fig. 6 presents the PL
spectrum at room temperature of the NiO/ZnO composite.
Using an excitation wavelength of 266 nm, different emission
bands were analyzed. The presence of a broad and intense peak
at maximum emission intensity in the UV region of the spec-
trum may be due to the rapid recombination of photo-induced
electron-hole pairs in this region, while the broad PL peak
located in the visible domain indicates efficient separation of
electrons and holes, confirming good crystallinity of the
sample. The Gaussian adjustment of PL emission peaks of ZnO/
NiO suggests the presence of several individual emissions. The
emission peaks in the UV region at 326 and 382 nm are assigned
to the emission from the wide-bandgap metal oxide (NBE).
Interface traps at grain boundaries may contribute to violet
emission peaks (410 nm), while blue emission (453 nm) may be
associated with interface traps rich in electrons between the
conduction and valence bands, depleted in oxygen. As for green
emission (500 nm), it likely results from two types of defects:
radiative recombination of a photo-generated hole with an
electron in an ionized oxygen vacancy and recombination of
surface defects.®

3.6. Dielectric study

The permittivity, an essential property of materials, determines
their ability to polarize under the influence of an external
electric field. It is often represented in a complex form, with its
real part (¢') corresponding to stored electrical energy and its
imaginary part (¢"") representing dissipated energy (eqn (15)).
e*=¢ —i¢" (15)
The variation of permittivity as a function of frequency for
the ZnO/NiO heterostructure is shown in Fig. 7a. At low
frequencies, high values of ¢ are observed, attributed to the
polarization effect at interfaces, leading to substantial dielectric
losses, as illustrated by ¢"(w = 2mf). The interface between

RSC Adv, 2025, 15, 13825-13837 | 13831
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different material phases can generate free charges, thus
contributing to this polarization. The high dielectric constant
suggests its potential in various applications such as ambient
temperature charge storage and photocatalysis. The fitting of
experimental data using the Cole-Cole model (eqn (8)) for the
ZnO/NiO heterostructure demonstrates satisfactory conver-
gence, providing essential characteristic parameters such as the
polarization relaxation time (z) and the relaxation time distri-
bution factor («). The obtained characteristic values are as
follows: the polarization relaxation time (7) is 1.06 x 1073,
indicating the time required for polarizations in the material to
recover after perturbation, while the relaxation time distribu-
tion factor («) is 0.653, suggesting a distribution of polarization
relaxation times. These values highlight the unique properties
of the ZnO/NiO heterostructure and their importance in
understanding its dielectric behaviors. Furthermore, the good
conformity between experimental and theoretical data proves
the validity of the Cole-Cole model. From this adjustment, the
permittivity's values are found to be &, = 39.03 and ¢, = 5.65. It
should be noted that the ¢ value of the prepared nano-
composite is lower than that of pure ZnO and NiO.*>** This may
be due to the interactions at the interfaces, which reduce the
mobility of the charge carriers and thus the polarization of the
charge due to inhomogeneous dielectric structure.*

€ — €

‘717&; O=a<l
1 + (iwr)

¥ =6 — i = o + (16)
where ¢.. and ¢ are the high frequency and static dielectric
constants, respectively.

The dielectric loss factor (tand) is a parameter used to
measure energy losses in a dielectric material subjected to an
alternating electric field. For the ZnO/NiO heterostructure, the
tangent of the dielectric loss (tan ¢) is calculated by relating the
imaginary part of the dielectric constant (¢”) to its real part (¢')
according to the relationship (eqn (17)).

I

tan 6 = —

) (17)

Variations of tan ¢ with frequency at room temperature are
presented in Fig. 7b. The analysis reveals that the ZnO/NiO
heterostructure exhibits frequency-dependent dielectric losses,
with relatively high losses at low frequencies, attributed to the
interface polarization effect. Furthermore, the decrease in tan
¢ with increasing frequency suggests a reduction in energy
losses at higher frequencies. However, beyond a certain
frequency, tand increases, reaching a maximum at higher
frequencies, due to faster charge dynamics. This behavior is
primarily attributed to interface polarization at low frequencies,
while at high frequencies, it is dominated by the dipole relax-
ation phenomenon, where the mobility of charge carriers
increases with frequency.

Moreover, the analysis of conductivity reveals intriguing
behaviors. In the plotted data shown in Fig. 7c, it becomes

apparent that the alternating current conductivity of the ZnO/
NiO composite remains practically constant across low

© 2025 The Author(s). Published by the Royal Society of Chemistry
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frequencies, forming a plateau. However, as the frequency
increases beyond a specific threshold for this composite, the
conductivity starts to exhibit frequency dependence, following
the Jonscher law. This observation suggests the presence of
distinct relaxation processes within the ZnO/NiO composite. At
lower frequencies, the conductivity behavior indicates interfa-
cial relaxation, primarily attributed to grain boundary polari-
zation. This emphasizes the significant role played by grain
interfaces in governing the electrical properties of the
composite at lower frequencies. At higher frequencies,
a different relaxation process, known as dipole relaxation,
becomes dominant, highlighting the dipolar characteristics of
the grains. Understanding these conductivity mechanisms
within the ZnO/NiO heterostructure provides valuable insights
into its electrical behavior, crucial for various applications
requiring tailored conductivity properties. The estimated value
of g4, conductivity of the prepared ZnO/NiO nanocomposite is
found to be about 10® S em™*, higher than that of pure NiO as
reported by J. M. McKay et al. 4. 10°"* S em ™. So, this result
confirms the improvement of the conduction properties of the
nanocomposite.

3.7. Photocatalytic performance of the ZnO/NiO
heterostructure photocatalyst

The research focused on the photocatalytic activity of a ZnO/NiO
nanocomposite by testing its ability to degrade two dyes,
methylene blue (MB) and methylene orange (MO), under solar
irradiation. The choice of MB and MO is based on their high
stability and saturation capacity during the adsorption phase,
ensuring the precision of the tests. The absorption spectra of
the MB and MO solutions as a function of wavelength are shown
in Fig. 8. It is clearly observed that the intensity of the charac-
teristic absorption peak of the dyes (at A,.x = 664 nm for MB
and at Ayn.x = 464 nm for MO) decreases progressively with
illumination time in the presence of the ZnO/NiO photocatalyst.
This indicates the successful degradation of both MB and MO
dyes.

In addition, the dye degradation rate (D) is calculated by the
following relation:

Ay— A

D (%)= 1 x 100 (18)

where: A, is the absorbance of the dye at ¢, when the adsorp-
tion-desorption equilibrium was completed, whereas A is the
absorbance of the dye solution at time ¢ during the photo-
catalytic treatment.

The degradation rate of both dyes, MB and MO, is depicted
in Fig. 9 as a function of illumination time. The ZnO/NiO
nanocomposite demonstrates high degradation efficiency,
reaching approximately 64% for MB and 62% for MO after 180
minutes. Both dyes exhibit two characteristic absorption peaks:
MB at 664 nm and 292 nm, and MO at 464 nm and 272 nm. The
decrease in intensity of these peaks over time confirms the
progressive degradation of the dyes under sunlight irradi-
ation.This good degradation efficiency is attributed to the
existence of reactive radicals, such as superoxide (O, "),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydroxyl (OH "), and hole (h"). In fact, the photocatalytic process
is based on the absorption of photons of appropriate energy by
the ZnO/NiO nanocomposite in order to generate electron e/
hole h* pairs in the conduction (CB), and valence (VB) bands,
respectively. The electron can react with adsorbed molecular
oxygen to form radical ions (O, ) and with H,O molecules to
form OH™ radicals. These highly oxidizing free radicals disrupt
the combination of adsorbed MB molecules and thus break
down the MB molecules into colorless fragments.

The possible photocatalytic mechanism for the ZnO/NiO
photocatalyst is proposed and presented in Fig. 10. It is
known that ZnO is an n-type semiconductor, while NiO is a p-
type one. Consequently, ZnO and NiO interfaces form nano-
heterojunctions. In this way, the photogenerated carriers can
be efficiently separated at the heterojunctions, which improves
the photocatalytic performance.®®® In our case and according
to the optical study, the band gap of NiO is 3.24 €V (A = 374 nm)
and of ZnO is 3.02 eV (A = 411 nm). When the nanocomposite is
activated under sunlight irradiation, both semiconductors are
excited, and electron (e”)-hole (h") pairs are generated into the
conduction and valence bands, respectively of ZnO and NiO.
Moreover, the electrons (e™) excited into the conduction band
(CB) in NiO would be transferred to the conduction band of
ZnO. Electrons promoted in the conduction band (CB) of NiO
are transferred to the CB of ZnO. This effectively prevented e
and h' recombination and extended the carrier lifetime. The
photocatalytic mechanism occurs in three steps:"**

e Oxidation:

ZnO/NiO + hv — ZnO (e~ + h*)/NiO (e~ + h*)

n-type ZnO/p-type NiO + v — (¢ )zmo + (M )nio

View Article Online

Paper

(h")nio + OH™ — OH"

(h")nio + H,O — OH" + HY
e Reduction:

(€)zno + 02 =0, o)
0,” +H" — HOy (1)
2HO," — H,0, + O, ()
H,O0, + O, — OH" + O, + OH™ (Iv)

e Pollutant degradation:

During the degradation process, dyes undergo initial oxida-
tion, either through successive attacks by hydroxyl radicals
(OH")* or via hole transfer (eqn (V)). Following oxidation, the
resulting intermediates either degrade spontaneously or are
further broken down by reactive oxygen species (ROS) into final
products.”

Dye + (OH" or h") — dye* V)

Dye" + intermediates + ROS — degradation products  (VI)
It is important to note that the O,"" production process is
sluggish, which causes an accumulation of electrons in the
conduction band (CB) of ZnO and a high rate of recombination
of e /h" pairs.”* But NiO can act as an electron trap to decrease
the electron overpotential on the BC of ZnO.”” In addition, it can
also act as an active site for the reduction reaction. All these
processes reduce the recombination risk of electron-hole pairs

Pollutant degradation

) Dye /

.
\’ Y
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Fig. 10 The possible photocatalytic mechanism for ZnO/NiO photocatalyst.
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and thus are responsible for the high degradation efficiency of
the ZnO/NiO catalyst.

Conclusion

In summary, a sunlight-activated ZnO/NiO nanocatalyst has
been successfully prepared by a low-cost, environmentally
friendly hydrothermal method. XRD and Raman data confirm
the chemical purity of the prepared binary nanocomposite
powder. In addition, DRS-UV-vis analysis using the Kubelka-
Munk model enabled two optical bandgap energies to be esti-
mated: E, = 3.02 eV and E, = 3.31 eV for ZnO and NiO,
respectively. BET analysis revealed a large specific surface area,
favorable for catalytic applications. Defects highlighted by
photoluminescence, such as metallic interstitials, oxygen anti-
sites, and oxygen vacancies, contribute to the improved elec-
trical conductivity of ZnO/NiO.

The ZnO/NiO nanocomposite demonstrated significant pho-
tocatalytic efficiency in degrading MB and MO dyes under solar
irradiation, confirming its potential for environmental applica-
tions, particularly in water purification. The promising results
obtained in this study pave the way for further research. In
particular, the introduction of reducing agents and precise pH
control, using compounds such as H,0, or NaBH,, could further
enhance the photocatalytic efficiency. Additionally, integrating
ZnO/NiO with other photocatalytic materials, such as noble metals
(Ag, Au) or carbon-based structures (graphene, carbon nanotubes),
could improve charge carrier separation and extend light absorp-
tion into the visible region, further optimizing performance.

To guarantee their industrial usability, the question of
photocatalysts' recyclability is still vital. Therefore, to have
a better understanding of their long-term durability and effi-
ciency, future research should concentrate on evaluating their
stability after multiple cycles of use.
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