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A B S T R A C T   

Degradation of organic pollutants such as methylene blue (MB) from water resources is currently of particular 
interest. Employment of a heterojunction device with optimized layer properties and proper interface engi
neering can enhance the photocatalytic performance by taking advantage of efficient charge separation. In this 
work, we develop an efficient photocatalytic system for the MB degradation based on ZnO nanorod (ZnONR)/NiO 
core-shell heterostructure with an optimized chemical and electronic structure for achieving record MB degra
dation efficiency of ~70 %. ZnONR were grown by hydrothermal technique, whereas homogeneous crystalline 
NiO thin films were prepared by a robust and easy for up-scaling method of ultrasonic spray pyrolysis (USP). The 
optimum preparation conditions of photocatalytically efficient ZnONR/NiO heterostructures imply NiO film 
deposition from two USP cycles at 500 ◦C followed by air annealing heterostructures at 600 ◦C. The photo
catalytic performance of ZnONR/NiO core-shell structure was investigated in comparison to counterpart layers 
and ZnO/NiO bilayer system. Chemical composition and band alignment at the ZnONR/NiO interface were 
investigated by X-ray photoelectron spectroscopy, Kelvin probe and photoelectron yield spectroscopy. Current 
transport studies indicated the presence of built-in electric field at the n-ZnO/p-NiO heterointerface responsible 
for the enhanced photocatalytic activity and based on this the degradation mechanism of MB is discussed.   
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1. Introduction 

The removal of organic pollutants from water resources is currently 
of particular concern and photocatalysis is considered a prospective 
technology for the decomposition of organic pollutants [1]. Among 
various materials, ZnO is considered an excellent photocatalyst due to its 
suitable bandgap (~3.37 eV), high photocatalytic activity (PA), 
biocompatibility, and low cost [2]. It has been reported that ZnO is 
capable of degrading various organic pollutants, such as methylene blue 
(MB) [3], methyl orange [4], rhodamine B [5], and acridine orange [6]. 
However, one major drawback of ZnO as a photocatalyst is its complex 
point-defect structure, which promotes rapid recombination of photo
generated electron-hole pairs, inhibiting its PA [7–9] and retarding its 
practical application. One way to overcome this drawback is to couple 
ZnO with another semiconductor to form a heterojunction [10–14]. In a 
p-n heterojunction, photogenerated electron-hole pairs are separated by 
the gradients in their electrochemical potential and the asymmetric 
conductivity types in the n and p layers [12]. Therefore, a properly 
engineered heterojunction photocatalyst has the potential for higher PA 
because of the spatial separation of photogenerated electron–hole pairs. 
The most commonly used p-type metal oxide semiconductors to form a 
heterostructure with ZnO are CuxO [10,15–17] and NiO [11–13,18,19]. 
NiO has also been studied as a photocatalyst [20,21] due to its tunable 
bandgap (3.0–4.3 eV) [22], low material cost and high chemical sta
bility. However, the PA of single NiO is much worse than that of ZnO. 
The higher PA of ZnO/NiO heterostructures than of either NiO or ZnO 
has been demonstrated in several studies [8,11–13,18,19,23–26]. 

In the majority of these studies, the ZnO/NiO photocatalyst was in 
powder form. For example, Thampy et al. [18] found that ZnO/NiO 
nanocomposites synthesized by the sonochemical route exhibited an MB 
degradation efficiency of 90 % in 1 h under sunlight irradiation, in 
contrast to efficiencies of 20 % and 40 % for degradation by NiO and 
ZnO alone, respectively. Tian et al. [13] reported that ZnO/NiO nano
particles grown by precipitation in solution showed a methyl orange 
degradation efficiency of 100 % under UV illumination over 25 min, in 
contrast to efficiencies of 10 % and 40 % for NiO and ZnO, respectively. 
It was also reported that ZnO/NiO nanoparticles prepared by precipi
tation in solution had a rhodamine B degradation efficiency of 90 % in 
200 min under UV light irradiation, in contrast to values of 20 % for NiO 
and 80 % for ZnO [19]. A photocatalytic degradation efficiency of ca. 80 
% for binary mixture of rhodamine B and methylene blue was also re
ported employing ZnO-NiO composite nanofibers [24]. 

Although nanopowders and nanofibers obtained such a high degra
dation efficiency, these approaches have severe drawbacks, such as 
particle agglomeration and the difficulty of separating photocatalyst 
from wastewater, causing secondary pollution. The development of 
heterogeneous photocatalysts immobilized on a substrate, such as a 
bilayer or core-shell heterostructure, is a more promising approach that 
allows easy separation and recovery of photocatalysts from polluted 
environment [11,12]. ZnO nanorod (ZnONR) layers have been used in 
ZnONR/CuO [10,27,28] and ZnONR/NiO core-shell heterostructures [11, 
12] and have the advantage of an increased active surface area 
compared thin films. For example, ZnONR/CuO photocatalysts on a 
substrate, fabricated by solution methods exhibited a 85 % [27] and a 93 
% [28] degradation efficiency of MB in 180 min under UV irradiation, 
being significantly higher than 50 % for ZnO. ZnONR/CuO core shell 
structure with CuO by sputtering showed a 80 % methyl orange 
degradation efficiency in 240 min under UV light compared to ZnONR 
[10]. 

Unlike ZnONR/CuO photocatalysts, photocatalytic performance of 
ZnONR/NiO structures has been studied only in few reports [11,12], 
although ZnO-NiO nanocomposite photocatalysts in powder and nano
fiber form posed high capability to degrade different pollutants. In this 
perspective, Periyannan et al. [11] reported that ZnONR/NiO fabricated 
by sputtering NiO on ZnONR had a rhodamine B degradation efficiency 
of 58 % in 180 min under UV light irradiation, in contrast to 54 % for 

ZnONR. Ding et al. [12] found that a ZnO/NiO hierarchical structure on 
carbon fiber cloth prepared by electrodeposition of NiO on ZnO 
exhibited a 95 % degradation efficiency of both rhodamine B and 
methylene orange in 180 min under UV light irradiation, in contrast to 
35 % for NiO and 38 % for ZnO. 

Although such approaches showed potential for high PA, there is still 
space for the development and optimization of ZnO/NiO heterojunction 
photocatalysts, to explore the full potential of this heterostructure. In 
particular, a specific focus should be set on the optimization of NiO shell 
properties. The effect of NiO shell thickness on the PA of ZnONR/NiO 
core-shell heterostructures was observed in one publication [12] but has 
never been systematically studied. Moreover, only few methods such as 
sputtering [11] and electrodeposition [12] were applied to deposit NiO 
shell. However, the ultrasonic spray pyrolysis (USP) method, a simple 
and easy for up-scaling method that allows fabrication of thin films with 
good uniformity and controlled thickness [29–31], has not been used for 
NiO film deposition to form ZnO/NiO heterostructure until now. 

In this study, we investigated the deposition of NiO films by USP and 
its application in ZnO/NiO core-shell heterostructure. Employment of 
such heterostructure with optimized NiO shell thickness and ZnO/NiO 
interface can enhance the photocatalytic performance by taking 
advantage of efficient charge separation. For NiO film deposition, the 
nickel acetylacetonate, that has been rarely used for NiO film deposition 
by spray method [32], was employed as a nickel source. The effect of 
NiO deposition temperature on the NiO film properties, ZnO/NiO 
bilayer heterostructure formation and PA for MB degradation was 
studied. Based on the results, the most suitable temperature for NiO shell 
deposition onto ZnONR was selected to optimize NiO shell thickness in 
the ZnONR/NiO core-shell heterostructure. Characterization techniques 
of X-ray photoelectron spectroscopy (XPS), Kelvin probe (KP) analysis 
and photoelectron yield spectroscopy (PYS) were applied experimen
tally to prove the formation of n-p junction. As a proof of concept, we 
developed an efficient ZnONR/NiO core-shell photocatalytic system with 
an optimized chemical and electronic structure, which allowed 
achieving a record MB degradation efficiency of ~70 %. 

2. Experimental 

2.1. Sample preparation 

Three types of samples were prepared on borosilicate glass with a 
size of 25 × 9 × 1 mm3: (i) NiO thin films, (ii)NiO films deposited onto 
ZnO films (ZnO/NiO bilayer heterostructures) and (iii) NiO films 
deposited on ZnO nanorods (ZnONR/NiO core-shell heterostructures). 
The glass substrates were thoroughly precleaned with detergent solu
tion, double deionized water, and ethanol in an ultrasonic bath. 

2.1.1. Deposition of NiO films 
NiO films were grown by the USP method at substrate temperatures 

(Ts) of 350, 400, 450, and 500 ◦C. Nickel acetylacetonate (Ni(C5H7O2)2, 
96 %, Sigma–Aldrich Chemie GmbH, Germany) was used as the pre
cursor to deposit NiO. The precursor was dissolved in ethanol to prepare 
a 10 mM solution. The air flow transporting precursor droplets from the 
nebulizer to the hot plate was set to 8 L/min. The spray rate was 4 mL/ 
min, and the number of spray cycles was fixed at 12. 

2.1.2. Deposition of ZnO films and ZnO nanorod layers 
Zinc acetate dihydrate (Zn(CH3COO)2⋅2H2O, 99.9 %, Sigma–Aldrich 

Chemie GmbH, Germany) was the precursor for the deposition of ZnO 
films as a component of the ZnO/NiO bilayer heterostructure and as a 
seed layer to grow ZnO nanorod layers (ZnONR). The precursor was 
dissolved in a mixture of water and isopropanol with a volume ratio of 
2:3. The precursor concentration was 0.05 mol/L, and the volume of 
solution was 20 mL. A few drops of acetic acid were added to the zinc 
acetate solution to prevent hydrolysis of the precursor. The solution was 
nebulized with the help of a pneumatic sprayer, which operates in 
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pulsating mode (5 s spray, 20 s pause). The tin bath temperature was set 
to 450 ◦C, and an air flow of 6 L/min was used [33]. 

ZnONR was grown on a sprayed ZnO seed layer by a hydrothermal 
method [33]. Briefly, a glass substrate with a ZnO seed layer was placed 
into a reactor beaker that contained 40 mL of an aqueous solution of 0.1 
mol/L zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, 99.9 %, Sigma
–Aldrich Chemie GmbH, Germany) and 0.1 mol/L hexamethylenetet
ramine ((CH2)6N4). The reactor beaker was mounted in a steel 
autoclave, and the reaction was carried out at 120 ◦C for 2 h. 

2.1.3. Preparation of ZnO/NiO heterostructures 
To prepare ZnO/NiO bilayer heterostructures, a ZnO film was 

deposited first by pneumatic spraying, followed by deposition of a NiO 
film by USP at 350, 400, 450 and 500 ◦C. The corresponding ZnO/NiO 
bilayers were labeled ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450), 
and ZnO/NiO(500). To keep the thickness of the NiO film similar when 
growing at different temperatures, the number of spray cycles was 
varied. We used 6, 4, 3, and 3 cycles for NiO grown at 350, 400, 450, and 
500 ◦C, respectively. 

To prepare ZnONR/NiO core-shell heterostructures, NiO films were 
deposited by USP onto hydrothermally grown ZnONR using 5 mM nickel 
acetylacetonate (Ni(acac)2) in ethanol solution. The substrate temper
ature for NiO shell deposition was fixed to 500 ◦C. To vary the thickness 
of the NiO shell on ZnONR, 1, 2, and 4 cycles were used, and the cor
responding ZnONR/NiO core-shell samples were labeled ZnONR/NiO(1), 
ZnONR/NiO(2), and ZnONR/NiO(4), respectively. A schematic illustra
tion of the ZnO/NiO heterostructures is presented in Scheme 1. 

A postdeposition annealing procedure was applied for all samples, 
including NiO films, ZnONR layers, ZnO/NiO bilayers and ZnONR/NiO 
core-shell heterostructures. Annealing was performed at temperature 
(Tan) of 600 ◦C for 1 h in air, and the samples were labeled accordingly. 
For example, ZnONR, ZnONR/NiO(2), and ZnONR/NiO(4) annealed at 
600 ◦C were named ZnONR− 600, ZnONR/NiO(2)− 600, and ZnONR/NiO 
(4)− 600, respectively. 

2.2. Characterization methods 

X-ray diffraction (XRD), scanning electron microscopy (SEM), and 
UV–VIS–NIR spectrophotometry were used to measure the XRD pat
terns, surface morphology and cross section, and total transmittance (T) 
and reflectance (R) spectra of the samples, respectively. The details on 

the measurements and calculation of the optical parameters have been 
reported elsewhere [20]. 

The current-voltage (I-V) curves of the ZnO/NiO bilayer (NiO: Ts 
=500 ◦C, 12 cycles) heterostructures on indium tin oxide (ITO) glass 
substrates were measured at room temperature in the dark by using a 
two-point probe method with an AutoLab PGSTAT-30. The contact 
material was graphite deposited from an aqueous graphite ink (Alfa 
Aesar). 

The hot probe method in 2-contact configuration was used to 
determine the n-type or p-type conductivity of ZnO and NiO films. 

The XPS spectra were measured with a standard XPS laboratory 
system based on a nonmonochromatic X-ray source from SPECS with a 
Mg anode providing an excitation energy of 1253.6 eV [34]. All XPS 
spectra were measured at room temperature at a pressure of 5 × 10− 6 

Pa. The energy analyzer was calibrated by fixing the C 1s binding energy 
at 285.0 eV. 

KP and PYS analysis were used to measure the work function (Φ) and 
ionization energy (Ei) of the prepared samples, respectively, using a KP 
Technology SKP5050-APS02 instrument under ambient N2 in the dark. 
The details of the measurements and calculation of the work function 
and ionization energy have been described elsewhere [35]. 

The photodegradation of MB dye was measured under UV-B irradi
ation (Philips, Hg, PL-L, 36 W, λmax = 315 nm) as described elsewhere 
[20]. Prior to the test, the samples were subjected to a cleaning pro
cedure under UV-A irradiation (15 W, λmax = 365 nm) for 30 min. The 
initial concentration of MB aqueous solution (C0) was set to 10 mg/L 
while keeping the volume at 2 mL. A Jasco V-670 UV–VIS–NIR spec
trophotometer was used to measure the MB concentration at a given 
time (C) by recording the MB absorbance intensity at 660 nm. The 
absorbance spectra were recorded every 30 min for 3 h. The photo
degradation efficiency of MB (η) was calculated according to Eq. (1) 
[20]: 

η = (C0 − C)/C0 × 100% (1) 

The photodegradation kinetics of MB dye were estimated using the 
Langmuir-Hinshelwood model, and the reaction rate constant (k) was 
calculated from Eq. (2) [33]: 

ln(C0/C) = kt (2) 

All the ln (C0/C) vs. t curves follow a linear relationship with a 
correlation coefficient (R2) above 0.95, indicating that the 

Scheme 1. Schematic illustration of the synthesis of ZnO/NiO heterostructures.  
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photodegradation of MB dye follows pseudo-first-order reaction ki
netics. For each photodegradation measurement four samples, prepared 
under the same deposition conditions, were used. The standard de
viations of degradation efficiencies were calculated. 

To understand the role of different reactive species such as •OH, •O2
−

and h+, in the photocatalytic degradation process, the photodegradation 
of MB in aqueous solution was measured by ZnONR− 600 and ZnONR/ 
NiO(2)− 600 in the presence of tert-Butanol (t-BuOH) as •OH scavenger, 
p-Benzoquinone (p-BQ) as •O2

− scavenger, and ammonium oxalate (AO) 
as h+ scavenger, respectively. The concentration of scavengers in MB 
solution was set to 1 mmol/L. This measurement has been described 
elsewhere [36]. 

3. Results and discussion 

3.1. NiO films prepared by USP: effect of growth temperature 

First, we investigated the effects of USP deposition conditions on the 
properties of NiO films. XRD patterns of NiO films deposited at Ts 
= 350–500 ◦C are presented in Fig. 1a. The films showed a main 
reflection at 2Ѳ= 43.51◦, corresponding to the (200) plane of cubic NiO 
(PDF-2, 01–071–1179), while reflections corresponding to the (111) and 
(220) planes were less intense. The films exhibited preferential orien
tation of the crystallites along the (200) plane, as the intensity ratio of 
I(200)/I(111) was in the range of 6–13, which is much higher than that of 
the powder reference of NiO (I(200)/I(111) = 1.49, PDF-2, 01–071–1179). 
The crystallite size of the NiO films deposited at Ts = 350–500 ◦C was 
calculated from the full width at half maximum (FWHM) of the (200) 
reflection using the Scherrer formula [20]. The values of crystallite size 
are presented in Table 1. 

The crystallite size of NiO increased from 17 to 30 nm when Ts 
increased from 350 to 500 ◦C. It is widely accepted that films deposited 
from acetylacetonate precursors may contain organic residuals, which 
can hinder crystallite growth. A classical procedure to remove organic 
residuals is postdeposition annealing in air at elevated temperatures in 
the range of 500–600 ◦C [37]. Thus, we applied air annealing at 
Tan= 600 ◦C for 1 h as the next step. Air annealing at Tan= 600 ◦C 

resulted in a larger crystallite size of NiO films deposited at Ts 
= 350–450 ◦C (Table 1), while the crystallite size of NiO deposited at Ts 
= 500 ◦C remained the same at 30 nm after annealing. 

The SEM images shown in Fig. 1c clearly demonstrate the uniformity 
and fine-grained structure of the sprayed NiO films independent of the 
deposition temperature. According to the SEM cross-sectional images, 
the film thickness increased from ca. 30 nm to ca. 70 nm when 
increasing Ts from 350 to 500 ◦C (Fig. 1c, Table 1). It is commonly 
observed that increasing the deposition temperature increases the 
thickness of metal oxide films (TiO2, ZrOx) produced from acetylaceto
nate precursors by the spray method [29,31]. The total transmittance 
spectra of NiO films presented in Fig. 1b indicate an overall optical 
transmittance of 60–80 % in the visible spectral region. The trans
mittance of the films grown at lower temperature (350 ◦C) was at least 
10 % higher than the transmittance of the films deposited at 450 ◦C and 
500 ◦C. The lower optical transparency of NiO films deposited at higher 
temperatures is probably due to the larger film thickness (Table 1). 
As-prepared films deposited at 350 ◦C had an Eg of 3.8 eV. Increasing the 
deposition temperature from 400 to 500 ◦C led to similar Eg values of 
3.7 eV. Independent of the growth temperature, all the films annealed at 
600 ◦C showed a similar direct bandgap of 3.7 eV (Table 1). The higher 
Eg value of the NiO film grown at 350 ◦C could be explained by the 
presence of some residues in the film that are removed by annealing at 
600 ◦C. 

In summary, it is confirmed for the first time that crystalline, 

Fig. 1. (a) XRD patterns of NiO films deposited 
onto glass substrates at Ts = 350–500 ◦C and a 
NiO film deposited at Ts = 350 ◦C followed by 
annealing at Tan= 600 ◦C for 1 h in air. (b) 
Total transmittance spectra of NiO films 
deposited onto glass substrates at Ts 
= 350–500 ◦C (inset is the Tauc plot of NiO 
films deposited at 350 ◦C and 500 ◦C). (c) SEM 
surface and cross-sectional images (inset) of 
NiO films deposited onto glass substrates at Ts 
= 350 ◦C and Ts = 500 ◦C. All the samples were 
obtained from 10 mM Ni(acac)2 in ethanol so
lution using 12 spray cycles.   

Table 1 
Film thickness (d), crystallite size (D) and bandgap (Eg) of NiO films deposited 
onto glass substrates at Ts = 350–500 ◦C and after annealing at Tan= 600 ◦C for 
1 h in air. All the samples were obtained from 10 mM Ni(acac)2 in ethanol so
lution using 12 spray cycles.  

Ts (◦C) d (nm) D (nm) Eg (eV) 

As-dep Tan= 600 ◦C As-dep Tan= 600 ◦C 

350 30 17 24 3.8 3.7 
400 45 22 25 3.7 3.7 
450 60 25 30 3.7 3.7 
500 70 30 30 3.7 3.7  
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continuous NiO films with Eg = 3.7 eV can be successfully fabricated by 
the USP method using a nickel acetylacetonate precursor. 

3.2. ZnO/NiO bilayer heterostructures: effect of NiO growth temperature 

To study the effect of the NiO deposition temperature on the prop
erties of ZnO/NiO bilayer heterostructures, NiO films were deposited 
onto ZnO at Ts = 350–500 ◦C. To keep the NiO film thickness similar at 
every deposition temperature, the number of spray cycles was varied; 
namely, 6, 4, 3 and 3 spray cycles at Ts = 350, 400, 450, and 500 ◦C, 
respectively, were applied. 

XRD patterns of the NiO film and ZnO/NiO bilayer heterostructure 
with NiO deposited at Ts = 500 ◦C are presented in Fig. 2a. The dif
fractogram of the NiO film showed a reflection at 2Ѳ of 43.56◦ corre
sponding to the (200) plane of NiO. For the ZnO/NiO bilayer 
heterostructure, the XRD pattern showed several reflections at 2Ѳ of 
31.79◦, 34.48◦, 36.36◦, 47.67◦, 63.04◦, and 68.17◦, corresponding to the 
(100), (002), (101), (102), (103), and (112) planes of ZnO, and at 2Ѳ of 
43.31◦, corresponding to the (200) plane of NiO [18]. Thus, the XRD 
data confirmed that the NiO film was grown on the ZnO layer. 

As a first attempt to prove the formation of a heterojunction between 
ZnO and NiO, the current-voltage characteristics were measured at room 
temperature. The current–voltage characteristics of the ZnO/NiO 
bilayer structure (Fig. 2b) showed pronounced rectifying behavior, 
indicating the formation of an n-p heterojunction. The conductivity type 
of each layer was measured by a hot probe, and the result indicated that 
the ZnO film is an n-type semiconductor material and the NiO film is a p- 
type semiconductor material. 

To evaluate the photocatalytic performance of the as-deposited ZnO/ 
NiO bilayer heterostructures as well as their constituent components, 
the NiO and ZnO films, MB dye degradation in aqueous solution under 
UV-B irradiation was measured and compared. The MB degradation 
curves of these samples are presented in Fig. 2c. The degradation effi
ciencies and degradation rate constant (k) values are summarized in  
Table 2. 

As shown in Fig. 2c, independent of the deposition temperature, the 
NiO films possessed extremely low PA activity towards MB dye degra
dation, ca. 1 %. In the case of ZnO/NiO bilayer photocatalysts, PA varied 
greatly depending on the NiO deposition temperature. The higher the 
deposition temperature of NiO was, the higher the PA value was 
(Fig. 2c). The highest degradation efficiency of 30 % was achieved by 
the ZnO/NiO bilayer heterostructure with NiO grown at 500 ◦C (labeled 
ZnO/NiO(500) in Fig. 2c), in contrast to the value of 26 % for the ZnO 
film. Annealing at 600 ◦C improved the degradation efficiency of ZnO/ 
NiO bilayer heterostructures when NiO was grown in the range of 
350–450 ◦C, as presented in Table 2. However, no changes in degrada
tion efficiency were observed for NiO grown at 500 ◦C. 

According to the MB photodegradation results, the ZnO/NiO bilayer 
heterostructure with NiO grown at Ts = 500 ◦C showed the highest 
degradation efficiency and rate, which also exceeded the PA of the ZnO 
as-grown film. Annealing of bilayer structures at 600 ◦C enhances the 
degradation efficiency compared to their untreated counterparts; how
ever, no improvement in the PA of ZnO/NiO(500) bilayer hetero
structures was observed. One possible reason for this phenomenon could 
be the unoptimized thickness of the NiO layer in the ZnO/NiO bilayer 
heterostructures. Thus, we further aimed to study the effect of NiO shell 
thickness on the PA of ZnO/NiO core-shell heterostructures, as will be 
discussed in the next section. 

3.3. ZnONR/NiO core-shell heterostructures: effect of NiO shell thickness 

To take advantage of the high surface active area of nanostructured 
layers [38], ZnONR was used as the building block for ZnONR/NiO 
core-shell heterostructures. The thickness of the NiO shell on ZnONR was 
varied by changing the number of spray cycles (1, 2, or 4 cycles). The 
deposition temperature of NiO was set at 500 ◦C according to the results 
obtained in Section 3.2. 

SEM images of the surface of ZnONR and ZnONR/NiO core-shell 
heterostructures are presented in Fig. 3a. The ZnONR layers are 
composed of hexagonally shaped elongated ZnO crystals with an 
average diameter of ca. 100 nm. The ZnONR/NiO core-shell hetero
structure produced from 10 mM Ni(acac)2 solution with 2 spray cycles 
reveals coverage by ZnONR crystals with dots of fine-grained NiO. 
However, upon decreasing the concentration of Ni(acac)2 solution from 
10 mM to 5 mM, more uniform, denser and smoother coverage, hardly 
distinguishable on ZnONR (Fig. 3a), was formed. It should be added that 
no diffraction peaks characteristic of NiO were detected in the XRD 
pattern of the ZnONR/NiO core-shell heterostructure (Fig. S1). Thus, 
5 mM Ni(acac)2 solution was used to deposit NiO onto ZnONR to form a 

Fig. 2. (a) XRD patterns of NiO film deposited onto glass substrate at Ts = 500 ◦C and ZnO/NiO(500) bilayer heterostructure. (b) I-V curve of ZnO/NiO bilayer on 
ITO/glass (NiO was deposited at Ts = 500 ◦C using 12 spray cycles, ZnO/NiO bilayer was annealed at Tan=600 ◦C for 1 h in air). (c) Degradation curves of MB by as- 
deposited samples under UV-B illumination: NiO films (Ts =350–500 ◦C) on glass, ZnO film on glass, and ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450), ZnO/NiO 
(500) bilayer heterostructures (number in bracket shows the NiO layer deposition temperature). NiO was deposited from 10 mM Ni(acac)2 in ethanol solution. 

Table 2 
Degradation efficiencies of MB and degradation rate constants (k) obtained with 
as-deposited samples and samples annealed at Tan= 600 ◦C in air for 1 h: NiO 
films (Ts =350–500 ◦C); ZnO film; and ZnO/NiO bilayer heterostructures with 
NiO grown at Ts = 350, 400, 450 and 500 ◦C. NiO was deposited from 10 mM Ni 
(acac)2 in ethanol solution.  

Sample Degradation efficiency (%) k × 10− 3 (min− 1) 

As-dep Tan= 600 ◦C As-dep Tan= 600 ◦C 

NiO film 1 2 – – 
ZnO film 26 32 1.49 2.04 
ZnO/NiO(350) 8 13 0.45 0.77 
ZnO/NiO(400) 15 20 0.75 1.12 
ZnO/NiO(450) 21 26 1.17 1.45 
ZnO/NiO(500) 30 30 1.65 1.83  
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ZnONR/NiO core-shell structure. 
The MB photocatalytic degradation curves for the as-deposited 

ZnONR/NiO core-shell heterostructures and their components, NiO 
films and ZnONR, are shown in Fig. 3b, and the corresponding degra
dation efficiencies and k values are summarized in Table 3. 

Independent of the number of spray cycles, the NiO films showed a 
negligible degradation efficiency of ca. 1 %. Compared to the ZnO film 
(Table 2), ZnONR showed nearly twice the MB degradation efficiency, 
with a value of 48 % (Table 3), which can be explained by the higher 
active surface area of the nanorod layer but may also imply contribu
tions from different surface chemical components [39]. Moreover, 
ZnONR/NiO core-shell heterostructures with NiO thicknesses corre
sponding to 1 or 2 spray cycles exhibited degradation efficiencies of 60 
% and 64 %, respectively, which were higher than the degradation ef
ficiency of 48 % obtained by bare ZnONR. A thicker NiO layer (corre
sponding to 4 spray cycles) in the ZnONR/NiO core-shell heterostructure 

significantly decreased the degradation efficiency from 64 % to 44 %, 
showing that it is extremely important to optimize the shell layer 
thickness. 

Similar to the bilayers (Section 3.2), postdeposition annealing at 
600 ◦C was applied to the ZnONR/NiO core-shell heterostructures. 
Annealing resulted in enhancement of MB degradation efficiency, as 
summarized in Table 3. For instance, the MB degradation efficiency by 
ZnONR/NiO(2) increased from 64 % to 70 %. Thus, annealing is an 
important procedure to improve the material properties and quality of 
heterojunctions. 

It is worth mentioning that several research groups have reported the 
advantages of core-shell heterostructure photocatalysts. Periyannan 
et al. [11] reported that a ZnONR/NiO core-shell heterostructure ob
tained by sputtering NiO on hydrothermally grown ZnONR exhibited a 
rhodamine-B degradation efficiency of 58 % under UV light in 3 h, in 
contrast to 54 % for bare ZnONR. For an alternative ZnONR/CuxO 
core-shell heterostructure, Montero et al. [10] showed a 65 % degra
dation efficiency towards orange II dye under UV light in 3 h, in contrast 
to 55 % for bare ZnONR. 

The k values before and after annealing at 600 ◦C are presented in 
Table 3. For the best-performing ZnONR/NiO(2) sample, the k value of 
7.21 × 10− 3 min− 1 was 1.7 times higher than that of bare ZnONR. 

For practical applications, photocatalysts must be reliable and stable. 
Thus, a reusability test of MB photodegradation by ZnONR and the 
ZnONR/NiO(2) core-shell heterostructure was performed, and the results 
are presented in Fig. 3c. The measurements were repeated ten times, and 
for each measurement point, three parallel samples were used. The re
sults show high reproducibility and stability since both ZnONR and the 
ZnONR/NiO(2) core-shell heterostructure still showed MB degradation 
efficiencies of ca. 44–50 % and ca. 61–66 %, which are comparable to 
the initial values. 

Fig. 3. (a) SEM images of ZnONR, ZnONR/NiO 
core-shell heterostructures with NiO from 
10 mM and 5 mM Ni(acac)2 solution using 2 
spray cycles. (b) Degradation curves of MB by 
as-deposited samples under UV-B illumination: 
NiO films (1, 2, and 4 spray cycles) on glass, 
ZnONR, and ZnONR/NiO(1), ZnONR/NiO(2), 
ZnONR/NiO(4) core-shell heterostructures; NiO 
in ZnONR/NiO(1), ZnONR/NiO(2), and ZnONR/ 
NiO(4) was deposited at Ts = 500 ◦C from 
5 mM Ni(acac)2 in ethanol solution using 1, 2, 
and 4 spray cycles, respectively. (c) Reusability 
test of photodegradation of MB by ZnONR and 
the ZnONR/NiO(2) core-shell heterostructure.   

Table 3 
Degradation efficiencies of MB and degradation rate constants (k) by as- 
deposited samples and samples annealed at Tan= 600 ◦C in air for 1 h: NiO 
films; ZnO nanorods (ZnONR); and ZnONR/NiO core-shell heterostructures with 
NiO from 1, 2 and 4 spray cycles. NiO was deposited at Ts = 500 ◦C from 5 mM 
Ni(acac)2 in ethanol solution.  

Sample Degradation efficiency (%) k × 10− 3 (min− 1) 

As-dep Tan= 600 ◦C As-dep Tan= 600 ◦C 

NiO films 1 2 – – 
ZnONR 48 53 3.42 4.13 
ZnONR/NiO(1) 60 65 5.01 5.66 
ZnONR/NiO(2) 64 70 5.51 7.21 
ZnONR/NiO(4) 44 50 2.91 3.77  
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3.4. XPS analysis of ZnONR/NiO core-shell heterostructures 

XPS analysis was applied to prove the presence of NiO on the surface 
of ZnONR and to gain an understanding of the surface chemical 
composition of ZnONR− 600, ZnONR/NiO(2)− 600, and ZnONR/NiO(4)−
600. The Zn 2p3/2, Ni 2p, and O 1s core-level spectra of these samples are 
presented in Fig. 4(a), (b), and (c), respectively. The binding energy (BE) 
of Zn 2p3/2 of ZnONR-600 was centered at 1020.7 eV (Fig. 4a), corre
sponding to the reported BE value of Zn 2p3/2 from ZnO [40,41]. 
Compared to the result for ZnONR-600, the Zn 2p3/2 peak intensity was 
significantly decreased for the samples where NiO was deposited onto 
ZnONR using two (ZnONR/NiO(2)− 600) or four spray cycles (ZnONR/
NiO(4)− 600). The peaks at BEs of 852.5 ± 0.3 eV and 870.9 ± 0.3 eV in 
the spectra of ZnONR/NiO(2)− 600 and ZnONR/NiO(4)− 600 are 
commonly assigned to Ni 2p3/2 and Ni 2p1/2 of NiO, respectively 
(Fig. 4b) [20]. The XPS spectra also confirmed that NiO was present on 
the surface of ZnONR, although NiO was not detected by XRD due to the 
low film thickness and can hardly be seen in the SEM image (Fig. 2a). 

In the analysis of the O1s spectra of ZnONR− 600, the best fit was 
achieved involving three peaks positioned at BEs of 530.2 eV, 531.8 eV 
and 532.9 eV, assigned to Zn-O bonds, surface hydroxyl groups (OH–), 
and surface H2O, respectively [33,39,42]. After covering the nanorods 
with NiO, a new contribution in the O 1s spectra was revealed at a BE of 
528.8 ± 0.1 eV, characteristic of Ni-O bonds [20,43]. 

It is worth noting that for the ZnONR/NiO(2)− 600 and ZnONR/NiO 
(4)− 600 heterostructures, the BE of Zn 2p3/2 shifted by 0.9 eV and 
1.1 eV, respectively, towards lower values compared to the BE of Zn 2p3/ 

2 of ZnONR− 600, positioned at 1020.7 eV (Fig. 4a, Table 4). Different 
reports can be found in the literature about the shift in the BE of Zn 2p 
emission as a result of ZnO coating with NiO forming a heterostructure. 
A similar shift in Zn 2p3/2 to a lower BE was observed for the ZnONR/NiO 
core-shell heterostructure prepared by Periyannan et al. [11]. In that 
study, a Zn 2p3/2 peak shift of 1.1 eV to lower BE values compared to 
that in pristine ZnONR was detected. In contrast, Tian et al. [44] reported 
that for a ZnO/NiO nanocomposite, the Zn 2p3/2 BE shifted by 0.6 eV to 

a higher energy compared to that of ZnO. Zhang et al. [26] also observed 
a Zn 2p3/2 BE shift of 0.9 eV to a higher energy for a ZnO/NiO nanofiber 
structure compared to the corresponding value for ZnO nanofibers. 
Although ZnO/NiO heterostructures were characterized in all these 
studies, the obtained results are contradictory to some extent. Our re
sults seem to support those reported by Periyannan et al. [11] rather 
than those reported by Tian et al. [44] and Zhang et al. [26]. 

To gain more clarity, the ZnLMM Auger spectra of ZnONR− 600, 
ZnONR/NiO(2)− 600 and ZnONR/NiO(4)− 600 were analyzed. The ki
netic energy of ZnLMM and Auger parameter results are presented in 
Table 4. 

The most striking result of this analysis is the observation of a 
1.9–2.0 eV difference between the modified Auger parameter values of 
pristine ZnONR and ZnONR/NiO heterostructures. Although the afore
mentioned BE shift observed by XPS has been related to the formation of 
heterojunctions, the changes in the Auger parameter confirm the exis
tence of a built-in electric field at the heterojunction interface. 

3.5. Band diagram of the ZnONR/NiO core-shell heterostructure and MB 
degradation mechanism 

To understand the mechanism of photocatalytic degradation by 
ZnONR/NiO core-shell heterojunctions, the energetic diagram was 
evaluated by combining KP and PYS analysis data. The work functions of 
ZnONR− 600 and ZnONR/NiO(2)− 600 were measured in the dark, and 
the results are presented in Fig. 5a. The measured work functions of 
ZnONR− 600 and ZnONR/NiO(2)− 600 showed constant mean values 
within standard deviations of ± 2 meV, indicating stable surface elec
tronic properties related to the surface chemical stability [35]. The work 
function was 4.42 eV for ZnONR− 600 and 4.70 eV for ZnONR/NiO(2)−
600. The higher work function value for ZnONR/NiO(2)− 600 than 
ZnONR− 600 proves the presence of the NiO thin film on the surface of 
ZnONR. 

The ionization energy (Ei) of ZnONR− 600 and ZnONR/NiO(2)− 600 
was measured by PYS. The PYS spectra are presented in Fig. 5b and c, 
respectively, and the Ei values are summarized in Table 5. The ionization 
energy is 6.29 eV for ZnONR− 600 and 5.40 eV for ZnONR/NiO(2)− 600. 
To draw the band diagram of the ZnONR/NiO heterojunction, the 
valence band maximum (EVBM) relative to the Fermi level (EF) was 
calculated as the difference between the work function (Φ) and ioniza
tion energy (Ei), EVBM = Φ – Ei, since Φ defines the EF position relative to 
the local vacuum level and Ei is measured relative to the same local 
vacuum level. [35]. The conduction band minimum (CBM) was calcu
lated as ECBM = EVBM + Eg by using the bandgaps of the hydrothermally 
grown ZnONR (3.27 eV) [33] and USP-grown NiO (3.70 eV, Table 1). 
With the known VBM and CBM positions, the energy band diagram of 
the ZnONR/NiO heterostructure could be drawn as shown in Fig. 5d. 
Thus, the energy band diagram shows n-type conductivity for ZnONR and 
p-type conductivity for the NiO film, which agrees with the results of the 
hot probe measurements in Section 3.2. In addition, rectifying 
current-voltage behavior is predicted. 

It is worth mentioning that in most PA studies, the formation of ZnO/ 
NiO heterojunctions is proposed based on PA results rather than relying 
on the real energetic parameters of the heterostructure [8,13,18,23,25]. 
For instance, Thampy et al. [18] claimed that the increased MB degra
dation efficiency by ZnO/NiO nanoparticles is due to the formation of 
ZnO/NiO heterojunctions. Additionally, Hameed et al. [8] compared 
only the MB degradation efficiencies obtained with ZnO/NiO nano
particles and their single components and concluded that ZnO/NiO 
heterojunction formation was responsible for the difference. Tian et al. 
[13] and Liu et al. [25] studied the degradation of methyl orange by 
ZnO/NiO particles and similarly concluded that the formation of a 
ZnO/NiO heterojunction was responsible, based only on the PA results. 
The band diagram was drawn based on compiled parameters from the 
literature [13,18,23,25]. However, none of the abovementioned studies 
provided experimentally measured energetic parameters. Thus, the 

Fig. 4. XPS core-level spectra from ZnONR− 600, ZnONR/NiO(2)− 600, and 
ZnONR/NiO(4)− 600: (a) Zn 2p3/2, (b) Ni 2p, (c) O 1s. NiO in ZnONR/NiO(2)−
600 and ZnONR/NiO(4)− 600 was deposited at Ts = 500 ◦C from 5 mM Ni 
(acac)2 in ethanol solution using 2 and 4 spray cycles, respectively. All the 
samples were annealed at 600 ◦C for 1 h in air. 
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Table 4 
Binding energy (BE) of the O 1s, Ni 2p, Zn 2p3/2 core levels, kinetic energy of ZnLMM, and the modified Auger parameter (α’) for ZnONR− 600, ZnONR/NiO(2)− 600, and 
ZnONR/NiO(4)− 600. NiO in ZnONR/NiO(2)− 600 and ZnONR/NiO(4)− 600 was deposited at Ts = 500 ◦C from 5 mM Ni(acac)2 in ethanol solution using 2 and 4 spray 
cycles, respectively. All the samples were annealed at 600 ◦C for 1 h in air.  

Sample name BE (eV) KE (eV) α’ (eV) 

O 1s Ni 2p3/2 Ni 2p1/2 Zn 2p3/2 ZnLMM 

ZnO OH H2O NiO     

ZnONR− 600 530.2 531.8 532.9 – – – 1020.7 988.5 2009.2 
ZnONR/NiO(2)− 600 530.3 531.8 – 528.9 852.5 870.9 1019.8 987.4 2007.2 
ZnONR/NiO(4)− 600 530.2 531.4 – 528.8 852.2 870.6 1019.6 987.9 2007.3  

Fig. 5. (a) Time-dependent work function of ZnONR− 600 and ZnONR/NiO(2)− 600. (b) Photoelectron yield spectrum of ZnONR− 600. (c) Photoelectron yield 
spectrum of ZnONR/NiO(2)− 600. (d) Energy band diagram of ZnONR/NiO heterojunction. (e) Influence of •OH, •O2

− and h+ scavengers on the MB degradation 
efficiency by ZnONR− 600. (f) Influence of •OH, •O2

− and h+ scavengers on the MB degradation efficiency by ZnONR/NiO(2)− 600. NiO in ZnONR/NiO(2) hetero
structure was deposited at Ts = 500 ◦C from 5 mM Ni(acac)2 in ethanol solution using 2 spray cycles. All the samples were annealed at Tan= 600 ◦C for 1 h in air. 
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band diagram of the ZnONR/NiO heterojunction based on directly 
measured experimental data (Fig. 5d) and the photocatalytic degrada
tion mechanism was proposed here. 

Following the classical concept of heterojunction formation [45], 
electrons transfer from ZnO to NiO and holes transfer from NiO to ZnO 
until the system reaches thermodynamic equilibrium and an inner 
electric field forms at the heterointerface. When the ZnO/NiO hetero
structure is irradiated by UV light, electron–hole pairs are generated in 
both ZnO and NiO, and electrons from the valence band (VB) can be 
excited to the conduction band (CB) in both materials with the simul
taneous formation of the same number of holes in the VB. However, our 
experimentally proven band alignment for the p-NiO/n-ZnO hetero
junction (Fig. 5d) supports the transfer of photogenerated electrons from 
the CB of NiO to the CB of ZnO and the transfer of photogenerated holes 
from the VB of ZnO to the VB of NiO, indicating that the electrons and 
holes are efficiently separated. The electrons from ZnO and holes from 
NiO are injected into the reaction medium and participate in chemical 
reactions to degrade different organic pollutants. The electrons interact 
with dissolved O2 molecules and produce superoxide radical (•O2

− ). The 
photogenerated holes are trapped by OH− , forming hydroxyl radical 
species (•OH). 

To verify the role of •OH, •O2
− and h+ in the photodegradation pro

cess, MB photodegradation measurements were performed in the pres
ence of different scavengers (such as tert-Butanol as •OH scavenger, p- 
Benzoquinone as •O2

− scavenger, and ammonium oxalate as h+ scav
enger). The results of the test are presented in Fig. 5e and f. Both ZnONR- 
600 and ZnONR/NiO(2)− 600 exhibited lower degradation efficiency of 
MB in the presence of •OH, •O2

− and h+ scavengers compared to that 
measured without adding a scavenger, indicating the active role •OH 
and •O2

− species, as well as the role of the photogenerated carriers 
responsible for the generation of related radicals. The impact of the 
latest one is well supported by the enhanced photocatalytic activity of 
ZnONR/NiO heterojunction (compared to ZnONR alone, Fig. 5e) in which 
the photogenerated carriers are efficiently separated towards the surface 
and transferred to reactive surface sites. The reduced degradation effi
ciency of MB by ZnONR/NiO(2)− 600 in the presence of the ammonium 
oxalate as h+ scavenger (Fig. 5f) suggests that the photogenerated holes 
are efficiently transferred towards the surface of NiO shell contributing 
to the degradation efficiency of MB through the formation of •OH 
radicals. 

This study clearly demonstrated that the efficient separation of 
charge carriers at the ZnONR/NiO heterointerface boosts the photo
catalytic performance. 

4. Conclusions 

In this study, we demonstrated for the first time that homogeneous 
crystalline films of NiO with cubic structure can be successfully grown 
on glass substrates by employing a robust ultrasonic spray technique and 
nickel acetylacetonate as a source material. Increasing the deposition 
temperature from 350 to 500 ◦C increased the NiO film thickness from 
ca. 30 to ca. 70 nm, and the mean crystallite size increased from ca. 17 to 
ca. 30 nm. Post-deposition annealing of as-grown films at 600 ◦C in air 
slightly increased the mean crystallite size. The films exhibited a direct 

bandgap value of 3.7 eV after annealing. 
NiO layers were applied to ZnO films and ZnO nanorods to fabricate 

ZnO/NiO bilayer and ZnONR/NiO core-shell heterostructures for which 
optimal preparation temperature and thickness were found. The pho
tocatalytic degradation of MB by the NiO film, ZnO film, ZnONR, ZnO/ 
NiO bilayer, and ZnONR/NiO core-shell heterostructure was analyzed 
under ultraviolet irradiation for 180 min. While the ZnONR showed a 
reasonable degradation efficiency of 48 %, NiO alone exhibited a 
negligible performance of 1–2 %. The record degradation efficiency of 
70 % was achieved by ZnONR/NiO core-shell heterostructure, with 
optimized NiO shell thickness from two spray cycles, deposition tem
perature of 500 ◦C, and post-deposition air treatment at 600 ◦C. 

Current-voltage characteristics of ZnO/NiO bilayer indicate the for
mation of rectifying behavior between n-type ZnO and p-type NiO film, 
being an approval of p-n junction formation. XPS analysis confirmed the 
formation of NiO shell on ZnO core and showed a 1.9–2.0 eV difference 
in modified Auger parameter between ZnONR and ZnONR/NiO core-shell 
heterostructure, validating the presence of built-in electric field at the 
interface. A type-II band diagram between NiO and ZnONR is proposed 
based on Kelvin probe and photoelectron yield spectroscopy measure
ments. Based on these results, the degradation mechanism of MB is 
discussed in which the built-in electric field at the heterointerface 
stimulated the enhanced photocatalytic activity. 

To our knowledge, the achieved photocatalytic activity is the highest 
reported for the degradation of MB, employing ZnONR/NiO core-shell 
heterojunction concept. A similar ZnONR/NiO core-shell hetero
junction photocatalyst was applied in one recent study [11], however, 
the degradation efficiency of 58 % was reported for a Rhodamine B 
pollutant. Our study provides an advanced and feasible proof of concept 
design for cost-effective heterojunction photocatalysts. Further research 
efforts on optimization of the related material and interfaces will allow 
subsequent improvement of photocatalytic activity and deployment of 
the device for wider range of pollutants. 
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Table 5 
Work function (Φ), ionization energy (Ei) and the energy difference between the 
Fermi level (EF) and valence band maximum (EVBM) of ZnONR− 600 and ZnONR/ 
NiO(2)− 600. NiO was deposited at Ts = 500 ◦C from 5 mM Ni(acac)2 in ethanol 
solution using 2 spray cycles. Both samples were annealed at 600 ◦C for 1 h in 
air.  

Sample Φ ( ± 0.04 eV) Ei ( ± 0.03 eV) EF − EVBM ( ± 0.05 eV) 

ZnONR− 600 4.42 6.29 -1.87 
ZnONR/NiO(2)−

600 
4.70 5.41 -0.71  
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