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A B S T R A C T   

In this research, a mesoporous rod-shaped ZnO/CuO/CeO2 n-p-n heterojunction has been designed via a two-step 
co-precipitation technique for photocatalytic applications. Characterization by powder X-ray diffraction (PXRD), 
fourier transform infrared spectroscopy (FTIR), UV–Vis, and Scanning Electron Microscopy (SEM) techniques 
confirmed the formation of mesoporous rod-shaped ZnO/CuO/CeO2 n-p-n heterojunction having preferred 
interface developing between the ZnO, CuO, and CeO2 phases, thus extended the light-absorption window up to 
800 nm. Under sunlight, the ability of a mesoporous ZnO/CuO/CeO2 n-p-n heterojunction to act as a photo
catalyst was tested with methyl orange (MO) and crystal violet (CV) as target molecules. We found the degra
dation efficiencies of CV and MO dyes on mesoporous ZnO/CuO/CeO2 to be 96% and 88%, respectively, after 90 
min of sunlight irradiation. The estimated rate constants (k, min− 1) for deterioration of CV and MO under 
sunlight over ZnO/CuO/CeO2 composite were 0.039 and 0.022 min− 1, respectively. We endorsed the greater 
photo-response, the well-aligned band-structure, and practical usage of the photo-induced carriers of the mes
oporous photocatalyst to be the leading causes for the outstanding photocatalytic properties of ZnO/CuO/CeO2 
n-p-n heterojunction. The ultimate oxidizing species that destroyed dyes were O2‾ and ⋅OH over ZnO/CuO/CeO2 
photocatalyst under sunlight illumination. Besides, the recycling tests confirmed the high photostability of the 
ZnO/CuO/CeO2 photocatalyst. Hopefully, the mesoporous rod-shaped architecture of the n-p-n heterojunction 
with anticipated interface manufacturing will assist the photocatalyst strategy with better photocatalytic action 
under sunlight irradiation.   

1. Introduction 

Heterojunction nanomaterials like n-p-n and p-n-p were introduced 
after the discovery of n-p and p-n junctions [1,2]. Currently, interests 
have been grown in n-p-n and p-n-p nanomaterials that focus on pro
ducing enormous knowledge related to operational photocatalytic direct 
sunlight systems, which have established prospective research in 

different fields [3,4]. Under sunlight, a single metal-oxide (n-type or 
p-type) based system is unsuitable for attaining high catalytic efficiency 
since sunlight photo-activity highly depends on bandgap, e− /h+

recombination, and redox potential. So, some changes were made, such 
as making n-p or p-n junctions, doping, polymer composites, co-doping, 
and other types of heterojunction, to speed up charge transfer. This 
made the catalyst work better in sunlight because there was less e− /h+
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recombination [5–9]. 
ZnO (n-type), CuO (p-type), and CeO2 (n-type), as three renowned 

semiconducting metal oxides, have been expansively explored in the 
domains of solar-cells, antibiotics, gas-sensors, and photocatalysis due to 
their amazing optical and electronic properties [10–14]. Out of these, 
ZnO-based catalysts gained more interest due to their uniqueness: no 
toxicity, low cost, high photo-oxidization, and high photostability [15]. 
However, due to its large bandgap (3.37 eV), ZnO has a poor 
photo-response to sunlight. Rapid e− /h+ pair recombination signifi
cantly reduces its quantum efficiency, limiting its widespread applica
tions for hydrogen generation, cleaning the environment, and solar 
energy conversion [10]. With the intention of quenching the recombi
nation photo-induced charges and enhancing the photocatalytic activity 
of ZnO, substantial research work has been done to make exceedingly 
effective zinc oxide-based photocatalysts by surface sensitization, 
doping, and combining of semiconductors and metal deposition 
[16–18]. Particularly, the coupling of semiconductors is thought to be a 
good approach to lengthen the separation of e− and h+ pair and raise the 
quantum yield of ZnO. The resulting photocatalysts have been shown to 
work very well in photocatalysis [19,20]. 

Copper oxide, a smaller bandgap (1.3–1.8 eV) p-type semiconductor, 
has prompted prevalent attention due to its assorted applicability in gas 
sensing, photo-conductivity, and electrochemistry, where the other 
features of sufficient availability and non-toxicity boost its potential [21, 
22]. Despite the great conceivability in the visible spectral region, the 
photocatalytic action demonstrated by pristine CuO is unexpectedly not 
pleasing because it is basically suppressed by prompt recombination of 
the photo-induced e− /h+ pair. Hence, to attain high photocatalytic ef
ficacy, a synergic approach could be envisaged through pairing zinc 
oxide with copper oxide, where copper oxide performing as a co-catalyst 
might increase the visible light sensitivity. Additionally, the probable 
construction of auspicious n-p or p-n junctions at the heterostructure 
interfaces quenches the photo-induced e− /h+ recombination and hence 
offers better performance [23–26]. Cerium oxide (CeO2), a wide 
bandgap (2.6–3.4 eV) n-type metal oxide, is also extensively studied for 
its distinctive electronic, optical, and catalytic properties and various 
favorable applications in energy and environmental areas. Similarly, 
combining CuO with CeO2 to form the heterostructure (CeO2/CuO) has 
gained much consideration. It is claimed that this combination can make 
CeO2’s catalytic action much stronger. This is because the different band 
edges of CuO and CeO2 make the charge carrier separation stronger, 
which leads to the formation of a cascading structure [27–29]. 

In light of the foregoing analysis, the development of n-p or p-n 
heterojunction by joining two metal oxides (e.g., ZnO/CuO and CeO2/ 
CuO) has drawn great attention, and the photocatalytic materials have 
also been immensely fabricated by various synthetic means. In the 
current research, we reported on the mesoporous rod-shaped ZnO/CuO/ 
CeO2 n-p-n heterojunction by combining ZnO with both CuO and CeO2 
via a simple two-step co-precipitation chemical route. Our results 
inferred that the integration of ZnO, CuO, and CeO2 as a complex n-p-n 
heterojunction system may expand the light absorbance response to the 
visible range and that the catalytic efficiency is substantially improved 
because of the rapid electron transfer across the potential interfacial 
gradient in the n-p-n heterojunction. Furthermore, the structure, 
composition, morphology, and optical absorption were thoroughly 
examined. The liquid-phase photodegradation of CV and MO as sample 
pollutants is selected to estimate the catalytic action of the synthesized 
mesoporous n-p-n heterojunction. The novel aspect of the present study 
is that we combined three semiconducting metal oxides with different 
energy levels to develop a ternary-hybrid photocatalyst that not only 
facilitated the rapid transfer of photo-generated charges but also 
reduced the probability of electron-hole recombination, thereby 
enhancing its photocatalytic activity. 

2. Experimental 

2.1. Chemicals 

The precursors such as cerium-nitrate hexahydrate [Ce(NO3)3.6H2O, 
99.9%], hydrated copper-nitrate [Cu(NO3)2. xH2O, ≥ 97%], hydrated 
zinc-nitrate [Zn(NO3)2. xH2O, ~98%], and sodium hydroxide [NaOH, 
97%] were used for the preparation of the ZnO/CuO/CeO2 n-p-n het
erojunction. Sodium oxalate [Na2C2O4, 99%], t-butyl alcohol 
[(CH3)3COH, ≥ 99.5%], 1,4-benzoquinone [ C6H4O2, 99%] crystal vi
olet [C25N3H30Cl], and methyl orange [C14H14N3NaO3S] were used for 
photocatalysis studies. Every sort of substance was procured from 
Merck. 

2.2. Synthesis of ZnO/CuO/CeO2 n-p-n heterojunction 

The precipitation approach was adopted to make ZnO/CuO/CeO2 n- 
p-n heterojunction [30]. The chemical precipitation technique is used 
due to its amazing features, easy accessibility, and low-cost preparation. 
Firstly, in three 500 mL beakers, Ce-nitrate hexahydrate, Cu-nitrate 
hexahydrate, and Zn-nitrate hexahydrate of 0.15 M were dispersed 
independently in 200 mL volume of distilled water. Secondly, the pre
cipitation involved the addition of an alkaline solution (0.1 M NaOH) 
drop by drop into the precursor solutions with persistent stirring. 
Simultaneously, the pH of the solutions was controlled and adjusted to 9. 
Thirdly, the three types of precipitate were transferred to another 1000 
mL beaker and continuously mixed at 75 ◦C for 4 h. Then, the product 
was carefully washed and dehydrated at 130 ◦C. To finish, the dry 
powder was sintered at 800 ◦C to obtain a ZnO/CuO/CeO2 n-p-n 
heterojunction. 

2.3. Characterizations 

The phase development of ZnO/CuO/CeO2 n-p-n heterojunction was 
examined by Philips/PANalytical (X’Pert PW 3040) X-ray apparatus 
using monochromatic Cu-Kα radiations (λ = 0.15406 nm). PXRD data 
was recorded in the angle (2θ) span of 25◦–80◦ at a scanning rate of 
0.05◦/s. The FTIR spectrum of ZnO/CuO/CeO2 n-p-n heterojunction was 
examined on Spectrum 100 FT-IR (PerkinElmer) within the frequency 
span of 4000–400 cm− 1. The UV–vis absorbance spectrum of ZnO/CuO/ 
CeO2 n-p-n heterojunction was recorded on a Shimadzu (UV–2501PC) 
spectrometer within the range of 200 nm–800 nm. 

2.4. Photocatalytic tests 

The photodegradation of CV (10 mg/L) and MO (10 mg/L) dye was 
investigated by using ZnO/CuO/CeO2 n-p-n heterojunction under direct 
sunlight irradiation. Typically, 50 mL of aqueous suspensions of dyes 
(CV and MO) and 10 mg of ZnO/CuO/CeO2 heterostructured powder 
were added to a 100 mL glass beaker. Prior to sunlight exposure, the 
mixture was stirred for half-hour to acquire the balance of adsorption- 
desorption of dyes onto the photocatalyst in the dark. Then the sus
pensions were exposed to sunlight for 90 min. The absorbance of CV and 
MO solutions, which were taken out and centrifuged for 10 min, was 
examined using a UV–vis spectrophotometer. The characteristic ab
sorption wavelengths of CV and MO were 590 nm and 471 nm, 
respectively. The degree of CV and MO removal could be estimated 
according to the following expression [31,32]: 

C=(A0 − At /A0)× 100 (1)  

Where C, At, and A0 are the decolorization degree, initial absorbance, 
and interval absorbance, respectively. Actually, absorption vs. concen
tration of CV and MO dyes shows a linear relation in photocatalysis 
experiments under similar conditions. Thus, the degree of CV and MO 
decolorization may show their photocatalytic activity. 
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3. Results and discussions 

3.1. Crystalline structure 

The crystalline phase of the as-synthesized ZnO/CuO/CeO2 n-p-n 
heterojunction was inspected via PXRD measurement, and the typical 
PXRD pattern is exhibited in Fig. 1. As anticipated, the PXRD micro
graph of ZnO/CuO/CeO2 n-p-n heterojunction contained almost all 
major diffraction peaks equivalent to ZnO, CuO, and CeO2 phases. More 
precisely, high intensity and visible peaks (indicated by Ce) at 28.53◦

(111), 32.99◦ (200), 47.41◦ (220), 56.35◦ (311), 59.13◦ (222), 69.56◦

(400), 76.64◦ (331) and 79.08◦ (420) suggested the development of a 
cubic phase of CeO2 (Ref. Pattern: 00-004-0593). The peaks at 35.54◦

(− 111), 38.79◦ (111), 48.74◦ (− 202), 53.97◦ (020), 58.33◦ (202), 
61.71◦ (− 113), 66.26◦ (022) and 68.05◦ (220) (indicated by Cu) were 
comparable with cubic CuO (Ref. Pattern: 00-001-1117). However, the 
low intensity peaks at 31.69◦ (110), 34.58◦ (002), 36.37◦ (101), 47.54◦

(102), 56.58◦ (110), 62.83◦ (103), 66.54◦ (200), 68.11◦ (112), 69.76◦

(201), and 77.58◦ (202) (indicated by Zn) inferred the formation of 
hexagonal ZnO (Ref. Pattern: 00-005-0664). Clearly, the presence of 
CeO2 and CuO reduced the crystallinity of ZnO in ZnO/CuO/CeO2 
nanocomposite. As revealed in Fig. 1, no additional phase was witnessed 
in the PXRD micrograph of ZnO/CuO/CeO2, which indicates the high 
purity of ZnO/CuO/CeO2 hybrid. 

It is important to note that the crystallinity and purity of a nano
composite photocatalyst are of great importance, as the nanocomposite 
showing high crystallinity is expected to show superior photo
degradation efficiency. The unit-cell parameters (cell side-lengths, cell 
volume) of three phases (hexagonal, monoclinic, and cubic) that have 
been developed in a single nanocomposite were estimated via Unit-Cell- 
software and are given in Table 1. Clearly, the cell side-lengths and 
volumes were a = 3.464, c = 4.922, V = 51.157 for the ZnO phase, a =
4.719, b = 3.405, c = 5.108, V = 80.910 for the CuO phase, and 5.411, V 
= 158.438 for the CeO2 phase in the ZnO/CuO/CeO2 nanocomposite. 
The cell side lengths of nanocomposite phases are fairly close to the cell 

parameters of standard characterized ZnO (00-005-0664), CuO (00-001- 
1117), and CeO2 (00-004-0593) minerals, which confirmed the suc
cessful growth of three phases in a single nanocomposite. The Debye 
Scherrer (De.S) formula was applied for the determination of grain size 
values of the ZnO, CeO2 and CuO in the ZnO/CuO/CeO2 nanocomposite 
[33–36]. 

Average crystallite size= kλ/β cos θ (2)  

Where, D, k, λ, and θ are the crystallite size, shape factor (~0.94), X-ray 
wavelength, and Bragg’s angle, respectively. The De. S crystallite size of 
ZnO, CuO, and CdO was determined to be 19.82, 36.19, and 19.88 nm, 
respectively. Similarly, the Williamson’s Hall (Wi. H) expression was 
also applied to estimate the crystallite sizes and strain for ZnO, CuO, and 
CeO2 in the nanocomposite [37]. 

β cos θ=
kλ
D

+ 4Ɛ sin θ (3)  

Ɛ= βs/4 tan θ (4)  

By plotting β cos θ verses4Ɛ sin θ, the intercept values were found by 
linear fitting (Fig. 2 (a-c), which was then applied for the estimation of 
Wi. H crystallite sizes. The estimated values of crystallite sizes and strain 
by Eq. (3) and Eq. (4) are given in Table 1. By comparing the Wi. H 
crystallite size values with the De. S crystallite size values, it was noted 
that they are much closer to each other. 

Furthermore, the crystallite size values were inverted and squared to 
obtain the dislocation density values for ZnO, CuO, and CeO2 phases in 
the nanocomposite. 

δ= 1
/

D2lines
/

m2 (5)  

Where, δ and D represent the dislocation density and crystallite size, 
respectively. 

3.2. FTIR analysis 

From the FTIR characterization, the types of bonding and presence of 
different functional groups in the prepared materials can be revealed. 
Fig. 3 displays the FTIR spectrum of the as-synthesized ZnO/CuO/CeO2 
n-p-n heterojunction within the 4000-400 cm− 1 range at high resolution. 

All the FTIR peaks that have appeared due to Zn–O, Ce–O and Cu–O 
metal oxide bonds and other surface adsorbed molecular vibrations are 
properly labeled. The FTIR broad peak that appeared around 
3600–3300 cm− 1 is allotted to the stretching-mode of oxygen-hydrogen 
bonds residing on the outer surface of the ZnO/CuO/CeO2 nano
composite sample [38]. However, the peak at 1627 cm− 1 has been 
referred to the bending-mode of H–O–H (surface-attached H2O mole
cules) [39]. Furthermore, the peaks at 1138 cm− 1 and 1564 cm− 1 signify 
the C–O stretching-mode and C––O symmetric stretching-mode, 
respectively. The sharp peaks at 498–521 cm− 1 and 456-475 cm− 1 

were assigned to the copper-oxygen and zinc-oxygen stretching-modes, 
but peaks detected at 536 cm− 1 and 583 cm− 1 were designated to the 
stretching-mode and bending-mode of the Ce–O bonds. In Fig. 3, the 
presence of vibrational bands in the 1000–400 cm− 1 range confirms the 
formation of a ZnO/CuO/CeO2 n-p-n heterojunction. 

3.3. SEM analysis 

The SEM technique was applied to examine the formation of ZnO/ 
CuO/CeO2 n-p-n heterojunction, and the resulting micrograph is shown 
in Fig. 4. The typical SEM micrograph explains that the precipitation 
reaction generates predominantly randomly distributed mesoporous 
rods with distinct facets. It is evident that mesoporous rods have mainly 
hexagonal cross-sections. The mesoporous rods have diameters of one to 
2 μm and lengths in the range of several micrometers. The rods’ meso
porous structure will give them a lot of places where pollutant molecules Fig. 1. PXRD micrograph of ZnO/CuO/CeO2 n-p-n heterojunction.  
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can stick to and be broken down by light. 
In evaluating the photocatalytic ability of a prepared photocatalyst, 

the wavelength range in which it absorbs light radiation is considered an 
important constraint [40]. So, the UV–Vis analysis (200 nm–800 nm 

wavelength range) was used to check the optical property of the 
ZnO/CuO/CeO2 n–p–n heterojunction that was made, as shown in 
Fig. 5a. 

The absorption peaks for the ZnO/CuO/CeO2 nanocomposite 
showed that it responds to visible light due to the interlacing of three 
metal oxides. The mutual incorporation of ZnO, CuO, and CeO2 metal 
oxides developed a heterostructured nanocomposite and caused a wide 
visible absorption. The visible light absorptions were seen at 354 nm and 
413 nm for the ZnO/CuO/CeO2 nanocomposite in contrast to bulk ZnO, 
CuO, and CeO2. However, visible absorption was also noticed at 290 nm 
for the nanocomposite. So, the UV–Vis activation of ZnO/CuO/CeO2 n- 
p-n heterojunction in sunlight will help in boosting its photocatalytic 
efficiency. The optical response and bandgap energy of ZnO/CuO/CeO2 
hybrid were examined via Tauc plot expression was used which is 
revealed in Eq. (6) [ [41,42]]. 

ahv=A
(
hv − Eg

)n (6)  

Where α, A,.h, and v indicate the absorbance coefficient, proportionality 
constant, Plank’s constant, and photon’s frequency, respectively. Opti
cal bandgap energy was denoted by Eg, and exponent ‘n’ was a result of 
the direct, indirect, forbidden direct, and forbidden indirect (n = 2, 1/2, 
3, and 3/2) electronic transitions [43]. From optical observation, n =
1/2 (direct electronic transition) was taken for ZnO/CuO/CeO2 n-p-n 
heterojunction. A Tauc plot is displayed in Fig. 5b, and the obtained 
bandgap of the nanocomposite is 2.41 eV. So, the nanocomposite might 
be stimulated via visible light, and it is anticipated that ZnO, CuO, and 
CeO2 are incorporated well in the ZnO–CuO–CeO2. The presence of ZnO, 

Table 1 
Lattice parameters (Cell side-lengths and Cell volume), average crystallite sizes (Wi.H and De.S), dislocation density, and strain of ZnO/CuO/CeO2 nanocomposite.  

Samples Phase Cell side lengths Cell Volume(Å)3 Crystallite Sizes (nm) Dislocation Density δx1014(line/m2) Strain Ɛx10− 4 

a(Å) b(Å) c(Å) De.S Wi.H 

ZnO/CuO/CeO2 ZnO 3.464 3.464 4.922 51.157 19.82 18.75 25.45 36.0 
CuO 4.719 3.404 5.108 80.910 36.19 31.24 7.635 0.04 
CeO2 5.411 5.411 5.411 158.44 19.88 19.90 25.30 8.04  

Fig. 2. Williamson-Hall plots of ZnO, CuO, and CeO2 existing within ZnO/CuO/CeO2 n-p-n heterojunction.  

Fig. 3. FTIR spectrum of ZnO/CuO/CeO2 n-p-n heterojunction.  
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CuO, and CeO2 in a single nanocomposite causes a shift in Fermi levels of 
conduction. This shift enables the visible-light irradiation to excite 
valence band electrons into the conduction band easily. This way, the 
AOP efficiency of the nanocomposite could be readily enhanced under 
the impact of visible radiation. The optical study confirmed that 
ZnO/CuO/CeO2 n-p-n heterojunction is a prospective candidate for 

environmental applications. The results implied that the catalytic effi
cacy of ZnO/CuO/CeO2 will be greater than that of another 
nanocomposite. 

Fig. 4. (a) SEM micrograph of ZnO/CuO/CeO2 n-p-n heterojunction and (b) enlarged view. Optical study.  

Fig. 5. (a) UV–Vis absorbance plot and (b) Bandgap plot of ZnO/CuO/CeO2 n-p-n heterojunction.  

Fig. 6. UV–Vis absorption profiles of (a) CV and (b) MO degradation over ZnO/CuO/CeO2 n-p-n heterojunction under sunlight irradiations.  
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3.4. Photocatalytic study 

From the prevalent applications of CeO2 and ZnO nanostructures, 
their usage for ultra-violet light-driven elimination of organic pollutants 
has become a hotspot of current research. Likewise, CuO nanomaterials 
also exhibited their fitness as a photocatalytic material in visible light 
exposure. So, by comprehending heterostructures consisting of these 
three metal-oxides, we may anticipate an improvement in photo
catalytic activity due to the usage of the entire solar-light spectrum. The 
photocatalytic performance of ZnO/CuO/CeO2 n-p-n heterojunction 
was measured with CV and MO as target molecules under sunlight 
exposure. The development of the UV–vis absorbance plots of CV and 
MO at fixed interims as the outcome of the photodegradation efficiency 
of ZnO/CuO/CeO2 nanocomposite under sunlight is given in Fig. 6a, b. A 
steady decrease in the intensity of λmax of CV and MO at 590 nm and 461 
nm with the passage of time was seen, and after 90 min, the λmax in
tensities were decreased by 96% (CV) and 88% (MO). 

For the quantitative study of the photodegradation performance, the 
decrement in dye contents (Ct/C0) was plotted against irradiation time 
(t) for ZnO/CuO/CeO2 n-p-n heterojunction (Fig. 7a), where C0 and Ct 
denote the initial concentrations after adsorption (t = 0) and final 
concentrations (t = t) of CV and MO dyes, respectively. 

The CV and MO dye contents in the reaction suspensions were 
directly related to their λmax intensity. Therefore, the Ct/C0 is identical to 
the absorbance ratio at irradiation time t = t and t = 0. From Fig. 7a, the 
high photodegradation ability of ZnO/CuO/CeO2 n-p-n heterojunction 
for CV dye contrary to MO dye can be perceived very remarkably. The 
photodegradation witnessed for CV and MO dyes by sunlight irradiation 

followed pseudo-first-order kinetics [44–46]. 

ln(Ct /C0)= kappC (7)  

By plotting ln (Ct/C0) and irradiation time (t), the kapp value for CV and 
MO degradation over ZnO/CuO/CeO2 n-p-n heterojunction was esti
mated (Fig. 7b). The value of kapp for CV disintegration was estimated to 
be 1.73 times higher than MO degradation over ZnO/CuO/CeO2 n-p-n 
heterojunction (Table 2). 

Moreover, for a simplistic relative view, CV and MO photo
degradation percentages over ZnO/CuO/CeO2 nanocomposite after 90 
min of sunlight exposure are plotted in Fig. 7c. The enhanced photo
degradation efficiency of ZnO/CuO/CeO2 nanocomposite under sun
light may be explored by various factors. Firstly, the ZnO, CuO, and 
CeO2 forming the n-p-n heterojunction possess UV and visible light ab
sorption (Fig. 5a) and can combine UV and visible activation in photo
catalytic reactions. Secondly, a heterostructure with coordinated band 
structures prevents the speedy recombination of e− /h+ pairs, which is 
perhaps the main cause of the increase in the photodegradation effi
ciency of ZnO/CuO/CeO2. The suppressed recombination of e− /h+ pairs 
permits more photo-generated electrons and holes to contribute not only 
to the reduction of molecular oxygen to superoxide radicals but also to 
the oxidation of water molecules and hydroxyl ions to hydroxyl radicals, 
which are the robust oxidizing agents and can degrade CV and MO dyes 
effectively. Thirdly, ZnO/CuO/CeO2 n-p-n heterojunction has a strong 
capturing ability of cationic (CV) and anionic (MO) dyes, which provides 
the catalyst a novel capturing event to accumulate the CV and MO 
molecules onto the catalytic surface and stimulate the degradation 
efficiency. 

Fig. 7. (a, b) Kinetics profiles and (c) % degradation of CV and MO dyes over ZnO/CuO/CeO2 n-p-n heterojunction under sunlight irradiations.  
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The permanence of the photocatalyst, a critical measure for their 
persistent use in environmental treatment, was then assessed by the 
photodegradation of CV and MO for three runs with the ZnO/CuO/CeO2 
n-p-n heterojunction. The catalyst sample demonstrated amazingly 
high-stability in spite of three runs, as illustrated in the deterioration 
graph in Fig. 8 (a, b). 

Under sunlight irradiations for 90 min, i.e., after the initial opera
tional run, the residual CV and MO concentrations were only 2%. A 
minute reduction (<5%) in photodegradation performance was 
perceived for ZnO/CuO/CeO2 n-p-n heterojunction, where the remain
ing dye concentrations after three operational runs were only <5%. Such 
a little efficiency decline recommends the extraordinary photo-stability 
and reusability of the n-p-n heterojunction. 

3.5. Mechanism 

The sunlight-driven photodegradation of CV and MO over ZnO/ 
CuO/CeO2 n-p-n heterojunction is likely to be completed in three pro
cesses: molecular dye capture, photodegradation, and release [47]. The 
proposed capture-photodegradation-release mechanism has been illus
trated in Fig. 9. 

As usual, the CV and MO dye molecules are taken up by the CeO2 on 
the external surface of the ZnO/CuO/CeO2 n-p-n heterojunction and 
then rapidly degraded under sunlight irradiation, and eventually, the 
photodegradation products are discharged to the peripheral environ
ment. The special band-structure of ZnO/CuO/CeO2 n-p-n hetero
junction played a primary role in the growth of photocatalytic aptitude 
for the discoloration of CV and MO solutions. Therefore, the valence and 
conduction edges positions of metal-oxides in the ZnO/CuO/CeO2 
hybrid were estimated via the following specified equations [48,49]: 

EVB = χ −
(
Ee + 0.5Eg

)
(8)  

ECB =EVB − Eg (9)  

Where ECB, X, Eg, Ee, and EVB are the CB potential, Mulliken’s electro
negativity, bandgap energy, free-electron’s energy (4.5 eV), and VB 

potential, respectively. The tentative band configuration mechanism at 
the connected interface of ZnO/CuO/CeO2 n-p-n heterojunction shows 
the bandgap and charge transfer in the n-p-n heterojunction semi
conductor system. The bandgap energies of ZnO, CuO, and CeO2 semi
conductors, taken as 3.2 eV, 2.1 eV, and 3.1 eV, respectively, suggest 
that the three metal oxides have different band configurations and 
electron affinities. ZnO has a conduction band position below CeO2 but 
above that of CuO. Therefore, a type-II (staggered) heterojunction at the 
interfacial region of ZnO/CuO/CeO2 was formed. When ZnO/CuO/CeO2 
n-p-n heterojunction is exposed to sunlight, electrons from VB of CuO 
move to its CB, while holes remain in VB, and because of the higher 
Fermi levels of CuO than ZnO and CeO2, the photo-induced electrons 
migrate towards the CB of ZnO and CeO2. In this way, the holes and 
electrons were separated well at the CuO/ZnO and CuO/CeO2 interfaces. 
They react with oxygen molecules and hydroxyl groups to form the 
superoxide ions (⋅O2‾) and hydroxyl radicals (⋅OH), which are mainly 
responsible for the disintegration of CV and MO dyes in the 
photoreaction. 

Based on the above analyses, we came to the conclusion that 
combining three semiconducting metal oxides with different energy 
levels to make a ternary-hybrid photocatalyst can help the fast transfer 
of photo-generated charges, reduce the chance of recombination, and 
lengthen the life of charge-carriers, leading to an increase in the pho
tocatalytic action of ZnO/CuO/CeO2 sample. 

4. Conclusions 

In summary, a mesoporous rod-shaped ZnO/CuO/CeO2 n-p-n het
erojunction catalyst has been designed via a co-precipitation chemical 
route for the deterioration of unsafe organic pollutants from polluted 
waters under sunlight irradiation. The characterization of ZnO/CuO/ 
CeO2 n-p-n heterojunction via PXRD, FTIR, UV–Vis and SEM techniques 
provided insight into its microstructure, phase, crystallite size, compo
sition, morphology, and optical properties. PXRD analysis confirmed the 
development of three distinct phases in the PXRD spectrum of the ZnO/ 
CuO/CeO2 composite. FTIR and SEM analyses revealed the high purity 

Table 2 
Kinetics information of ZnO/CuO/CeO2 n-p-n heterojunction for CV and MO dyes degradation under sunlight irradiations.  

Photocatalyst Dye name % dye removal Irradiation time (min) Kapp (min− 1) Half-life t1/2 (min) adj-R2 

ZnO–CuO–CeO2 MO 88 90 0.022 31.5 0.9426 
– CV 96 90 0.039 17.8 0.8919  

Fig. 8. Cyclic stability of ZnO/CuO/CeO2 n-p-n heterojunction for crystal violet and methyl orange photodegradation under sunlight irradiations. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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with mesoporous rod-shaped morphology. The n-p-n heterojunction was 
recognized as a highly effective dye degradation photocatalyst under 
sunlight, with degradation efficiencies of 96% and 88% for CV and MO 
pollutants, respectively. Interestingly, the mesoporous rod-shaped 
composite performed better as a catalyst for both cationic (CV) and 
anionic (MO) dyes, demonstrating the importance of the composite 
material’s size and shape. The n-p-n heterojunction development guided 
the electrons to gather in the n-type (ZnO and CeO2) while the holes 
remained with the p-type (CuO), which further prolonged the charge 
separation. The better quantum efficiency of ZnO/CuO/CeO2 was due to 
the synergy of n-type and p-type semiconductors in expanding the 
visible light absorbance span up to 800 nm. The overall performance of 
mesoporous rod-shaped ZnO/CuO/CeO2 n-p-n heterojunction for 
cationic and anionic dyes with high-stability holds promise of devel
oping other tertiary-composite stable photocatalysts for environmental 
remediation. 
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