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 In this paper, n-p CuO/CeO2ZrO2 heterojunction photocatalysts with different 

concentrations of p-CuO were prepared by an auto solution combustion 

method. The structural and optical properties of the photocatalyst were 

characterized by X-ray powder diffraction (XRD), X-ray spectrum (EDS), 

scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), 

Brunauer-Emmett-Teller (BET) and UV–vis diffuse reflectance spectroscopy 

(DRS). The photocatalytic activity of the photocatalyst was evaluated by the 

degradation of an aqueous azo dye acid orange 7 (AO7) solution. Experiments 

were carried out to asset the effect of n-CuO loaded on the n-CeO2ZrO2 

photocatalytic properties and determine the adsorption potential of azo dye 

on p-CuO/n-CeO2ZrO2 at different pH values. Potential degradation pathway 

for photocatalytic degradations has been proposed using some radical 

scavengers to evaluate intermediates. Under similar visible light conditions, 

the photodegradation rate of dye catalyzed by p-n CuO/ CeO2ZrO2 was much 

faster than that of n-type CeO2ZrO2. The sample with a p-n CuO/CeO2ZrO2 

ratio of 0.021 presented the best photocatalytic activity, which was 35% higher 

than that of n-CeO2ZrO2. 
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1. Introduction 

Wastewaters containing dyes generated from 

textile industries are regarded as a major source of 

environmental pollution, owing to the large 

volumes, complex composition and resistance to 

biodegradation of the effluents  [1]. The majority of 

synthetic dyes currently used in the industry are azo 

dyes and their derivatives because they are highly 

stable during washing, lightfast and not 

susceptible to degradation under natural 

conditions   [2]. Azo dyes cause public health 

problems due to benzidine and aromatic rings 

which are contained within their structures, known 

carcinogens   [3]. Among monoazo dyes acid orange 

7 is the most commonly used anionic dye because 

it is water soluble, inexpensive and dyes rather 

quickly in weak acidic solution. Because of these 

properties, it is extensively used for dying a variety 
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 of materials such as nylon, aluminum, detergents, 

cosmetics, wool and silk   [4,5]. AO7 is highly toxic, 

and its ingestion can cause eye, skin, mucous 

membrane, and upper respiratory tract irritations; 

severe headaches; dizziness; nausea; and loss of 

bone marrow leading to anemia. Its consumption 

can also prove fatal, as it is carcinogenic in nature 

and can lead to tumors   [6-8]. As a result, textile 

dyes in wastewaters must be treated and decolored 

using efficient and effective methods before being 

discharged into the environment. Heterogeneous 

photocatalysis assisted by various semiconductors 

has been considered as a cost-effective alternative 

as a pre- or post-treatment of biological treatment 

processes for the purification of dye-containing 

wastewater   [9-11].  Among various metal oxide 

semiconductors, ZrO2 (n-type) are widely used in a 

variety of technological fields owing to its unique 

photocatyalytic efficiency, nontoxidcity, low cost 

and high stability   [12]. One obstacle to its effective 

utilization is the inefficient use of solar energy; less 

than 5% (UV light) of the sunlight can be absorbed 

by this photocatalyst. A simple and interesting 

approach to extend the catalyst absorption toward 

visible region is coupled semiconductors   [13].  

Cerium dioxide (CeO2) catalysts have attracted 

much attention due to their high efficiency in 

visible light utilization. It is an n-type 

semiconductor with a relatively narrow band gap 

energy of 2.7 and 3.4 ev depending on the 

preparation technique   [14]. It is extensively used  

as a technically important material in the 

application of water gas shift, solid oxide fuel cells, 

catalysis, oxygen sensors, glass polishing 

materials, ultraviolet absorbents, and 

photocatalyst for degradation of organic 

contaminants   [15-17]. But the broad band gap 

energy and the electronic potential position in the 

conductance and valence bands of this material 

seriously limit its further application as a 

photocatalyst utilizing solar energy. A combination 

of two semiconductors with different gap level 

energies of type n-n junction (n-n CeO2ZrO2) 

exhibited better photocatalytic properties than 

single ones (n-ZrO2). However, many strategies are 

commonly used to extend the spectral 

photoresponse of semiconductors such as doping 

with transition metals, dye sensitization and 

anionic doping. Besides, another promising idea is 

to couple them with narrow band gap 

semiconductors   [18]. Because of its narrow band 

gap energy of 1.2-1.5 ev, as well as its catalytic, 

optical, electrical, and thermal properties, CuO (p-

type) was chosen as a sensitizer semiconductor, it 

also has physical properties including 

superconductivity at high temperatures    [19-21]. 

When CuO of p-type loading on the CeO2ZrO2 of n-

type can form p–n junction photocatalyst; the inner 

electric field will also be produced in the interface. 

Once optical excitation occurs, a free electron (e-) 

and an electronic vacancy (h+) are formed, 

separated, and migrated effectively in a 

semiconductor being partially localized to the 

structural defective centers of its crystalline lattice ; 

hence improving the electrical properties of the 

semiconductor system   [22]. In this work, the effect 

of p-CuO loading on the n-CeO2ZrO2 photocatalytic 

properties prepared by the process of solution 

combustion was studied. n-p CuO/CeO2ZrO2 was 

analyzed by (XRD), X-ray spectrum (EDS), 

scanning electron microscopy (SEM), X-ray 

photoelectron spectroscopy (XPS), Brunauer-

Emmett-Teller (BET), and UV–Vis diffuse reflection 

spectrum (DRS). The effects of operational pH and 

amount of catalyst were investigated on the 

decolorization of azo dye. The n-p CuO/CeO2ZrO2 

showed high photoactivity towards the 

degradation of azo dye and to be a promising 

alternative for dye containing wastewater 

treatment under visible light irradiation.  The 

possible mechanisms of p–n junction formation 

and separation in photoexcited electron and hole 

were also investigated. 

2. Materials and methods 

2.1. Materials  

Copper (II) Nitrate Trihydrate (Cu(NO3)2.3H2O), 

Cerium (III) nitrate hexahydrate (Ce(NO3)3.6H2O), 

Zirconyl nitrate (ZrO(NO3)2), ammonia, glycine, 

hydrochloric acid and sodium hydroxide. All of the 

chemicals were used without being purified further. 

Throughout the research, deionized water was 

used. 

2.2. Photocatalysts preparation 

The auto solution combustion process was used to 

synthesize p-n CuO/CeO2ZrO2 heterojunction 

photocatalysts using glycine as fuel at 400 °C. In 
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 the percentage synthesis of 0.00, 0.02, 0.04, 0.06 

and 0.08  M respectively of copper (II) nitrate 

trihydrate Cu (NO3)2.3H2O, 0.3  M of cerium (III) 

nitrate hexahydrate Ce(NO3)3.6H2O and 0.3  M of 

zirconyl nitrate ZrO(NO3)2.H2O, the stoichiometric 

composition of the solution mixtures (oxidizer and 

fuel) was measured in 10 ml of distilled water for 

each of each solution. The solutions were carefully 

combined by stirring well at room temperature for 1 

hour to create an adsorption balance. Then, 0.1  M 

glycine (NH2CH2COOH) was separately dissolved in 

20  ml of distilled water and added drop by drop 

under continuous stirring at 80 °C to the mixture. In 

order to adjust the pH to 7, a small amount of 

ammonia was used. The viscous blue colour of the 

gel was produced after 40 minutes. The gel 

temperature was increased to 200 °C and the 

process of auto ignition began and the final 

product was collected as an ash precipitate. The 

product was thoroughly washed for 5 minutes with 

ethanol, followed several times by distilled water, 

and centrifuged at 6,000 rpm. The collected 

product was dried for 120 minutes in a vacuum 

desiccator oven at 60 °C. Finally, the sample was 

ground into a pestle mortar and heated for 4 h in a 

muffle furnace in a crucible at 400 °C  [23,24]. 

2.3. Photocatalyst characterization techniques 

The powder crystal structures were characterized 

by X-ray diffraction (XRD, Proto, Canada) 

experiments of Cu Ka radiation were at room 

temperature. The X-ray spectrum (EDS) energy 

dispersive technique using (JSM-IT300, JEOL, 

Japan) were used to characterize the elemental 

composition. The morphology of the photocatalyst 

was inspected operating at 10 kV using SEM German 

LEO-1530 VP electron microscope. The catalyst's 

surface area of the Brunauer-Emmett-Teller (BET) 

was estimated to determine nitrogen adsorption at 

77K (Quantachrome Autosorb-1model). X-ray 

photoelectron spectroscopy (XPS) was conducted 

on the Axis Ultra DLD. V. UV-vis absorption spectra 

were recorded on the SHIMADZU UV-3600 

spectrometer. 

2.4. Evaluation of photocatalytic activity 

In order to assess the photocatalytic activity of 

degradation azo by p-n heterojunction 

photocatalysts CuO/ CeO2-ZrO2 under visible light 

radiation. The photocatalyst was separately 

distributed into an aqueous solution (100 ml) of azo 

dye (25 mg/L) at different concentrations. For 30 

minutes in darkness, the suspension was well 

stirred to reach the adsorption equilibrium. The 

mixture was magnetically stirred under visible light 

irradiation. At regular intervals, the samples of 10 

ml were collected from the suspension and 

centrifuged at 5000 rpm for 10 min. The 

concentration of aqueous azo dye was determined 

by using a UV-vis spectrophotometer (Shanghai 

UV-722). It showed the photocatalytic degradation 

rated (Ct/C0) of the dye on the p-n junction 

CuO/CeO2 ZrO2 and n-CeO2 ZrO2 photocatalysts, 

where Ct and C0 referred to the equilibrated and the 

original dye concentrations. 

3. Results and discussion 

3.1. Photocatalytic materials characterization 

X-ray diffraction (XRD) was investigated the 

crustal structure of p-CuO/n-CeO2-ZrO2 

heterojunction photocatalysts prepared with 

various Cu (NO3)2.3H2O concentrations. All the 

diffraction peaks for CeO2ZrO2 on the 2θ scale at 

28.6°(111), 33.2°(200), 47.5°(220), 56.4°(311), and 

59.2°(203) planes shown in Figure 1 tetragonal, 

monoclinic phase of ZrO2 along with the CeO2 

fluorite phase is clearly exhibited. Additional 

phases such as Cu, CuO, Cu2O cannot be found in 

all samples that were too tiny to be detected by 

XRD (less than 3 nm) or well scattered on the n-

CeO2ZrO2 photocatalyst assigned to Cupric oxide 

particles   [25,26]. Also, the observed that the 

intensity of photocatalyst diffraction peaks 

increased with the amount of insertion of Cu 

(NO3)2.3H2O. According to the JCPDS results, all 

diffraction peaks can be identified and assigned 

(#43-1002 for CeO2 and #81-1544 for t-ZrO2 and 81-

1314 for m-ZrO2). The crystallography was 

examined by determining the average crystal size 

of the synthesized nanoparticles using Derby 

Scherer’s equation. The sample’s crystal size was 

estimated through the full width of the half 

maximum intensity (FWHM) of mean reflectance 

(111) peak of the XRD patterns.  

D =
0.9

cos
 (1) 

where D represents the crystalline size (nm), β 

signifies the diffraction line’s entire width at half of 

the maximum intensity that is computed in 
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 radians, λ denotes the X-ray wavelength of Cu Kα= 

0.154 nm and θ represents the Bragg angle. Table 1 

demonstrates the crystal size in the 6.9-8.3 nm 

range. 

 
Fig. 1 XRD patterns of the CuO/CeO2ZrO2 heterojunction 

photocatalysts prepared with different concentrations 

of Cu (NO3)2.3H2O solutions: (a) n-CeO2ZrO2 (b) 0.02 M, 

(c) 0.04 M, (d) 0.06 M and (e) 0.08 M. 

EDX technique was used to check the existence and 

importance of CuO in the Cu/CeO2ZrO2 

nanoparticles since CuO cannot be detacted by 

XRD. The spectra and atomic composition of 

CuO/CeO2ZrO2 nanoparticles were presented in 

Figure 1 and Table.1. Equivalent peaks of elements 

(Cu, Ce, Zr and O) generated in the sputtered 

sample affirmed the present of CuO/CeO2ZrO2 

nanoparticles.   The ratio of CuO to CeO2ZrO2 in 

composites (0.02, 0.04, 0.06 and 0.08 M) were 

determined to be 0.014, 0.018, 0.021 and 0.025, 

which increase with Cu (NO3)2.3H2O 

concentrations. The outcome also shows that the 

CuO content dispersed on CeO2ZrO2 particles is so 

small that it is impossible to strongly crystalline. 

The morphology of CuO/CeO2ZrO2 catalyst 

prepared with 0.06 M Cu (NO3)2.3H2O was 

investigated by SEM micrographs. Figure 3b. shows 

the image of small particles with a uniform 

distribution is adhere to the CeO2ZrO2 

nanoparticles. The small particles are considered to 

be CuO. The particles sizes were in the range of 8–

15 nm and in good accord with X-ray diffraction 

analysis. XPS was used to verify p-CuO on the 

surface of the n-CeO2ZrO2 particles. The Cu 2p, Ce 

3d, O 1s, C 1s, and Zr 3d peaks validate the presence 

of Cu, Ce, O, C, and Zr from the survey spectrum 

(Figure 3a). The presence of the tiny C 1s peak 

comes from atmospheric pollution and adsorbed 

impurities. In the binding energies of 952.9 and 

932.9 eV, respectively, the peaks of Cu 2p1/2 and Cu 

2p3/2 appear from (Figure 3b), which also suggests 

the presence of CuO, because Cu 2p1/2 and Cu 2p3/2 

shake up intensively at binding energies of 961.9 

and 942.0 eV, respectively, which are the 

characteristic peaks of CuO  [27,28] . 

Table.1. Elemental composition, textural properties and size of heterojunction photocatalysts p-CuO/n-CeO2ZrO2  

Samples are prepared with different concentrations of (Cu (NO3)2.3H2O): (1) 0,00(2) 0.02, (3) 0.04, (4)0.06 and (5) 

0.08 M.   

Sa 
Ce 

(wt%) 

Zr 

(wt%) 

Cu 

(wt%) 

O 

(wt%) 

C 

(wt%) 
CuO/CeO2ZrO2 

BET surface 

area(m2/g) 

Pore 

diameter 

(Å) 

Pore 

volume 

(cm3/g) 

Crystallite 

size (nm) 

1 - - - - - - 70 257 0.51 7.2 

2 31.53 14.45 2.11 29.70 22.21 0.014 66 96 0.56 7.09 

3 30.08 14.98 3.05 29.50 23.39 0.018 65 116 0.29 6.39 

4 30.88 14.20 3.46 29.31 23.15 0.021 64 139 0.18 8.6 

5 32.93 12.81 4.27 29.54 20.45 0.025 58 189 0.17 7.6 
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Fig.2 (a) EDS analysis and (b) SEM image of  p-n CuO/CeO2ZrO2 heterojunction photocatalyst prepared with 0.06 M 

Cu (NO3)2.3H2O. 

 

  

Fig.3. The survey (A) and Cu 2p3/2 (B) XPS spectra of the n-CuO/p-CeO2ZrO2 composite prepared with 0.06 M Cu 

(NO3)2.3H2O. 
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 3.1.1. Textural properties 

The nitrogen adsorption-desorption isotherms are 

the same in all synthesised oxides (n-CeO2ZrO2 and 

p-CuO/n-CeO2ZrO2). Figure 4 and Table 1 show the 

nitrogen isotherm and textural properties of 

photocatalysts, respectively. The only difference in 

the isotherms of these photocatalysts is in the 

absorbed volumes, which show different specific 

surface area results. The BET specific surface area 

the p-CuO/n-CeO2ZrO2 photocatalysts decreased 

with the increase of p-CuO loading, revealing a 

difference in the specific surface areas.  

 
Fig.4. N2 adsorption-desorption isotherms of n-CeO2ZrO2 

and n-p CuO/CeO2ZrO2photocatalysts. 

3.2. Photocatalytic Activity 

The photocatalytic activity of mixture 

nanoparticles was investigated in the 

photodegradation of azo dye under visible light (> 

420 nm) irradiation. The amount of p-CuO in a 

mixture of n-CeO2-ZrO2 has an effect on the 

photocatalytic activity of azo dye degradations, as 

shown in Figure 5. As seen, the highest reactivity is 

obtained for the mixture of n-CeO2ZrO2 with XCuO = 

0.06. The degradation efficiencies in duration 90 

min obtained 70.05, 75.35, 84.50 and 80.75% for the 

amount of XCuO= 0.02, 0.04, 0.06 and 0.08 

respectively. While only 64.80% of AO7 can be 

decomposed using n-type CeO2-ZrO2 as 

photocatalyst.  That is to say, the results indicate 

that the amount of p-CuO loading on the n-p 

CuO/CeO2-ZrO2 can play an important role in the 

photocatalytic performance because a small 

amount of p-CuO can't effectively separate 

electrons and holes photogenerated from the 

photocatalyst, resulting in low photocatalytic 

activity. On the other hand, as shown in the sample 

prepared with 0.08 M Cu(NO3)2.3H2O, an excess of 

CuO will reduce the photocatalytic activity of the 

photocatalyst. 

 
Fig.5 The Effect of the amount of CuO on the 

photocatalytic activity of n-p CuO/CeO2ZrO2 For 

photodegradation of AO7 under visible light irradiation 

([Catalyst] = 0.1 g/L, [AO 7]= 75 mg/L, pH= 7. 

Figure 6 shows the UV-vis diffuse reflectance 

spectra (DRS) of n-type CeO2ZrO2 and     p-type 

CuO loaded n- CeO2ZrO2 (prepared in 0.06 M Cu 

(NO3)2.3H2O solution). It demonstrates that the p-

n CuO/CeO2ZrO2 heterojunction photocatalysts 

have a visible red shift and increased absorption. 

The optical band gap energy (Eg) of the powders 

was determined using the equation Eg=1240/ 

Absorp.Edge. n-CeO2ZrO2 and p-n CuO/CeO2ZrO2 

indicate band gap absorption onset at 460 and 472 

nm, respectively, corresponding to band gap 

energies of 2.70 and 2.62 eV.  As a result, when 

compared to n-CeO2ZrO2, the optical absorption 

edge of the p-n CuO/CeO2ZrO2 composite moves to 

a lower energy region, and its absorption is stronger 

in the wavelength range of 400–600 nm. That is, 

the p-n CuO/CeO2ZrO2 composite photocatalyst 

has a higher optical absorption capacity than n-

type CeO2-ZrO2 and can produce more photo-

introduced electrons/hole pairs under visible light. 
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Fig.6 UV-vis diffuse reflectance spectra of (a) n-

CeO2ZrO2 and (b) p-n CuO/CeO2ZrO2 heterojunction 

prepared with 0.06 M Cu (NO3)2.3H2O. 

3.3. pH effect on adsorption 

The adsorption potential of dyes on photocatalysts 

is well known to be a key factor in the rate of 

degradation in photocatalytic systems. Therefore, 

to explain the enhanced photocatalytic activity of 

p-n CuO/CeO2ZrO2 as compared to the n-CeO2ZrO2, 

the adsorption of azo dye on p-n CuO/CeO2ZrO2 

and n-CeO2ZrO2 nanoparticles were examined. The 

pH of the samples was controlled using 

hydrochloric acid and sodium hydroxide (0.01 M) 

and a Metrohm pH-meter with combined 

electrode. The adsorption capacity of samples prior 

to (Ao) and after (At) irradiation, as well as Beers' 

law for determining Co and Ct, are used to calculate 

degradation efficiency (Eq. (1)). 

%Degradation = 100 1 −
Ct

Co
 = 100   1 −

At

Ao
 

 (1) 

Figure.7 shows the photodegradation of AO7 (75 

mg/L) by a photocatalyst (0.1 g/L) over a 120-

minute duration at various pH. Azo dye has the 

fastest degradation rate at pH 3. The rates of azo 

dye degradation were pH-dependent where getting 

down as the pH values rise. An increase in pH can 

lead to a decrease in adsorption and consequently 

a decrease in degradation rate. Therefore, we can 

conclude that adsorption capacity played a key role 

in determining photocatalytic degradation 

efficiency of azo dyes over n-p CuO/CeO2ZrO2. 

3.4. Mechanism of degradation  

The p-CuO/n-CeO2ZrO2 photocatalysis mechanism 

(based on the CB & VB) is graphically presented in 

scheme.1. The enhanced photogenerated charge 

separation of the p-CuO/n-CeO2ZrO2 can be 

attributed to an improvement in photocatalytic 

activity of catalyst. The band gap of p-Cu/n-

CeO2ZrO2 was 2.62  eV, which was excitable by visible 

light. Improved optical absorption is probably one 

of the factors contributing to the increased activity 

of the p-Cu/n-CeO2ZrO2 composite [29,30]. 

CeO2ZrO2 of n-type and CuO of p-type 

semiconductors can form p–n junction 

photocatalysts when CuO is loaded on the n-

CeO2ZrO2 surface, which is favorable for the 

separation of photogenerated charges. Thus, The 

holes flow into the negative field, while the 

electrons flow into the positive field, due to the 

influence of the inner electric field. As a result, the 

photogenerated electron-hole pairs were 

separated more effectively. A large increase in the 

life-time of the photogenerated electron-hole pair 

was observed due to electron and hole transfer in 

the p-n CuO/CeO2ZrO2 heterojunction. These 

electron/hole pairs are free to start a chain 

reaction that will eventually mineralize the azo dye. 

O2
•− and OH•, as highly oxidative radical species, 

were generated with the electrons captured by the 

adsorbed oxygen molecules and h+ trapped by the 

surface hydroxyl, respectively. Generally, under 

visible light irradiation, the degradation of azo dye 

by p-n CuO/CeO2ZrO2 in aqueous solution is caused 

by the production of reactive oxygen species (O2
• 

and OH•) and holes (h+). 

 

 
Fig.7 Effect of the pH solution on the photocatalytic 

redox of AO7 under visible light irradiation 

CuO/CeO2ZrO2= 0.1 g/L, AO7 = 75 mg/L, irradiation time 

= 120 min. 
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Scheme.1. The photocatalytic mechanism over n-p 

CuO/CeO2ZrO2 heterojunction photocatalyst under 

irradiation of visible light. 

3.5. Active species to attack dye molecule 

In order to determine the main active species 

responsible for the degradation of dye molecules, 

the scavenger’s isopropanol (IPA), benzoquinone 

(BQ) and disodium ethylenediamine tetra-acetate 

(EDTA) were used to trap hydroxyl radical (OH•), 

superoxide radicals (O2
•−) and positive holes (h+), 

respectively. Figure 8 displays the relationship of 

different scavengers and the photodegradation of 

azo dye solution in the presence of S4 

photocatalyst. It was discovered that EDTA does 

not deactivate the photocatalyst in a significant 

way. While, the addition of IPA and BQ, on the 

other hand, completely inhibited the 

photocatalytic process. These findings clearly 

demonstrated that superoxide radicals (O2
•−) and 

hydroxyl radicals (OH•) were the most reactive 

oxygen species involved in the AO7 degradation 

process. 

4. Conclusions 

Under visible light irradiation (l>420 nm), the 

photocatalytic activity of p-CuO loading on n-

CeO2ZrO2 to degrade azo dye was examined, it was 

found to have better efficiency than n-CeO2ZrO2. 

The photocatalyst prepared in 0.06 M 

Cu(NO3)2.3H2O solution has the best 

photocatalytic activity. The effect of initial solution 

pH on photocatalysts adsorption capacity was 

studied, the lower the pH, the more p-n 

CuO/CeO2ZrO2 is adsorbed, resulting in a faster 

degradation rate. Superoxide radicals (O2
•−) and 

hydroxyl radicals (OH•) were discovered to be 

responsible for attacking the dye molecules, and 

these radicals were detected indirectly by using 

various radical scavengers. The formation of the p–

n junction and improved visible light absorption 

could explain the increased photocatalytic 

degradation. 

 
Fig.8 Effects of different scavengers on AO7 

photodegradation using n-p CuO/CeO2ZrO2 

heterojunction photocatalyst under visible light 

irradiation. 
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