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Abstract 

The charge carriers in the heterojunction structure are playing a significant role in the photocatalytic toward hydrogen 

evolution reaction. Herein, we focus on analyzing the change of the influence of annealing treatment upon the structural 

properties and the photocatalytic hydrogen performance of Cu2O/TiO2 heterojunction structure. Our results show that the 

efficiency and the rate of photocatalytic hydrogen generation over the Cu2O/TiO2 samples were found to be higher than TiO2 

owing to the occurrence of the charge carrier transport via p-n heterojunction between Cu2O and TiO2 that can be suppressed 

the recombination rate of photogenerated electron-hole pairs. Moreover, after being annealed the various temperatures from 

300C-700C, the obtained H2 evolution of Cu-based photocatalyst significantly affected due to the presence of transition 

phase from anatase to rutile in the crystal structure, leading to the change the redox potential in heterojunction. It is noticed 

that the highest hydrogen of the CuO/TiO2-500 photocatalyst with an apparent quantum yield of about 10.8% was obtained 

compared with others under the same conditions. These results will provide insight for clean energy evolution in the future 

based on the p-n heterojunction structure. 
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1. Introduction 

Using the semiconductor play as the photocatalyst for 

hydrogen (H2) production from photocatalytic water-

splitting is a helpful way for clean energy, environmentally 

friendly, and cost-effective. Due to the smallest voltage 

required for water splitting reaction is the minimum energy 

of 1.23 eV to convert water into H2 and O2. This is equated 

to change in Gibb’s free energy ∆G�o = + 237.2 kJ/mol or 

an equivalent of 1.23 V [1, 2]. Therefore, using a 

semiconductor as a photocatalytic to generate H2 gas, they 

need have some properties as follows: i) their bandgap 

energy must be large enough to spilt water (Eg > 1.23 V); ii) 

the redox potential of conduction band-edge energy (CB) 

and valence band-edge energy (VB) have more suitable for 

the electrochemical potentials E°(H+/H2) and E°(O2/H2O). 

These factors can drive the hydrogen evolution reaction and 

the oxygen evolution reaction using electron-hole pairs 

generated under irradiation light [3]. 

In various semiconductors, TiO2 is considered as a good 

photocatalyst for the H2 generation due to its strong 

oxidation-reduction ability under light irradiation, 

nontoxicity, stable, environmentally friendly, abundant, and 

low-priced. More importantly, the CB and VB energy levels 

of TiO2 are suitable for the photocatalytic water splitting 

reactions (Fig. 1) [4]. The VB of TiO2 is more positive than 

the oxidation energy level of water and the CB of TiO2 is 

more negative than the reduced energy level of water [3], 

therefore, TiO2 is an applicable choice for photocatalytic 

hydrogen generation from water splitting process under 

solar irradiation. Their position of the band edges for the 

water splitting to produce the H2 can be described in Fig. 1. 

 

 
 

Fig 1: The position of the band edges of some semiconductors and 

the standard levels of hydrogen production and water oxidation at 

pH = 0 [5]. 

 

Although TiO2 is a preferred candidate for H2 production, its 

photocatalytic hydrogen generation efficiency is not high 

due to some of the main following reasons: i) the fast 

recombination rate of the photogenerated electron–hole 

pairs would also decrease the photocatalytic water 

splitting to hydrogen production performance; ii) The water 

decomposition reaction into hydrogen and oxygen has a 

large positive Gibbs free energy (∆G = 237 kJ/mol) led to 

the recombination of hydrogen and oxygen into water 

reaction easily proceeds [3], and iii) the large optical bandgap 

of TiO2 (3.0 - 3.2 eV) led to TiO2 can only be activated by 

UV light (only 5% of the solar radiation in the solar 

spectrum). Loading of transition metals and its oxides (Ag, 

Pt, CuO, Cu2O,) is an effective method to overcome these 

drawbacks. The transition metals with suitable work- 



International Journal of Chemical Science  http://www.chemicaljournals.com 

10 

Function can prevent the recombination of electron–hole 

pairs, thus the photocatalytic activity of TiO2 would 

improve. Compared to other metals, copper oxide species 

(CuO, Cu2O) are one of the promising materials due to its 

low cost, abundant resources, and high photocatalytic 

hydrogen production performance. Specifically, Cu2O is a 

simple metal oxide semiconductor with low bandgap energy 

2.0  2.2 eV. Their CB edge of -1.2 V (versus NHE, pH=0) 

is higher than that of TiO2 (- 0.3 V versus NHE, pH=0) and 

the VB edge of Cu2O (+ 1.0 versus NHE, pH = 0) is lower 

than that of TiO2 (+ 2.8 V versus NHE, pH =0). Thus, the 

photogenerated electrons can transfer from CB of Cu2O to 

that of TiO2, and the photogenerated holes can jump into 

VB of TiO2 to that of Cu2O under irradiation with a suitable 

light source. As a result, the photogenerated electrons-holes 

pairs are separated from each other, reducing the 

recombination probability and increasing the lifetimes of the 

charge carriers [6]. 

Recently, various researchers have been reported the 

efficiency photocatalytic H2 generation of Cu2O/TiO2 

composites. Lalitha et al. reported that the photocatalytic H2 

generation of water and water: glycerol mixtures over 

CuO/TiO2 and Cu2O/TiO2 photocatalyst significantly 

enhanced. The maximum of hydrogen production was  265 

and 290 µmol h- for 2 wt% CuO/TiO2 and Cu2O/TiO2 

catalysts in pure water, respectively [7]. Hinojosa-Reyes et 

al. reported that the hydrogen production of Cu2O-

TiO2 photocatalysts was prepared by the sol-gel method. 

The results showcased that the copper concentration and 

annealed temperatures played a significant role in the 

hydrogen photocatalytic production rate [8]. Another report, 

it was proved that the effects of Cu2O morphology were 

responsible for enhancing the photocatalytic hydrogen 

generation, the results indicated that TiO2 film/Cu2O with 

microgrid structures exhibited the higher efficiency in 

hydrogen production than the TiO2 film/Cu2O film owing to 

the existence of Ti3+ states and the easy contact of H+ ions 

with electrons to H2 gas in microgrid structures, leading to 

enhanced the photocatalytic H2 performance in TiO2 

film/Cu2O microgrid [9]. 

For the aforementioned reasons, the purpose of this work is 

to investigate the effect of the crystal structure of catalysts 

on the H2 generation performance under UV irradiation of 

Cu2O/TiO2 composite by changing the annealing 

temperature. In this study, the Cu2O/TiO2 composite is 

fabricated by the hydrothermal and impregnation method. 

The enhancement mechanism of the photocatalytic H2 

production in this report will be explained and provided in 

detail. These results supply an insight into the role of crystal 

structure for enhancing practice applications as clean energy 

production.  

 

2. Materials and Methods 

2.1. Materials preparation 

TiO2 nanotube structures were fabricated by the 

hydrothermal technique. First, 4.2 g of TiO2 powder was 

dispersed in 120 ml of 10 M NaOH aqueous solution by the 

magnetic stirrer for 4 hours at 50oC; the TiO2 + NaOH 

suspension was then heated at 130oC for 22 hours in an 

autoclave. The white precipitates were gathered by 

centrifugation. After the centrifugation process, the white 

product was washed with distilled water until pH  9, then 2 

M HNO3 acid was then slowly added to the distilled water 

until pH 7. Next, the white powder washed again with 

distilled water at 80oC to remove the residue of sodium. 

Finally, this product was annealed at the various annealing 

temperature for 4 hours [10]. 

Cu2O/TiO2 was prepared by using the impregnation method 

by Cu(NO3)2.3H2O and TiO2 nanotubes. First, 0.2 g TNTs 

was dispersed into Cu(NO3)2.3H2O aqueous solution ( 50 

mL with the content of Cu is 1.5 wt%), and constantly 

stirred for 8 hours at 80°C. Then, the sample was dried in air 

at 100°C overnight to evaporate fully the excess water out. 

The final product is a blue powder mixture. Finally, the 

samples are annealed at various temperatures (300oC, 

400oC, 500oC, 600oC, and 700oC) in the air for 2 hours with 

the heating and cooling rate of 5oC min-1. The process of 

fabrication of Cu2O/TiO2 is shown in Fig 2.  

 

 
 

Fig 2: The fabricating process of Cu2O/TiO2 samples. 

 

2.2. Characterization techniques 

The crystalline phase of the nanotubes was investigated by 

Bruker D8 ADVANCE X-ray diffractometer (XRD) with 

=0.15406 nm. The Diffuse Reflectance UV–visible spectra 

were recorded on a UV-vis spectrophotometer (JASCO – 

V670) in the wavelength range 300 – 700 nm with a scan 

rate of 400 nm.min-1. The chemical composition of the 

Cu2O/TiO2 sample was analyzed by an energy dispersive X-

ray spectrometer (EDX). The morphology of TiO2 modified 

Cu2O samples was characterized by transmission electron 

microscopy (TEM, JEM−1400) operated at 100 kV. 

Photoluminescence (PL) emission spectra were analyzed 

http://www.chemicaljournals.com/


International Journal of Chemical Science  http://www.chemicaljournals.com 

11 

with a fluorescence spectrophotometer (Horiba iHR320) 

using 325 nm as the excitation source at room temperature. 

All the characterizations were carried out at room 

temperature. 

Hydrogen performance tests: Photocatalytic H2 production 

reactions were carried out under UV light and recorded by  

using an off-line HP-5890 gas chromatograph equipped with 

a thermal conductivity detector (TCD). Firstly,  5 mg of 

the Cu2O/TiO2 powder was dispersed in 50 mL of 5 vol. % 

glycerol solution with continuous stirring. Then, the mixture 

is irradiated by UV light, and the evolved gaseous products 

were collected in the TCD system. 

 

3. Results and Discussions 

 

 
 

Fig 3: The XRD pattern of Cu2O/TiO2 annealed samples at the different temperatures. 
 

The phase composition of Cu2O/TiO2 samples annealed at 

different temperatures was determined by XRD in Fig 3. We 

can see that the crystalline of samples increases with an 

increase in annealing treatment. This result reveals that the 

Cu2O/TiO2 annealed samples present peak characterizes of 

TiO2 (JCPDS card no. 21-1272 and 21-1726), and there are 

only anatase diffraction peaks for samples annealed at 

300oC and 400oC. The rutile peak starts appearing at 2 = 

27.47o, 35.89o which corresponds to (110), (101) plane in 

the structure of TiO2 when annealing times are raised to 

600oC - 700oC, and the rutile peak intensity increase with an 

increase in annealing temperature. The content of anatase 

and rutile phase is calculated by using equation [11]: 

 

 
 

Where f is the ratio of anatase in the mixture, IA and IR are 

intensities of anatase (101) and rutile (110) diffraction 

peaks. It observes that the content of anatase - rutile phase is 

100% (A) - 0.00% (R) for Cu2O/TiO2 at 300oC and 400oC, 

while this composition are 82.30% (A) - 17.70% (R), 78.27 

%(A) - 21.73 % (R), 71.16% (A) - 28.84% (R) at 500oC, 

600oC, and 700oC, respectively (Table 1). This implies that 

the anatase phase is transformed into the rutile phase in the 

heat treatment process, and the content of the rutile phase 

increases with an increase in annealing temperature. In 

addition, there is no peak of Cu or their oxide species (CuO, 

Cu2O) is observed in XRD analysis. This result proved that 

Cu or their oxide species only exist on the surface of TiO2 

nanotubes. Indeed, the ion diameters of Ti4+ are about 74.5 

pm (~ 0.0745 nm), which is smaller than that of Cu2+ is 

about 87 pm (0.087 nm) [6,12] which suggests that it is 

impossible for Cu2+ ion could replace Ti4+ ion at the crystal 

lattice site. For the influence of the annealing temperature 

on the average crystallite size, we can see from Fig 6 that 

when the annealing temperature increased, the peak 

intensity was higher, indicating that an increase in crystallite 

size and crystallinity at from 500C to 700C are observed. 

As shown in Table 1, the average crystallite size of samples 

was found to be from  9.36 to  36.46 nm corresponding to 

an increase in the annealing temperature from 300oC to 

700oC, respectively. The result also indicates that the 

change of average crystallite size is due to the expanded 

regions of the grain boundaries since the temperature rises 

to lead to the presence of agglomeration particles during 

heating treatment. This behavior of the average crystallite 

size is in agreement with previous works [13,14]. This means 

that the increase of the annealing temperature results in not 

only larger particles of samples but also the effect of the 

phase transition of TiO2. 

 
Table 1: The change of the average crystal size and crystal 

composition anatase - rutile phase of Cu2O/TiO2 annealed at 

different temperature. 
 

Samples 

Average 

crystal 

size (nm) 

IA 

(101 

Anatase) 

IB 

(110 

Rutile) 

% 

Anatase 

% 

Rutile 

Cu2O/TiO2-300 9.36  1 2513.06 0 100.00 0.00 

Cu2O/TiO2-400 16.56  1 3316.78 0 100.00 0.00 

Cu2O/TiO2-500 24.51  1 3013.52 488.23 82.30 17.70 

Cu2O/TiO2-600 31.61  1 4097.79 899.22 78.27 21.73 

Cu2O/TiO2-700 36.46  1 5067.01 1586.95 71.16 28.84 

Fig. 4 exhibits the Raman spectra analysis of the 

Cu2O/TiO2-500 samples annealed at 500 oC. This result 
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revealed the existence of TiO2 characteristic phases. The 

Raman peaks at 144, 398, 513, 637 cm-1 denote Eg(1), 

B1g(1), A1g(1)+ B1g(2), Eg(3) standard modes of TiO2 
[15,16]. 

The symmetric stretching vibration of O – Ti – O bond is 

observed at 144 and 398 cm-1 associated with Eg anatase 

mode, the symmetric and anti-symmetric bending vibration 

of O-Ti-O bond is associated with B1g (1) and A1g(1) modes. 

However, no peak characteristic related to the phonon 

frequencies of the crystalline Cu2O has detected in this 

curve. The lack of 146 cm-1 and 219 cm-1 means that Cu2O 

is not present in Cu2O/TiO2 heterojunction structure [17, 18]. 

This result is already an agreement with XRD analysis. 
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Fig 4: Raman spectrum analysis of Cu2O/TiO2 sample annealed at 

500oC. 

 

The UV-vis diffuse reflectance spectra of TiO2 and 

Cu2O/TiO2 samples are shown in Fig. 5. The corresponding 

band gap energy values (Eg) are calculated by using the 

Kubelka-Munk equation (calculated from the formula λ = 

1239.8/Eg), and plotted by the Tauc method as shown in Fig. 

5 [19,20]. For the pure TiO2-500, strong absorption of the 

ultraviolet (UV) light is observed at about 380 nm 

corresponding to the bandgap energy of 3.25 eV. This 

absorption band in the UV region of the pure TiO2 can be 

attributed to the bandgap excitation of anatase TiO2 related 

to the band to the band transition [21]. The absorption in the 

visible region (from 400 to 500 nm) for Cu2O/TiO2 samples 

is observed in Fig. 5. This result revealed that the  

Appearance of Cu2O nanoparticle on the TiO2 surface leads 

to reducing the bandgap energy of the heterojunction 

structure. Besides, the raise of annealing temperature pushes 

the UV-Vis diffuse reflectance spectra to the visible region, 

corresponding to the reduction of the energy bandgap (Eg). 

As seen in Fig. 5, the absorbance wavelength of samples 

annealed at 300oC, 400oC, 500C, 600C, and 700C was 

413 nm, 440 nm, 450 nm, 460 nm, and 591 nm, 

respectively, corresponding to the bandgap energy of 3.0 

eV, 2.82 eV, 2.75 eV, 2.7 eV, and 2.1 eV, respectively. 

These results indicated that after being increased the 

annealing temperature, the energy of bandgap declines that 

can be governed by the partial crystallization of the samples, 

and the crystallization of the samples. 

 

 
 

Fig 5: The UV-visible absorption spectra and Tauc plots used to 

determine Eg (b) of TiO2 and Cu2O/TiO2 samples. 

 

Fig. 6 displays the TEM image of Cu2O/TiO2 samples. It is 

observed that the surface morphology of sample shows 

varies remarkably with the change of annealing 

temperatures. There are no great changes in the diameter 

and tube at 300oC and 400oC (Fig. 6 (a) and Fig. 6 (b)). 

However, the tube structure is broken and the length of the 

tube is shortened at 500oC. When the temperature rises to 

600oC and 700oC, the tube is almost destroyed and 

transformed into the particle structure (Fig. 6 (c) and Fig. 6 

(d)). The same phenomena are fully consistent with the 

model of the structure growth of TiO2 nanotubes and the 

anatase-rutile phase transformation at a high temperature of 

TiO2 in the previous section. 
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Fig 6: TEM images of Cu2O/TiO2 structure annealed at (a) non-annealed, (b) 300oC, (c) 400oC, (d) 500oC, (e) 600oC, and (f) 700oC. 
 

The photoluminescence emission (PL) spectra of Cu2O/TiO2 

in wavelength at 350-600 nm are shown in Fig. 7. It can be 

seen that the PL shape and their intensity change 

significantly with the increasing annealing temperature, 

while, their intensity decreases linearly. At 300oC, 400oC, 

and 500oC, the curve is similar. At 600oC and 700oC, they 

have significantly differences. The Gaussian function is 

used to analyze the PL spectra of samples annealed at 

300oC, 500oC, and 700oC (Fig. 7 (b,c,d)). The PL peak at 

385 nm describes the band−band phenomenon emission 

with the energy approximately equal to the bandgap energy 

(3.2 eV) of the TiO2 anatase phase [22]. The PL peak at 420 

nm is dominated by the near bandgap emission from the 

rutile phase while two peaks at 490 nm, 530 nm can be 

attributed to the excitonic transitions from TiO2 intrinsic 

defects as the self-trapped exciton and the surface defect 

states of oxygen vacancies (Vo) [23,24]. According to the 

photoluminescence spectroscopy theory, PL spectra is also 

proven to be a good tool for checking the photophysical 

properties of the material including the efficiency of charge 

carrier trapping and recombination of electron - holes pairs 

on the surface of the photocatalyst [25]. In addition, the 

intensity of PL emission that is correlated to the e--h+ 

recombination rate in semiconductor, the sample with a 

lower emission intensity could be indicated that it has a 

lower electron-hole recombination rate that would result in 

higher photocatalytic activity as well as hydrogen 

generation performance [26]. This result implies that the PL 

emission intensity significantly reduced with 

the increasing annealing temperature. The PL emission 

intensity at 500oC, 600oC, and 700oC are lower than the 

sample at 300oC, 400oC, and the lowest intensity is at 

700oC. This suggests that the annealing process might be 

responsible for improving the separation of the photo-

generated e--h+ pairs and suppressing recombination in the 

Cu2O/TiO2 heterojunction structure. From the above 

discussion, it could be expected that samples at 500oC-

700oC possess high photocatalytic hydrogen generation 

ability compared to 300oC and 400oC. 
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Fig 7: The photoluminescence emission (PL) spectra of Cu2O/TiO2 annealed at different temperatures (a), and the deconvolution PL curve, 

respectively (b,c,d). 

 

Photocatalytic hydrogen evolution reactions were carried 

out by UV irradiation with Hg lamp, and the total amount of 

hydrogen produced is plotted as a function of irradiation 

time. The hydrogen production of TiO2 nanotubes and 

Cu2O/TiO2 samples is shown in Fig. 8. Compared to TiO2-

500 nanotubes, Cu2O/TiO2 samples exhibit a higher 

photocatalytic activity for hydrogen production. In addition, 

the annealing temperature affects the performance of 

photocatalytic hydrogen generation of Cu2O/TiO2 samples. 

The rate of hydrogen evolution increased slowly within the 

first hour, then increased a steady and gradually faster, 

which may be due to the presence of Cu species nanocluster 

on the wall of TiO2 leading to enhancing the photocatalytic 

activity of Cu2O/TiO2 heterojunction structure.  

 

 
 

Fig 8: Photocatalytic hydrogen production rate collected for TiO2 nanotubes and Cu2O/TiO2 samples under UV irradiation. 

 

The hydrogen production rate increases with the increase in 

annealing temperature from 300oC - 500oC, and then 

decreased at 600oC and 700oC. At 300oC and 400oC, the 

hydrogen production rate increased from 32.60 mol.h-1. 

gcat.
 -1 to 40.84 mol.h-1. gcat.

 -1, respectively. The hydrogen 

performance reaches a maximum at 500oC with 66.03 

mol.h-1. gcat.
 -1. At 600oC and 700oC, the hydrogen volume 

production rate drops to 56.67 mol.h-1. gcat.
 -1 and 47.83 

mol.h-1. gcat.
 -1. This means that the hydrogen production 

efficiency is significantly affected by the change of the 

phase composition, grain size, and agglomerate size due to 

annealing temperature. It is seen from Table 1, the 

predominant rutile phase at 600°C and 700oC with the % 

rutile composition is about 21.73 and 28.84, respectively, 

and it was higher than other samples. This result notes that 

the composition of the rutile phase notably affects the H2 

evolution. The lower rutile phase content appeared at 500oC 

is more active in the photocatalytic production of hydrogen. 

The same phenomena are observed by other reported. 

Indeed, Li et al. reported that the appearance of the rutile 

phase in the crystal structure of TiO2 notably effected H2 

evolution and this nanoparticle system of Cu2O coupled 

with TiO2 nanoparticles exhibited a lower rate of H2 

production compared with Cu2O nanoparticles incorporated 

TiO2 nanotubes [21]. The Cu2O/TiO2-500 structure 

demonstrates the highest rate of H2 production 66.03 

mmol.h-1. gcat.
-1 with an apparent quantum efficiency of 

10.8% at 365 nm [22]. Therefore, in this experiment, the 

annealing temperatures of 500°C are effectively suitable for 

photocatalytic H2 production enhancement of Cu2O/TiO2 

heterojunction structure. 

The enhancement in the hydrogen production performance 

of Cu2O/TiO2 heterojunction structure is explained by 

reaction equations (eq) (1) - (5), and the photogenerated 

charge transfer mechanism in the Cu2O/TiO2 heterojunction 

structure in Fig. 9 as follows [27-29]: 
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 (2) 

 (3) 

 (4) 

 (5) 

 

When the Cu2O/TiO2 heterojunction structure is excited by 

UV irradiation, the photo-generated charge (electron -hole 

pairs) are generated as eq (1) and eq (2). Because the 

conduction band (CB) edge of Cu2O is more negative than 

that of TiO2 (Fig. 1), the electrons on the CB of Cu2O can be 

easily transferred to that of TiO2; meanwhile, the holes on 

the VB of TiO2 can be easily transferred to that of Cu2O. 

Hence the holes density in the VB of TiO2 is drained, 

whereas, the holes density is enhanced in that of Cu2O and 

form the holes center in Cu2O (Fig. 9). Therefore, e- 

transfers from Cu2O to TiO2 and h+ transfers from TiO2 to 

Cu2O can effectively separate the photogenerated charge (e- 

- h+) as well as preventing the recombination of them that 

can improve photocatalytic hydrogen generation ability. 

Due to the high potential energy, the e- accumulated in the 

CB of TiO2 can reduce H+ ion to form H2 gas (eq (3)). On 

the other hand, e- can react with H+ ion produced by 

dehydration reaction in eq (4) to produce H2 in eq (5). Thus, 

the photocatalytic hydrogen production activity of 

Cu2O/TiO2 structure is significantly improved due to the 

presence of Cu2O on the wall of TiO2 nanotubes. 

 

 
 

Fig 9: The photogenerated charge transfer mechanism in the 

Cu2O/TiO2 heterojunction structure under UV irradiation. 

 

4. Conclusions 

In this work, we have synthesized the Cu2O/TiO2 

heterojunction structure by the hydrothermal and 

impregnation method. The obtained result demonstrates that 

the production efficiency of H2 of Cu2O/TiO2 heterojunction 

structure can be significantly affected by annealing 

temperature (phase composition, crystalline, grain size, and 

agglomerate size). The hydrogen production performance of 

Cu2O/TiO2 heterojunction structure increases at 300oC-

500oC and decreases at 600oC - 700oC. The highest quantum 

efficiency obtained was about 10.8% (66.03 mol.h-1.gcat
-1) 

is for Cu2O/TiO2-500 sample with about 24.5 nm particle 

size, 82.30% (A) - 17.70% (R) phase composition, the 

smallest bandgap energy (Eg ~ 2.4 eV). In addition, we 

notice that the photogenerated charge transfer mechanism of 

different semiconductors is also one of the influencing 

factors to the production efficiency of H2.  
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