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 The NiO-ZnO heterostructures were fabricated using a combination of physical vapour 
deposition and thermal oxidation techniques. Thin films of nickel and zinc were sequentially 
deposited onto non-conductive substrates and subsequently oxidised to form nanostructured 
p–n junctions. The influence of thermal oxidation parameters on the structural, 
morphological, and optical properties of the resulting heterostructures was thoroughly 
investigated using scanning electron microscopy, high-resolution transmission microscopy, 
X-ray diffraction, and UV-Vis spectroscopy. The heterostructures exhibited a strong UV 
absorption and a band gap of 3.29 eV. Photocatalytic activity was evaluated using an 
aqueous solution of methylene blue under UV irradiation. The NiO-ZnO films achieved a 
degradation efficiency of 93% after 540 min, confirming their potential for photocatalytic 
water treatment applications. These preliminary findings demonstrate that even thin-film 
configurations with limited catalyst mass can be promising in degrading organic pollutants. 
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1. Introduction 

The constant growth of industry causes alarming environ-
mental pollution. Alternative methods for treating the large 
volumes of wastewater containing chemicals such as 
pesticides, pharmaceuticals, dyes, and others are required. 
These methods need to be sustainable and respectful of the 
natural environment. Advanced oxidation processes (AOPs) 
have been widely used for the disinfection of drinking 
water, removal of organic pollutants, and wastewater 
treatment [1]. These processes encompass many chemical 
methods, often enhanced with light or electrical activation. 
Regardless of the method, the main mechanism is the 
generation of highly reactive oxygen radicals, including 
hydroxyl radicals (·OH) and oxygen anion (O2−), 
which effectively break down organic pollutants through 
redox reactions. The most recognisable AOPs methods are 
(i) ozonation/ultraviolet (UV) light, (ii) Fenton processes, 
(iii) photocatalysis, (iv) electrochemical oxidation, 
(v) cavitation processes. Based on the literature review, it 
can be concluded that photocatalysis is perceived as the 
process of the future. It is mainly used for water and air 
purification, as well as in the energy industry for hydrogen 
production, offering a pure and favourable approach [2–4]. 
According to IUPAC, the definition of photocatalysis is 
“change in the rate of a chemical reaction or its initiation 

under the action of ultraviolet, visible, or infrared 
radiation in the presence of a substance – the photocatalyst 
– that absorbs light and is involved in the chemical 
transformation of the reaction partners” [5]. Most 
photocatalysts are semiconducting materials that generate 
electron-hole pairs upon exposure to light. Excited 
electrons are the reductive agent, and holes are the 
oxidative agent. When reacting with an organic molecule, 
they degrade or mineralise it to a harmless substance.  

Fujishima’s and Honda’s studies are considered 
pioneering findings in the field of photocatalysis involving 
the TiO2 n-type semiconductor [6]. The researchers demon-
strated the possibility of water splitting via a photoelectro-
chemical process. A TiO2 electrode was used in conjunction 
with a platinum electrode via an external circuit. When the 
TiO2 electrode was irradiated with UV light, the current 
flowed through the circuit. The result of this process was 
the decomposition of water to hydrogen and oxygen. This 
work initiated numerous studies on semiconductor 
photocatalysis, in which TiO2 remained the main focus. 

TiO2 has become one of the most well-known 
photocatalysts [7–10] due to its undoubted advantages such 
as wide band gap, non-toxicity, chemical stability, and high 
reactivity. However, TiO2 also has certain limitations, such 
as rapid recombination and limited light absorption range 
[11]. Therefore, researchers have begun to explore other 
semiconductors with better photocatalytic properties. 
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The most common are metal oxides, ZnO [12–14], ZrO 
[15], Fe2O3 [16], WO3 [17], CeO2 [18], and V2O5 [19], as 
well as sulphides ZnS [20], WS2 [21], and CdS [22].  

The efficiency of photocatalysts depends primarily on 
the semiconductor properties. The materials mentioned 
above have band gaps greater than 3 eV; consequently, 
only UV light can activate them. Moreover, rapid recom-
bination of electron-hole pairs significantly reduces the 
process yield. Thus, numerous studies have focused on 
expanding the optical absorption into the visible spectrum 
and effectively separating charge carriers in single semi-
conductor photocatalysts to slow recombination [23–25]. 
This can be achieved by incorporating metal or non-metal 
dopants [26, 27], formatting new energy states [28], and 
coupling with other semiconductors. 

By coupling two semiconductors with different band 
structures, a heterojunction can be formed that promotes 
charge separation via the internal electric field at the 
interface. Additionally, nanosized photocatalysts also 
exhibit greater photocatalytic activity than bulk materials 
[29–31]. Quantum effects and the formation of surface 
states in nanostructures such as nanoparticles, nanowires, 
or thin films can lead to a discretisation of energy levels, 
resulting in an increased energy band gap compared to their 
bulk counterparts. Among various systems, NiO-ZnO 
heterostructures have attracted considerable attention due 
to their complementary properties.  

Nanostructured NiO is a p-type semiconductor, while 
ZnO is an n-type semiconductor. Both materials exhibit 
wide band gaps, ranging from 3.6 to 4.0 eV for NiO and 3.3 
to 3.7 eV for ZnO [32, 33], leading to strong UV absorption 
and minimal response to visible light. Coupling thin films 
of NiO and ZnO forms a heterostructure that combines the 
unique properties of both semiconductors. The valence 
band of NiO is higher than that of ZnO, while the 
conduction band of ZnO is lower than that of NiO [34]. 
This creates a potential barrier that promotes the separation 
of charge carriers under UV irradiation. The probability of 
electron–hole recombination is reduced by this effective 
charge separation, which is beneficial for photocatalytic 
processes. The resulting charge carriers interact with water 
and oxygen molecules, generating reactive oxygen species 
that degrade organic pollutants [35]. Moreover, the wide 
band gap of the NiO-ZnO junction provides excellent 
thermal and chemical stability. Numerous literature reports 
have investigated the photocatalytic properties of ZnO and 
NiO in a heterostructure form. Gasmi et al. [36] reported 
that ZnO-NiO heterojunction thin films synthesised via a 
sol–gel dip-coating method exhibited outstanding 
photocatalytic activity, achieving 96.73% methylene blue 
(MB) degradation under sunlight, significantly surpassing 
pristine ZnO and NiO. This enhancement was attributed to 
efficient charge separation at the p–n junction, reactive 
oxygen species generation, and improved photodetector 
performance, with high responsivity and detectivity. The 
ZnO/NiO nanocomposite was employed for the photo-
degradation of methylene orange [37]. The nanocomposite 
was prepared via the hydrothermal method using zinc 
acetate and nickel nitrate for forming nanoparticles. 
The authors reported a maximum degradation efficiency of 
76% at 180 min. In another study [38], the ZnO-NiO 
nanoparticles complex was added to reduced graphene 
oxide, which resulted in 90.24% MB degradation after 

90 min. The results demonstrated significantly greater 
photocatalytic activity than the individual components.  

In addition to photocatalytic applications, ZnO-based 
materials have been extensively investigated for UV 
photodetectors due to their wide band gap and strong 
absorption in the UV spectral range. Various ZnO 
nanostructures and heterostructures, including p–n junction 
systems such as ZnO-NiO, have been reported to exhibit 
high UV responsivity and good signal-to-noise characteris-
tics [39, 40]. In particular, the formation of heterojunctions 
has been shown to enhance charge separation and suppress 
recombination, which are crucial for both optoelectronic 
and photocatalytic functionalities. Although the present 
work does not focus on UV photodetection, it is worth 
emphasising the versatility of ZnO-based heterostructures 
and the fundamental role of UV-induced charge-transfer 
mechanisms, which are also directly related to photo-
catalytic performance. 

In this work, the structural and optical properties of the 
NiO-ZnO heterostructures were investigated. The photo-
catalytic performance of the obtained films was evaluated 
through the degradation of MB under UV irradiation. 

2. Materials and methods 

2.1. Preparation of NiO-ZnO heterostructure  

NiO-ZnO heterostructures were obtained by combining 
physical vapour deposition and thermal oxidation tech-
niques. First, a thin Ni film was deposited on the non-
conductive substrates (quartz plate 2.1 × 0.8 × 0.1 cm) and 
subsequently annealed in air to form an NiO nanostructure. 
Afterward, a Zn thin film was deposited, followed by 
another annealing step. The film thicknesses were 50 nm 
for Ni and 100 nm for Zn. 

Annealing was performed at 600 °C for 60 min for the 
Ni film and at 500 °C for 60 min for the Zn film. As 
a result, a two-thin-film NiO-ZnO system was obtained. 

2.2. Characterisation methods 

Structural characterisation of the obtained samples was 
performed using a Jeol JSM-7600 scanning electron 
microscopy (SEM), X-ray diffraction (XRD), and F200X 
transmission electron microscopy (TEM) equipped with an 
energy dispersive X-ray spectroscope – EDS by Bruker. 
The optical properties of the NiO-ZnO heterostructure were 
investigated using UV-Vis spectrophotometer (Evolution 
300, Thermo Scientific). The photodegradation of a 5 mg/L 
MB, as a model wastewater pollutant, was investigated 
under both UV-A (𝜆𝜆 = 366 nm) and UV-C (𝜆𝜆 = 254 nm) 
irradiation (Herolab, HL, 4W). The photocatalytic activity 
of the NiO-ZnO heterostructure was measured by moni-
toring the absorbance of MB every 60 min.  

3. Results and discussion 

3.1. Structural properties 

SEM, TEM, and XRD analyses of pure NiO and ZnO, 
which constitute the components of the heterostructure, are 
presented in Fig. 1 and Fig. 2. A densely packed granular 
morphology composed of uniformly distributed nanograins 
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of the NiO film is revealed in the SEM image [Fig. 1(a)]. 
The surface appears continuous and compact, with well-
defined grain boundaries and negligible cracks, likely due 
to stress. The grain size is relatively homogenous and 
typically in the range of several to tens of nanometers, 
forming a closely interconnected network. The compact 
structure of NiO is expected to accelerate charge transport 
and stability, which is desirable in the photocatalysis 
process.  

The typical HRTEM image of NiO nanograin 
[Figs. 1(b) and (c)] shows the lattice fringes with an 
interplanar spacing of 0.24 nm, and it is attributed to the 
(111) plane. The angle between the planes was measured to 
be 70.5°, characteristic of the cubic structure. The electron 
diffraction pattern [Fig. 1(e)] shows a set of concentric 
rings composed of numerous fine and sharp diffraction 
spots. This indicates a polycrystalline structure consisting 
of well-crystalised nanocrystals with random orientation. 
Each ring corresponds to a specific crystallographic plane. 

The XRD diffractogram of the NiO film is shown in 
Fig. 1(d). The sharp peaks at 2θ ≈ 37.25°, 43.24°, and 
62.85° correspond to the (111), (200), and (220) planes of 
a face-centered cubic (FCC), according to the JCPDS 
database (card no. 47-1049). 

The SEM image [Fig. 2(a)] of a ZnO thin film reveals 
densely packed nanograins, which homogenously cover the 
surface. The grains exhibit a hexagonal or irregular shape 
typical of the wurtzite structure, consistent with the XRD 
results. Compared to the NiO film, the ZnO surface is 
slightly rougher. The average grain size is from tens to 
hundreds of nanometers, and they tend to agglomerate. 

An interplanar spacing measured in the HRTEM image 
[Figs. 2(b) and (c)], were 0.28 nm and 0.25 nm, which 
correspond to the (100) and (101) planes of the hexagonal 
ZnO structure. These values are in good agreement with the 
standard patterns (ICDD card no. 01-070-2551). These 
results are supported by the XRD studies presented in 
Fig. 2(d). Well-defined peaks at 31.82°, 34.52°, 36.21°, 

 
Fig. 1. (a) SEM image of NiO thin-film surface, (b) and (c) TEM images, (d) XRD pattern, (e) electron 

diffraction pattern of the NiO thin film. 

 
Fig. 2. (a) SEM image of ZnO thin-film surface, (b) and (c) TEM images, (d) XRD pattern, (e) electron 

diffraction pattern of the ZnO thin film. 
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56.75°, 62.84°, correspond to the (100), (002), (101), (102), 
(110), and (103) planes of the wurtzite ZnO structure, 
respectively. The electron diffraction pattern of ZnO 
[Fig. 2(e)] reveals discrete spots along the rings, 
confirming the high crystallinity and relatively large grain 
size of the crystallites.In the heterostructure, the ZnO film 
was deposited on top of the NiO film, forming the upper 
surface, so there is no difference in the SEM imaging 
topography between the NiO-ZnO and the ZnO samples. 

Figure 3 presents the results of studies from different 
detectors used in TEM. Figure 3(a) is an image from a high 
angle annular dark field (HAADF) detector and provides 
Z-contrast information, highlighting compositional varia-
tions associated with differences in the atomic number of 
the constituent elements. Figures 3(b) and (c) show the 
distribution of chemical elements in the tested material: Ni, 
Zn, and O.  

3.2. Optical properties 

Figures 4(a) and 5(b) show the UV-Vis absorption spectra 
for NiO and ZnO thin films, respectively. The spectrum of 
NiO shows an absorption peak at ~ 290 nm, indicating the 
energy band gap of the obtained NiO film. Similarly, for 

the ZnO film, the absorbance intensity peak was observed 
at ~ 360 nm and may be ascribed as a near-band edge 
absorption. This shows that both NiO and ZnO films 
behave as semiconductor materials with an absorption edge 
in the UV region and are insensitive to visible light. The 
well-known Tauc’s equation (1) allows to determine the 
value of the energy band gap (Eg) for NiO and ZnO: 

 ( )1/( ) .n
ghv B hv Eα = −  (1) 

Here, α is the coefficient dependent on absorption, h is the 
Planck’s constant, ν is the photon frequency, and B is the 
proportionality constant, n denotes the transition type (1/2 
for indirect and 2 for direct transitions). Since NiO is an 
indirect semiconductor, n = 1/2, while ZnO, being a direct 
band gap material, uses n = 2. 

Based on Tauc’s diagram shown in Fig. 3(b), the value 
of a band gap for NiO was estimated as 3.52 eV and for 
ZnO Eg = 3.26 eV. There are many studies on the optical 
band gap of these materials. For example, Patil and Kadam 
[41] measured the energy gap in the range of 3.4–3.58 eV 
depending on thickness. In another study [42], the effect of 
technological parameters of the NiO layer preparation on the 
band gap was investigated, and it was found that Eg ranged 
from 3.60 to 3.80 eV depending on the annealing time. 

 
Fig. 3. TEM images of a fragment of NiO-ZnO heterostructure: (a) material contrast in the HAADF mode, (b) 

distribution of Ni and Zn, and (c) O in the EDS mode. 

 
Fig. 4. (a) UV-Vis absorption spectra and (b) Tauc’s plots for NiO and ZnO thin films. 

 
Fig. 5.  (a) XRD spectrum and (b) UV-Vis spectrum of the NiO-ZnO heterostructure with Tauc’s plot. 
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The calculated result of Eg = 3.26 eV for ZnO agrees 
with the literature reports regarding the energy gap value 
for thin ZnO films, 3.22–3.26 in [43] or 3.13–4.06 [44], for 
example. 

The UV-Vis absorption spectrum of the NiO-ZnO 
heterostructure [Fig. 5(b)] exhibits two distinct absorption 
edges. The first absorption feature around 288 nm can be 
attributed to the NiO, while the second absorption edge 
near 360 nm is associated with the ZnO film. The presence 
of the metal oxide phases was confirmed by an XRD 
analysis. On the XRD spectrum [Fig. 5(a)] of the 
heterostructure, sharp peaks, similar to pure ZnO and pure 
NiO, are observed. Optical band gaps obtained from Tauc’s 
analysis suggest that the heterostructure optical response is 
dominated by ZnO, while NiO contributes slighter and is 
disturbed by the interfacial effects at the NiO-ZnO 
interface. The band gap of the heterostructure was 
estimated to be 3.29 eV. 

It should be noted that the energy band gap is affected 
by many factors, including film thickness, synthesis 
method and its parameters, and internal stresses within the 
film. Variations in deposition techniques, annealing 
conditions, and microstructural features such as grain size, 
crystallinity, and defect concentration can lead to 
noticeable shifts in the optical band gap. 

3.3. Photocatalytic activity 

Figure 6(c) shows the photocatalytic activity of the NiO-
ZnO heterostructure along with a comparison with pure 
NiO and ZnO [Figs. 6(a) and (b)]. It is visible that NiO-
ZnO has much better photocatalytic properties than pure 
NiO [Fig. 6(d)].  

The degradation efficiency of MB (D) was determined 
using the following relation: 

 0

0

100%,
A A

D
A
−

= ⋅  (2) 

where A0 and A correspond to the initial and time-
dependent absorbance values of the MB solution, 
respectively. After 540 min of irradiation, the maximum 
degradation levels reached 93%, 79%, and 15% for the 
NiO-ZnO heterostructure, ZnO, and NiO samples, 
respectively [Fig. 7(a)]. 

To evaluate the reaction kinetics and rate constant, the 
natural logarithm of the concentration ratio ln(C0/C) was 
plotted as a function of irradiation time, as shown in 
Fig. 7(b). Here, C0 and C denote the initial and the 
momentary MB concentrations, respectively. The resulting 
linear relationship confirms that the photocatalytic 

 
Fig. 6. UV-Vis spectra showing decomposition of the MB solution as a function of time with photocatalyst: 

(a) NiO, (b) ZnO, (c) the NiO-ZnO heterostructure, (d) absorbance of MB as a function of time. 

 
Fig. 7. (a) Degradation efficiency of MB and (b) ln(C0/C) curve vs. time. 
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degradation follows a pseudo-first-order kinetic model, 
described by the equation 

 0ln ,
C

kt
C

  = 
 

 (3) 

where k represents the kinetic rate constant (min−¹) and t is 
the irradiation time. The slopes of the curves correspond to 
the reaction rate constants, indicating that the NiO-ZnO 
heterostructure exhibits the fastest photodegradation effect 
[Fig. 7(b)]. The rate constant for the heterostructure was 
0.051 min−1, for ZnO 0.031 min−1, and for NiO 0.003 min−1. 

In Fig. 8, the photocatalytic mechanism of the NiO-ZnO 
heterostructure is presented. Under UV irradiation, 
electron–hole pairs are generated mainly in the ZnO layer. 
The photogenerated electrons reduce dissolved oxygen to 
superoxide radicals (·O₂⁻), while photogenerated holes 
oxidise water molecules or hydroxide ions to produce 
hydroxyl radicals (·OH). These highly reactive oxygen 
species attack MB molecules, leading to oxidative degrada-
tion rather than direct reduction during photocatalysis. The 
photogenerated electrons are primarily involved in oxygen 
reduction, while hydroxyl and superoxide radicals oxidise 
MB molecules, leading to their stepwise decomposition 
and mineralisation. 

Table 1 summarises selected literature reports on NiO-
ZnO heterostructures used for photocatalytic degradation 
of MB dye. Most studies focus on nanopowders or 
relatively thick films, which provide a large active surface 
area but limit material recovery and reusability. In contrast, 
the present work demonstrates that a thin-film NiO-ZnO 
heterostructure fabricated by PVD and thermal oxidation 
achieves high degradation efficiency despite the extremely 
low catalyst mass, highlighting the potential of thin-film 
heterostructures for photocatalytic systems. The mass of 
the NiO-ZnO heterostructure photocatalyst was estimated 
based on the nominal film thicknesses, substrate area, and 
bulk density values of the constituent oxides. The mass of 
photocatalyst (Mphot) was calculated using the relation 
Mphot = ρ · P · d, where ρ is the material density (for ZnO, it 
is 5.68 g/cm3

, and for NiO, it is 6.72 g/cm3), P is the coated 
substrate area, and d is the film thickness. For a ZnO layer 

with a thickness of 100 nm and an NiO layer with a 
thickness of 50 nm deposited on a quartz substrate with an 
area of 1.68 cm2, the total photocatalyst mass was 
estimated to be approximately 0.15 mg. It should be noted 
that this value represents an upper-limit estimation, as thin 
films may exhibit reduced effective density due to porosity 
and grain boundaries. The extremely low catalyst mass 
highlights the material efficiency of the thin-film 
heterostructure compared to conventional powder-based 
photocatalysts, which typically require milligram-scale 
quantities. 

Table 1.  
Comparison of photocatalytic performance of materials toward 

the degradation of MB. 

Material 
form 

Mphot 
[mg] 

D 
[%] 

Time 
[min] 

MB 
[mg/L] Ref. 

ZnO/NiO 
(powder) 50 83 180 32 [45] 

NiO-ZnO-Ag 
(powder) 20 94 90 10 [46] 

NiO-ZnO 
(powder) 75 97 175 7 [47] 

ZnO/La2O3/NiO 
(powder) 5 65 150 2 [48] 

ZnO 
(nanowires) 20 100 4320 10 [49] 

NiO-ZnO 
(thin films) 0.15 93 540 5 This 

work 

4. Conclusions 

The NiO-ZnO heterostructure was fabricated using a 
physical vapour deposition followed by thermal oxidation. 
Structural analyses confirmed the formation of well-
crystallised nanograins of NiO and ZnO with distinct cubic 
and wurtzite phases in the heterostructure. 

Despite the catalytic material low mass due to the thin-
film configuration, the NiO-ZnO heterostructure demon-
strated promising photocatalytic performance, achieving 
93% MB degradation after 540 min of irradiation. 

 
Fig. 8. Schematic illustration of the photocatalytic mechanism of the NiO-ZnO heterostructure under UV irradiation. 
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These findings indicate that thin-film NiO-ZnO hetero-
structures can serve as efficient, stable, and easily 
recoverable photocatalysts. Future work will focus on 
optimising oxidation conditions, film thickness, and 
heterojunction architecture to improve visible-light activity 
and reduce reaction time, extending the applicability of 
these materials to large-scale water purification systems. 
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