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ABSTRACT 

N-doped TiO2 and Cu2O nanoparticles were synthesized through a chemical reduction of the titanium (IV) 

isopropoxide and copper (II) sulfate 5-hydrate, respectively. TiO2 nanoparticles were doped with N at different 

concentrations (10, 20 and 30% wt.) to modify its optical properties. The photoactivity of the elaborated photoelectrode 

was analyzed by means of photocurrent generation and UV-Vis spectroscopy. The bandgap energy of the N-doped 

TiO2photoelectrode decreased with increasing N concentration and the Cu2O photoelectrode has the energy value of the 

lowest bandgap, 2.1 eV. Furthermore, Cu2O photoelectrode generates higher photocurrent than N-doped TiO2 electrodes. 
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INTRODUCTION 

Energy is considered as a fundamental source for 

innumerable productive processes that have allowed 

throughout history the industrialization as well as improve 

the living standards of society. Due to the increasing 

energy demand a lot of alternative processes for energy 

generation through clean mechanism and use of renewable 

sources are been developed by different researcher [1]-[4]. 

Photo-electrochemical water splitting is a promising 

alternative for using of solar energy and the sustainable 

hydrogen production as an energy carrier [5], which 

involves different physicochemical process. First a light 

absorption process occurs by the semiconducting 

photoelectrode, a pair of charge carriers, electrons-holes 

are generated and the electrons are excited to conduction 

band, after that, the separation and transportation process 

takes place and finally the last process is the surface 

reactions where redox reactions occur and the hydrogen is 

produced [6]. In these devices the semiconductor 

photoelectrode is the main component since as has a 

decisive influence on the solar energy to hydrogen 

conversion. Among semiconductor, metal oxides are very 

attractive materials due to their chemical stability, suitable 

band gap positions and low cost [7]. Different metal 

oxides have a wide distribution of the band gap energy, 

band edge positions and presents electronic characteristics 

of n-type or p-type semiconductor. In the present 

investigation the effect of the N doped concentration on 

optical properties of TiO2 nanoparticles has been studied 

and compared with the optical behavior of the p type of 

semiconductor Cu2O synthesized through a chemical 

reduction mechanism. Through impregnation wet method 

were doped TiO2 nanoparticles with N atoms and by using 

the doctor blade technique were prepared TiO2, N-TiO2 

and Cu2O films. 

 

 

 

MATERIALS AND METHODS 

Poly For synthesis stages were used different 

chemicals substances, such as Titanium (IV) isopropoxide 

(Merk), Ammonium chloride (NH4Cl, SIGMA-

ALDRICH), copper (II) sulfate 5-hydrate (PanReac) 

sodium hydroxide, D(+) - Glucose anhydrous (Merk) and 

sodium sulfate anhydrous (Alfa Aesar). 

 

Synthesis of TiO2 Nanoparticles 

TiO2 nanoparticles were prepared by chemical 

reduction method using a natural extract of lemon grass 

[8], [9]. Leafs of lemon grass were cutted in small pieces 

and washed with abundant water, after that, the organic 

material was dried in an oven at 50°C, and it was ground. 

To prepare the lemon grass extract, 100 g of grounded 

biomass was submerged in 500 ml of distilled water at 90 

°C. After 3 hours, it was filtered to remove the organic 

material and the aqueous solution was concentrated by 

evaporation in a plate for heating at 60 °C and 500 rpm.  

Titanium (IV) isopropoxide [Ti[OCH(CH3)2]4] 

solution (20mM) was prepared by dissolving it in distilled 

water by using ultrasonic agitation during 30 minutes. The 

lemon grass extract was slowly dripped into 

[Ti[OCH(CH3)2]4] solution and the mixture was stirred 

continuously for 24 h at room temperature. The precipitate 

resulting from the reaction was allowed to settle down and 

then it was centrifuged and washed with ethanol and water 

individually. Finally, the nanoparticles were calcined in a 

muffle at 550°C for 3 h. 

 

Preparation of N-doped TiO2 Nanoparticles 

N-doped TiO2 was prepared by wet impregnation 

method; NH4Cl was used as the N source. TiO2 

nanoparticles were suspended on deionized water and 

sonicated during 30 min to dissolve the semiconductor. 

This was followed by the addition of aqueous solutions 

(deionized water) with the required amount of precursor 

NH4Cl and a sonication step for 1 hour, during this time 
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the color of the mixture changed into yellowish. Various 

amounts of nitrogen doping were prepared at 10, 20 and 

30 %. Then, the doped samples were stirred for 2 hours at 

80 °C. After, the solvent was evaporated, and finally, the 

samples were calcined in a muffle furnace at 400°C for 2 

hours [10]. 

 

Preparation of Cu2O Nanoparticles 

Cu2O nanoparticles were synthesized by a 

chemical reduction route [11]. Aqueous solutions (distilled 

water) of copper sulfate (0.14 M), sodium hydroxide (0.75 

M) and glucose (0.5 M) were prepared. 100 ml of NaOH 

solution were added to 100 ml of the precursor solution 

and it was stirred at ambient temperature, after that, 40 ml 

of glucose solution were added and mixing under the same 

temperature condition during 2 h. During this process, the 

color of solution gradually changed into brick-red color. 

The resultant solution was kept on rest for 2 hours, then 

the precipitate nanoparticles were centrifuged at 4000 rpm 

for 15 min for removing the supernatant and washed with 

ethanol and distilled water in turn. 

 

Elaboration of Photoelectrodes 

Thin films of semiconductor materials were 

supported over stainless steel sheets, the suspension was 

prepared by adding nanoparticles to acronal solution (50% 

v/v distilled water - acronal), the suspension was 

magnetically stirred for 30 min, and an ultrasonic bath was 

used to improve the dispersion of nanoparticles. The paste 

was applied onto the stainless steel sheet by doctor blade 

technique and the thin film was allowed to dry in air for 

some minutes, this process was repeated two more times 

to obtain a multilayer film (three layers), after that, films 

were subject to thermal treatment of sintering at 400°C for 

30 min to improve the nanoparticles connectivity, 

mechanical strength and the electrical conductivity of the 

photoelectrodes [12]. 

 

UV-VIS/RDS Characterization of Synthesized 

Nanoparticles  

UV-Visible Reflectance Spectra were carried out 

in a spectrophotometer UV/VIS Evolution 600 Thermo 

Scientific. The measurements were recorded in the 

wavelength range from 200 to 800 nm. The band gap of 

TiO2, N-TiO2 and Cu2O nanoparticles was determined by 

using the Tauc equation indicated below.  

 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)𝑛                                                       (1) 

 

where 𝛼 is the absorption coefficient, 𝐸𝑔 the band gap 

energy, 𝜐 is the light frequency (s-1), B is the absorption 

constant, 𝑛 is a constant and ℎ is the Planck’s constant 

(J.s). n is related to the electronic interband transition. The 

band gap energy value is obtained by plotting (𝛼ℎ𝜐)1/𝑛 as 

a function of 𝐸 (photon energy) and extrapolating until 

(𝛼ℎ𝜐)1/𝑛 = 0 the linear section of this spectra [12]. 

 

 

 

Electrochemical Measurements 

Photocurrent characteristics of the elaborated 

photoelectrodes were measured in a configuration of two 

electrodes into a photo-electrochemical cell with a N-TiO2 

or Cu2O electrode and a stainless steel as working 

electrode, as shown in the Figure-1. The photoelectrodes 

were introduced in an aqueous 0.5 M Na2SO4 electrolyte 

solution and radiated with a source of visible light   by 

using a cell system. The measurement of the electrical 

parameter was carried out using a multimeter connected to 

the system through an external circuit, electrical contact 

was made with a copper wire [12]. 

 

 
 

Figure-1. System of photoelectrochemical cell for water 

splitting used in the study. 

 

RESULTS AND DISCUSSIONS 

Figure-2 shows the pure TiO2 and N-TiO2 

nanoparticles synthesized by a green chemical reduction 

method and doped with different concentrations of 

nitrogen. The yellowish color in each sample is intensified 

with the increase of the nitrogen atom concentration. The 

Figure 3 shows the Cu2O pure nanoparticles synthesized. 

 

 
 

Figure-2. Synthesized TiO2 nanoparticles: a.) Pure TiO2, 

b.) N-TiO2 10% wt, c.) N-TiO2 20% wt, d.) N-TiO2 

30% wt. 
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Figure-3. Synthesized Cu2Onanoparticles 

 

UV-VIS Diffuse Reflectance Spectroscopy of TiO2 and 

N-TiO2 Nanoparticles 

Figure-4 shows UV-Vis diffuse reflectance 

spectra of N-doped TiO2 and undoped TiO2. The intensity 

of the absorbance was similar for N-TiO2 nanoparticles 

compared to the pure TiO2. The highest absorbance was 

recorded between 200 and 400 nm, it is a typical behavior 

for TiO2 samples, and however, an absorption band is 

present in the visible region around 400 - 600nm. 

For an indirect allowed optical transition band to 

band in TiO2 [12], it was plotted (𝛼ℎ𝜐)1/2  as a function of 

hv (photon energy), the band gap energy calculated for 

pure and 10% wt, 20% wt and 30% wt N-doped TiO2 

samples is 2.8 eV, 2.75 eV, 2.72 eV, 2.69 eV respectively. 

 
 

Figure-4. UV-VIS/RDS spectrum of TiO2 and N-doped 

TiO2 nanoparticles. 

 

Figure-5 shows that the band gap energy 

decreases with doping and with the increasing of the N 

concentration, the N-doped sample with higher 

concentration showed a decrease in the optical absorption 

edge by around 0.11 eV. The band gap energy for the 

different doping samples decreases linearly with N 

concentration, showing a small change for each one, as it 

was reported by [13] for different N doped concentrations. 

The band gap reduction for N doping occurs due to the N 

atoms weave into the TiO2 lattice and induce new band 

states between the valence and conduction bands, through 

replacing the sites of O atoms [14]. 

 

  

  
 

Figure-5. Tauc’s plot undoped TiO2 and doped TiO2 a) Pure TiO2, b) N-TiO2 10 % wt., c) N-TiO2 20 % wt. 

d) N-TiO2 30 % wt. 
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UV-VIS Diffuse Reflectance Spectroscopy of 

Photoelectrodes Cu2O 

Figure-6 shows the absorption spectra in the 

range 200-800 for the cuprous oxide nanoparticles 

synthesized.  The spectra show a characteristic absorption 

peak around 560 nm, as a result of the band transition in 

Cu2O nanoparticles, which is good agreement with the 

absorption edge values reported previously [17]. 

According to Sathiya et al. [18] the broad band in the 

region between 420 and 580 nm reveals the Cu2O 

nanoparticles formation and the position of this band relies 

on size, shape and dielectric environmental of the 

nanoparticles. It is also shows that the absorbance 

decreases with increasing wavelength, however, high 

absorbance values were observed in the visible region. 

 

 
 

Figure-6. UV-VIS/RDS spectrum of Cu2O  

nanoparticles synthesized. 

 

As was previously expressed the band gap energy 

of synthesized nanoparticles was calculated by using the 

Tauc’s Plot method from the relationship between 

absorption coefficient and photon energy. The cuprous 

oxide system is a p type semiconductor characterized by a 

direct electronic transition from valence band to 

conduction band [17], so when plotting (𝛼ℎ𝜐)2 as a 

function of hv (photon energy) it is obtained the 

absorption edge of Cu2O nanoparticles, as shown in 

Figure-7. The Eg value obtained from the plot is 2.1 eV, 

which reveals that the synthesized material can be 

activated by visible light, this value is similar to the 

obtained value for energy band gap with different 

synthesis process [16], [19-20]. 

 

 
 

Figure-7. Tauc’s plot of pure Cu2O. 

 

Photocurrent Measurements 

In Figure-8, the photocurrent response is 

registered for the pure TiO2 and different non-metal doped 

TiO2 samples during the UV-V irradiation. All doped TiO2 

samples with non-metal exhibit higher photocurrents than 

pure TiO2 (Figure-8b); however, the sample with 30% N-

doped showed a decrease in generated photocurrent. 

The improvement of its electrical properties is 

due to the incorporation of nonmetal that allows 

minimizing the recombination of the photogenerated 

charge carriers e-/h+, moreover, the decrease in the 

generation of photocurrent at the highest N concentration 

could be associated with the location of the dopant. 

According to Amrani et al. [13] the low photocurrent of 

N-doped TiO2photoelectrodes is frequently attributed to 

the electron-hole recombination caused by the N-induced 

state below the conduction band, due to diffusing charge 

carriers can recombine at dopant sites and the input energy 

is lost. 

In Figure-8a is observed also the photocurrent 

response of Cu2O nanoparticles synthesized under the 

same operation conditions, where the photocurrent values 

for these photoelectrodes were higher than all the TiO2 

samples, which can be attributed to the high absorption 

capacity in the visible region due to its low bang gap 

energy and the band energy position, its conduction band 

is above the water reduction potential, making it suitable 

for water splitting without external bias in the cell [21], 

furthermore, TiO2 has a hole diffusion length of around 10 

nm which would increase the recombination possibility 

[22]. 
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Figure-8. Photocurrent as a function of time without bias voltages under 

illumination by visible light. a) TiO2, N-Doped TiO2 and CuO2 

electrodes, b) enlargement of the bordered section for TiO2 

and N-doped TiO2 electrodes. 

 

CONCLUSIONS 

N-doped TiO2 nanoparticles were successfully 

prepared by green synthesis method using a natural extract 

of lemon grass. The band gap energy of the N-doped TiO2 

nanoparticles decreases with increasing nitrogen 

concentration.  The lowest value of band gap energy was 

2.69 eV at 30% N-doped TiO2, meanwhile the band gap 

energy for Cu2O nanoparticles was 2.1 eV. According to 

these results, all synthesized nanoparticles have a good 

behavior under visible light irradiation. The higher value 

for photocurrent generation was obtained for Cu2O 

photoelectrode, 992 µA, this result prove that this 

semiconductor has suitable properties to be used as 

working photoelectrode for photoelectrochemical water 

splitting. 
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