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This work presents the first preparation using the Solution Precursor Plasma Spray process of 

heterostructured films associating ZnO nanorods (NRs) and various metal oxides (CuO, Fe2O3 

and Co3O4) by Solution Precursor Plasma Spray process. These CuO/ZnO, Fe2O3/ZnO and 

Co3O4/ZnO films exhibit hierarchically chocolate sticks-like, dandelion-like or 

chrysanthemum-like surface morphologies. The heterostructure were confirmed by SEM, 

XRD, EDS and Raman analyses. The bandgaps of heterostructured films are narrower than 

that of pure ZnO. The CuO/ZnO film exhibits the highest photocatalytic activity both under UV 

and visible light irradiation for the degradation of the Orange II dye due to the homogenous 

distribution of CuO at the surface of ZnO. The high photocatalytic performances originate from 

the increased visible light absorption and from the effective separation of charge carriers in 

CuO/ZnO films compared to ZnO NRs.  
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1. Introduction 

Due to the inadequate access to clean and fresh water, 1.2 billion people lack access to safe drinking 

water and 2.6 billion have little or no sanitation [1], which strongly points out the necessity and urgency 

of treating polluted water. Therefore, there is a growing interest worldwide in the development of 

photocatalytic degradation processes to remove organic pollutants since this process doesn’t require 

any extra chemical reagent but simply employs semiconductor photocatalysts (such as TiO2, ZnO and 

Fe2O3) and light [2-4]. However, to become an efficient photocatalyst in real applications, ZnO faces a 

barrier which lies in its light absorption, which is limited to the UV region due to its wide bandgap of 

3.37 eV. In order to make ZnO suitable for harvesting and using visible light energy, coupling ZnO with 

semiconductors of lower bandgap like CuO, Fe2O3 or Co3O4 has been reported [5-9]. This strategy also 

allows an efficient separation of photogenerated electrons (e-) and holes (h+) and allows reaching high 

photocatalytic performances. 1-D ZnO nanostructures such as Nanorods (NRs) and Nanowires (NWs) 

with high aspect ratios have been shown to promote adequate charge separation due to their anisotropic 

morphology. In addition, it has been reported that the polar (002) crystal plane of ZnO exhibits better 

photocatalytic activity due to its positive charge that entails better absorption of hydroxyl (OH-) ions. In 

the photocatalytic process, the OH- ions are known to react with the photogenerated h+ to generate 

hydroxyl (•OH) radicals that were demonstrated to play a key role in many photodegaradtions [10-12]. 

Especially, as far as the ZnO NRs morphology is concerned, increasing the exposure of (002) planes and 

the delocalization of electrons results in higher photocatalytic activity [13, 14]. Therefore, developing 

metal oxides coupled ZnO photocatalysts with hierarchal 1D microstructure is an efficient approach to 

improve the photodegradation performance. 

Recently, heterostructured ZnO-based photocatalysts exhibiting well-shaped morphologies and 

complex phase compositions are mainly prepared via wet-chemical methods (i.e. hydrothermal, sol-gel, 

precipitation). However, these routes suffer from multi-steps, low yield and long duration [6, 15, 16]. 

Moreover, handling of nanopowder-formed photocatalysts will require tedious post-filtration steps 

and probably generate potential environmental and health risks from the nanoparticles after collecting 

[17-23]. Considering the practical applications of the photodegradation technology, the preparation of 

film-formed photocatalysts by a rapid one-step route is more attractive. 

Among the various coating technologies, the solution precursor plasma spray (SPPS) process is a 
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promising alternative, benefiting from rapid single-step procedure, high flexibility and high 

production efficiency [24]. In the SPPS route, precursor solutions are used as feedstock and are heated 

and accelerated by a direct-current plasma generated by a primary gas (e.g. argon) and a secondary 

gas (e.g. hydrogen) to deposit the desired materials on the selected substrates [24, 25]. In this method, 

the injected salt solutions undergo a complex sequence of chemical and physical processes before 

depositing the final metal oxide films [26-28]. It is noteworthy that the photocatalytic metal oxide 

films are directly formed and the synthesis duration is only of several minutes. To our best knowledge, 

preparing heterostructured ZnO NRs films composed of NRs is a technologically challenging objective 

since the common microstructures of SPPS-deposited films are cauliflower-like microstructure and 

these films are composed of numerous irregularly shaped particles or flattens splats [27, 29, 30]. 

In this work, the use of the SPPS method was pioneered to directly build-up ZnO NRs based films 

coupled with CuO, Fe2O3, Co3O4. These films were characterized by scanning electron microscopy 

(SEM), X-ray diffraction (XRD), Raman spectroscopy and UV-visible spectrophotometer (UV-Vis). 

The photodegradation of the Orange II diazo dye under UV or visible light irradiation was selected to 

verify the photocatalytic activity of these ZnO NRs based films.  

 

2. Experimental 

2.1. Solution precursor preparation 

Zinc acetate dihydrate (Zn(CH3COO)2⋅2H2O, Alfa Aesar, ACS 98.0–101.0%), copper(II) nitrate 

hemi(pentahydrate) (Cu(NO3)2⋅2.5H2O, Alfa Aesar,  ACS, 98.0-102.0%), iron(III) nitrate nonahydrate 

(Fe(NO3)3⋅9H2O, Alfa Aesar, ACS, 98.0-101.0%) and cobalt(II) nitrate hexahydrate ((Co(NO3)3⋅6H2O, 

Alfa Aesar ACS, 98.0-102.0%) were chosen as the precursor for formation of ZnO, CuO, Fe2O3 and 

Co3O4, respectively. The molar ratio of Cu/Zn, Fe/Zn and Co/Zn were fixed at 0.2 in the raw precursor 

solutions for depositing the CuO/ZnO, Fe2O3/ZnO and Co3O4/ZnO NRs films.   

 

2.2. Plasma spray conditions 

To process the aforementioned solution precursors, F4 plasma torch (Oerlikon Metco, Switzerland) was 

used as the heat source that was attached to a six-axis robotic arm (ABB, Switzerland) for precisely and 

automatically controlling the moving trajectory. The various precursor solutions used to prepare the 
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metal oxide coupled ZnO NRs films were driven by pressurized nitrogen flow through a stainless steel 

injector. The spraying parameters, namely the flow rates of primary gas (Ar) and secondary gas (H2), 

the spraying distance, the deposition cycles and the moving velocity of the robotic arm were identical. 

Commercial alumina plates (33 x 34 x 2 mm) were used as the substrates. In order to obtain the 

hierarchical microstructured metal oxide composite films using the SPPS route, a spraying strategy was 

employed, as schematically illustrated in Fig.1. A Zn(OAc)2 solution was firstly injected into the plasma 

plume to deposit ZnO NRs-structured films, followed by the injection of the metal-salt solution to form 

the targeted coupled-metal oxides. In order to protect the ZnO NRs before coupling, a period of ca. 1-2 

minutes was observed before injecting the metal-salt solution precursors. 

 

 

Fig. 1. Deposition strategy for the preparation of ZnO NRs coupled with metal oxides films via the 

SPPS process. 

 

2.3. Characterization of the coatings 

The surface morphologies of the resulting heterostructured CuO/ZnO, Fe2O3/ZnO and Co3O4/ZnO NRs 

films were firstly examined by scanning electron microscopy (SEM, JEOL, JSM-5800LV). The 

compositions of the samples were determined by X-ray diffraction (XRD, Bruker AXS D8 focus, 

Germany) using a cobalt anticathode (λ=1.78897 Å) and Raman spectrum (XploRA PLUS Raman 

Microscope, Horiba Jobin Yvon) with the excitation occurring at 532 nm. Their optical properties were 

evaluated by UV-visible absorption spectroscopy and diffuse reflectance spectroscopy using a UV–vis 
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spectrophotometer (Shimadzu, UV-2600). Then the corresponding optical energy bandgap values were 

estimated based on Kubelka-Munk equation, resorting to the Tauc plot method [31].  

 

2.4. Photocatalytic testing 

The photocatalytic performances of CuO/ZnO, Fe2O3/ZnO and Co3O4/ZnO NRs films were evaluated 

through the degradation of Orange II at room temperature under the UV and visible light irradiation, 

respectively. The UV light was produced by an Hg-Xe lamp with an intensity of 15 mW/cm2 and the 

visible light was produced by a Xe lamp equipped with an ultraviolet cutoff filter (λ > 420 nm) and with 

an intensity of 7.5 mW/cm2. A set of five identical film pieces representing in total 60 mg of 

photocatalysts was placed into a Petri dish containing 60 mL of the Orange II aqueous solution. Before 

irradiation, the liquid was magnetically stirred for 120 min in the dark to reach the 

adsorption-desorption equilibrium of the Orange II dye onto the films. During the subsequent 

irradiation procedure, 1 mL of the liquid was extracted at regular time intervals to estimate the 

remaining concentration of Orange II by measuring its UV-visible absorption at 485 nm (Thermo 

Scientific Evolution 220 spectrophotometer). The photodegradation percentage of Orange II was 

calculated as follows: 

��%� = �� − �	
��

× 100%        ���1� 

where C0 is the initial concentration of Orange II and Ct is the concentration of Orange II after 

irradiation time t, respectively. 

 

3. Results and discussions 

3.1. Characterization of surface morphology 

Fig.2 displays the SEM for pure ZnO, CuO/ZnO, Fe2O3/ZnO and Co3O4/ZnO NR films under low and 

high magnifications. The pure ZnO films appear to be composed of well-shaped ZnO NRs (Fig.2a-c), 

which is in complete contrast to the conventional microstructures usually obtained via the SPPS process 

[27, 29, 30]. Using the same deposition procedure, metal oxides (CuO, Fe2O3 and Co3O4) were 

deposited and associated to the as-prepared ZnO NRs (Fig.2d-l), suggesting the formation of 

heterostructured films. However, due to the distinct chemical and physical properties of copper, iron 
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and cobalt species, CuO, Fe2O3 and Co3O4 exhibited different microstructures, which resulted in a 

variety of heterostructured metal-oxide films. For example, a chocolate sticks -like morphology could 

be observed for CuO/ZnO films (see Fig.2d-f), in which some of the CuO particles cover both the side 

and top surfaces of ZnO NRs. When comparing Fig.2a-c and Fig.2d-f, it can be seen that the smooth 

surface of the pure ZnO NRs became rough as a result of the deposition of CuO particles. In contrast, 

Fe2O3 particles were mainly found on the top of ZnO NRs, forming dandelion-like microstructures 

(Fig.2g-i), where the average size of Fe2O3 particles is about 100 nm. This phenomenon was confirmed 

by the XRD and Raman results and will be discussed below. Similarly, Fig.2j-l illustrates that the Co3O4 

particles stack together on top of the ZnO NRs to form chrysanthemum-like microstructures. The size 

of the Co3O4 particles ranged from 100 to 300 nm. The backscattered electrons images for those 

heterostructured films are displayed in Fig. S1. Finally, it should be highlighted that CuO/ZnO, 

Fe2O3/ZnO and Co3O4/ZnO films exhibited hierarchical surface morphologies with high surface areas. 
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Fig.2. SEM images of (a-c) pure ZnO NRs films, (d-f) CuO/ZnO NRs films, (g-i) Fe2O3/ZnO NRs 

films and (j-l) Co3O4/ZnO NRs films under low and high magnifications. 

 

In addition, to determine the distribution of ZnO and of the various coupled metal oxides in the 

heterostructured films, EDS analyses were conducted (Fig. 3-5). For each sample type, two 

characteristic points were selected for analysis (Point 1 on the top and Point 2 side of the NRs). Fig. 3 

confirms the coexistence of Cu and Zn elements in the CuO/ZnO NR sample. The Cu is present both on 
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the top of the ZnO stick and on the side of the ZnO stick, exhibiting similar intensities of both copper 

and zinc elements. It indicates that CuO is relatively uniformly decorated on the ZnO stick. By 

contrast, the ratios of Co/Zn and Fe/Zn determined on the top of stick or on the side of stick are 

obviously different (Fig. 4 and Fig. 5), suggesting highly non-uniform distribution of Co3O4 and 

Fe2O3 on the ZnO stick. These EDS results are in accordance with the previously described SEM 

images of Fe2O3/ZnO and Co3O4/ZnO NR films (Fig.2 g-l). In summary, all the CuO/ZnO, Fe2O3/ZnO 

and Co3O4/ZnO NR films exhibited hierarchical surface morphologies with high surface areas.  

 

  
Fig. 3. EDS analysis of the CuO/ZnO film. 
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Fig. 4. EDS analysis of the Fe2O3/ZnO film. 

 

 

  

Fig. 5. EDS analysis of the Co3O4/ZnO film. 

  

3.2. Composition of the ZnO based films 

XRD patterns of the pure ZnO and of heterostructured CuO/ZnO, Fe2O3/ZnO and Co3O4/ZnO films are 

shown in Fig. 6. Due to the low thickness and to the porosity of these films, the underlying alumina 

substrates (PDF 81-2267) were also detected. For pure ZnO film, the XRD peaks of the standard 

hexagonal-wurtzite structure of ZnO (PDF 75-0576) were obtained. When using low concentrations 

(0.02M) of copper, iron and cobalt nitrates, low amounts of CuO (PDF 74-1021), Fe2O3 (PDF 85-0987) 

and Co3O4 (PDF 76-1802) can be observed in the XRD patterns (Fig. 6). In addition, due to the high 

temperatures of the in-flight particles and of the substrate in the SPPS process, ZnFe2O4 (PDF 73-1963) 

was also formed via a reaction between Fe2O3 and the pre-deposited ZnO film. 
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Fig.6. XRD patterns of pure ZnO NRs, CuO/ZnO NRs, Fe2O3/ZnO NRs and Co3O4/ZnO NRs films. 

 

To obtain more information on the composition of the heterostructured films, Raman spectra were also 

recorded as shown in Fig.7. The peaks located at 332 cm-1, 380 cm-1, 437 cm-1  and 578 cm−1 can be 

assigned to the E2 , A1TO , E1 , and E2 (high) vibration modes of ZnO with the P63mc symmetry, 

respectively (Fig. 7a) [32]. Similar to the XRD results, the vibration modes of the Al2O3 substrate at 416 

cm-1, 646 cm-1 and 748 cm-1 were also observed [33]. The characteristic peaks at 289 cm-1 and 627 cm-1 

confirm the existence of CuO in CuO/ZnO NR films (Fig. 7b) [34]. In the Fe2O3/ZnO NRs sample (Fig. 

7c), the peaks at 123 cm-1, 144 cm-1, 168 cm-1, 229 cm-1, 287 cm-1, 510 cm-1, 664 cm-1 and 839 cm-1 

correspond to Fe2O3 [35, 36]. The in situ formation of ZnFe2O4 is confirmed by the two characteristic 

peaks at 206 cm-1 and 487 cm-1  [37]. Finally, the characteristic vibration modes of 189 cm-1, 485 cm-1, 

520 cm-1, 623 cm-1, 690 cm-1 and 704 cm-1  can be seen for the Co3O4/ZnO NRs film (Fig. 7d) [38]. 

The phases of the targeted ZnO associated to CuO, Fe2O3 and Co3O4 were confirmed by XRD and 

Raman analyses. 
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Fig.7 Raman spectrum of (a) pure ZnO NRs, (b) CuO/ZnO NRs, (c) Fe2O3/ZnO NRs and (d) 

Co3O4/ZnO NRs films. 

 

3.3. Optical properties of heterostructured films 

Fig. 8a-b show the UV-visible absorption spectra and diffuse reflectance spectra (DRS) of pure ZnO 

and of the heterostructured ZnO films, respectively. Only UV light (λ F 368 nm) can be absorbed by 

pure ZnO due to its wide bandgap (3.37 eV in the bulk state). The heterostructured films show high 

absorption in the visible region of the light spectrum (see Fig. 8a), which should be beneficial to the 

visible-light-driven photocatalytic activity of the modified ZnO samples. The pure ZnO sample 

deposited via the SPPS route also exhibits an enhanced absorption (λ F 450 nm) in the visible light 

range compared to bulk ZnO, likely due to the existence of oxygen vacancies at the surface of ZnO 

prepared via the SPPS process [24]. Using the Kubelka–Munk method [39] and the DRS results (Fig. 

8b), the bandgap (Eg) values of the materials were determined by extrapolating the plots at 

(F(R)×hν)2=0 (Fig. 8c). The bandgaps were found to be 3.14, 2.77, 2.53 and 2.23 eV for pure ZnO, 

CuO/ZnO, Fe2O3/ZnO and Co3O4/ZnO NR films, respectively. 
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Fig. 8. (a) UV-visible absorption spectra and (b) UV-visible diffuse reflectance spectra of pure ZnO and 

heterostructured ZnO films and (c) Plot of (F(R x hν)2 vs hν of pure ZnO NRs, CuO/ZnO NRs, 

Fe2O3/ZnO NRs and Co3O4/ZnO NRs films. 

 

3.4. Photodegradation performance under UV light  

The photocatalytic activity of pure ZnO and heterostructured ZnO NRs films were first evaluated for 

the degradation of the Orange II dye under UV light irradiation. The evolutions of the UV-visible 

absorption spectra of the Orange II are shown in Fig. 9a-d. The characteristic absorption peak of 

Orange II located at 485 nm gradually decreases with the irradiation time, indicating the bleaching of 

the dye. The plots of Ct/C0 versus irradiation time for all samples are shown in Fig. 9e. The CuO/ZnO 

NRs film exhibits the highest photocatalytic efficiency (97.4% degradation after 300 min), while 92.5% 

of the dye were degraded using the pure ZnO NRs film. The photodegradation efficiencies of 

Fe2O3/ZnO NRs and Co3O4/ZnO NRs films are lower (83.2% and 82.6% after 300 min irradiation, 

respectively). Indeed, it is commonly accepted that the efficient transfer of photogenerated 

electrons/holes is a requirement for photocatalytic degradation. Although both pure Fe2O3 and ZnFe2O4 

exhibit excellent visible-light responses, Fe2O3 is limited by a high recombination rate of charge carriers 

and by its relatively low oxidation ability [39, 40]. ZnFe2O4 and Co3O4 also suffer from a modest 

photoelectric conversion [9, 41]. Moreover, in light of the SEM and EDS results previously described, 

Fe2O3, ZnFe2O4 and Co3O4 particles were mainly stacked on top of ZnO NRs nanostructures in the 

Fe2O3/ZnO and Co3O4/ZnO films, suggesting a weak contact with ZnO. We assume that the lower 

photocatalytic performances of Fe2O3/ZnO and Co3O4/ZnO films originate from the weak contact 

between Fe2O3 or Co3O4 and ZnO. For the CuO/ZnO film, CuO particles were demonstrated to be 

uniformly distributed at the surface of ZnO NRs, which favors the creation of a heterojunction between 

these materials and thus the delocalization of photogenerated holes and electrons. 

Fig. 9f shows that the photocatalytic degradation of Orange II with ZnO and the heterostructured 

ZnO-based films fits the pseudo-first-order kinetics ln (C0/C) = kt, where C0 and C are the 
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concentrations of the dye at t = 0 and t, respectively, and k is the rate constant. The rate constant k can be 

classified as follows: CuO/ZnO NRs > pure ZnO NRs > Fe2O3/ZnO NRs > Co3O4/ZnO NRs. In light of 

the above investigation, it can be concluded that the distribution of metal oxides in the photocatalyst 

plays a key important role in the photocatalytic activity of heterostructured films prepared via the SPPS 

process. Further works devoted to control this distribution will be undertaken in a near future. 

  

  

  

Fig. 9. UV-visible absorption spectra of Orange II during its photodegradation under UV light in the 

presence of (a) pure ZnO, (b) CuO/ZnO, (c) Fe2O3/ZnO and (d) Co3O4/ZnO films, (e) 

photodegradation performances of the catalysts and (f) the pseudo-first-order kinetics of Orange II 

degradation under UV light for pure ZnO and heterostructured films. 
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3.5. Photocatalytic activity under visible light  

In order to further evaluate the photocatalytic activity of heterostructured films, the photodegradation 

performances under visible light were also investigated. The time-evolutions of the UV-visible 

absorption spectra of Orange II are shown in Fig.10a-d. A faster decrease of the characteristic peak of 

Orange II at 485 nm was observed for all heterostructured films compared to pure ZnO NRs. Fig. 10e 

displays the plots of Ct/C0 versus irradiation time for all films. The CuO/ZnO NRs films exhibit the 

highest visible-light-driven photodegradation efficiency (41.8%) within 360 min, followed by the 

Co3O4/ZnO NRs sample (39.3%) and Fe2O3/ZnO NRs films (28.4%). All heterostructured films exhibit 

improved photodegradation performances than pure ZnO NRs samples (9.8%), which is mainly related 

to their ability to harvest visible light. Results obtained are consistent with those obtained under UV 

light irradiation and further demonstrate that an optimal contact between the two metal oxides favors 

the photocatalytic activity. The reaction kinetics for pure ZnO and the heterostructured films are shown 

in Fig. 10f. The reaction constants of CuO/ZnO NRs, Fe2O3/ZnO NRs and Co3O4/ZnO NRs films are 

5.5, 3.2 and 4.5 times higher than that of pure ZnO NRs, respectively. 
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Fig. 10. (a-d) UV-visible spectra of Orange II during its photodegradation under visible light in the 

presence of pure ZnO and heterostructured films, (e) photodegradation performance in function of the 

irradiation time and (f) the pseudo-first-order kinetics of Orange II. 

 

3.6. Photocatalytic mechanism  

ZnO is an n-type semiconductor, while CuO is p-type semiconductor. The p-n heterojunction between 

these materials should favor the separation of holes and electrons. The valence band (VB) and the 

conduction band (CB) edge position of ZnO and CuO were estimated according to their absolute 

electronegativity. Based on previous studies, the relationship between conduction (ECB) and valence 

(EVB) band edges energies and the electronegativity can be expressed as follows [42]: 

��� = � − �� � 0.5��       ���2�  

��� = ��� − ��   ���3� 

where χ is the absolute electronegativity of the semiconductor expressed as the geometric mean of the 

absolute electronegativity of the constituent atoms, Ee is the energy of free electrons in the hydrogen  

scale (∼4.5 eV) and Eg is the energy bandgap of the semiconductor. The χ values for ZnO and CuO are 

5.79 and 5.81 Ev. The bandgaps of ZnO and CuO are 3.12 and 1.70 eV [43]. Table 1 summarizes the 

calculated EVB and ECB values on. A possible charge transfer mechanism in heterostructured films is 

illustrated in Fig. 11. 

Table 1. Absolute electronegativity, EV and EC values for ZnO and CuO (vs NHE). 

semiconductor χ (eV) Eg (eV) ECB (eV) EVB (eV) 

ZnO 5.79 3.12 -0.27 2.85 

CuO 5.81 1.70 -0.44 2.14 
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Fig. 11. Schematic band structure of the CuO/ZnO photocatalyst and of the charge transfer between 

CuO and ZnO under light irradiation. 

 

Firstly, under the UV light irradiation, both CuO and ZnO are excited (steps 1 and 2 and reaction i). Due 

to the p-n heterojunction between ZnO and CuO, the photogenerated electrons transfer from the CB of 

CuO to the CB of ZnO. In the meantime, the photogenerated holes migrate in the opposite direction 

from the VB of ZnO to that of CuO (steps 3 and 4 and reaction ii). These transfers limit the 

electron/hole recombination both in CuO and ZnO and thus increase the photocatalytic activity. The 

holes accumulated in the VB of CuO react with water molecules to generate hydroxyl radicals (•OH) 

(reaction iii). Simultaneously, electrons accumulated in the CB of ZnO are scavenged by dissolved 

oxygen molecules and produce superoxide anions (O2
•-) (reaction iv). Hydroxyl and superoxide radicals 

oxidize the Orange II dye (reactions v and reaction vi). 

Under visible light irradiation, only CuO is efficiently excited. The electrons in the CB of CuO transfer 

to the CB of ZnO. As previously, these electrons react with oxygen while holes in the VB of CuO react 

with water. 

CuO ZnO⁄ + hν → CuO ZnO⁄ �h�vb�
+ +e�cb�

- �  ���  

CuO ZnO⁄ �h�vb�
+ +e�cb�

- � →CuO  h+!+ ZnO �e-�  (ii)  

ZnO�e-�+O2→O2
∙-         (iii) 

CuO  h+! + H2O→ ∙OH + H+          (iv) 

O2
∙- + Orange II → Intermediates → Degradation Products          (v)  

∙OH + Orange II → Intermediates → Degradation Products         (vi) 
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4. Conclusion 

It is the pioneering report that heterostructured metal oxides films (CuO, Fe2O3 and Co3O4) coupled to 

ZnO nanorods were efficiently prepared by the SPPS technology. The CuO/ZnO, Fe2O3/ZnO and 

Co3O4/ZnO films obtained exhibit hierarchical chocolate-stick, dandelion and chrysanthemum-like 

morphologies, respectively. Among these films, CuO was demonstrated to be uniformly distributed on 

the top and on the side of pre-deposited ZnO nanorods, while Fe2O3 and Co3O4 were mainly stacked 

on the top of ZnO nanorods. The heterostructured films exhibit enhanced absorption in the visible 

region compared to pure ZnO. Under UV light irradiation, the CuO/ZnO film exhibits the highest 

photocatalytic activity for the degradation of the Orange II dye, likely due to optimal heterojunction 

constructed between CuO and ZnO that favors the charge transfers. Under visible light, CuO/ZnO, 

Fe2O3/ZnO and Co3O4/ZnO films exhibit a 5.5, 3.2 and 4.5 times higher activity than pure ZnO, 

respectively. This study not only reveals the capability of SPPS for the direct deposition of 

heterostructured metal oxides films, but also demonstrates that the distribution of the metal oxide plays 

a key role in the photocatalytic performance. 
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Figure captions: 

Fig.1. Deposition strategy for the preparation of ZnO NRs coupled with metal oxides films via 

the SPPS process. 

Fig.2. SEM images of (a-c) pure ZnO NRs films, (d-f) CuO/ZnO NRs films, (g-i) Fe2O3/ZnO 

NRs films and (j-l) Co3O4/ZnO NRs films under low and high magnifications. 

Fig. 3. EDS analysis of the CuO/ZnO film.  

Fig. 4. EDS analysis of the Fe2O3/ZnO film.  

Fig. 5. EDS analysis of the Co3O4/ZnO film. 

Fig. 6. XRD patterns of pure ZnO NRs, CuO/ZnO NRs, Fe2O3/ZnO NRs and Co3O4/ZnO NRs 

films. 

Fig. 7. Raman spectrum of (a) pure ZnO NRs, (b) CuO/ZnO NRs, (c) Fe2O3/ZnO NRs and (d) 

Co3O4/ZnO NRs films. 

Fig. 8. (a) UV-visible absorption spectra and (b) UV-visible diffuse reflectance spectra of pure 

ZnO and heterostructured ZnO films and (c) Plot of (F(R x hν)2 vs hν of pure ZnO NRs, 

CuO/ZnO NRs, Fe2O3/ZnO NRs and Co3O4/ZnO NRs films. 

Fig. 9 UV-visible absorption spectra of Orange II during its photodegradation under UV light 

in the presence of (a) pure ZnO, (b) CuO/ZnO, (c) Fe2O3/ZnO and (d) Co3O4/ZnO films, (e) 

photodegradation performances of the catalysts and (f) the pseudo-first-order kinetics of 

Orange II degradation under UV light for pure ZnO and heterostructured films.  

Fig. 10. (a-d) UV-visible spectra of Orange II during its photodegradation under visible light in 

the presence of pure ZnO and heterostructured films, (e) photodegradation performance in 

function of the irradiation time and (f) the pseudo-first-order kinetics of Orange II. 

Fig. 11. Schematic band structure of the CuO/ZnO photocatalyst and of the charge transfer 

between CuO and ZnO under light irradiation. 

 

Table captions: 

Table 1. Absolute electronegativity, EV and EC values for ZnO and CuO (vs NHE). 

 




