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ABSTRACT 

Photoelectrochemical water-splitting (PEC) is a clean alternative for hydrogen generation using a renewable 

resource. In this work, the photocurrent performance was measured in a borosilicate cell with a two-electrode 

configuration: a Cu2O photocathode and N-doped TiO2 and TiO2 photoanodes. The specific characteristics of these oxides 

(TiO2 and Cu2O) are suitable for use as photoelectrodes.  The efficiency of hydrogen production (Solar to Hydrogen 

Conversion Efficiency-STH) from photoelectrolysis was determined by using different types of electrodes. STH increased 

at a higher percentage of N deposited in the crystalline lattice of the semiconductor material up to 20% N-doped, from 

which the efficiency decreased due to excess defects in the material. 

 
Keywords: titanium dioxide, cuprous oxide, photoelectrochemical water splitting, photoelectrodes, efficiency, solar to hydrogen 

efficiency. 

 

INTRODUCTION 

Hydrogen is the simplest and most abundant 

element in the planet, this gaseous element is not a 

primary source of energy, it is used to store and deliver 

energy. Hydrogen has an energy density between 120 and 

142 MJ/kg, that, it is one the highest energy density values 

per mass and it is a clean fuel without toxic emissions 

[1],[2]. Therefore, hydrogen is a suitable candidate to be 

used as an alternative source to provide energy to the 

sectors of transportation, buildings and industry [2], [3]. 

Already, an abundant amount of hydrogen is used also in 

several industrial applications as the production of fats, 

oils and chemicals, as well in the metal refining [4]. 

Hydrogen does not exist by itself in nature, it can be 

produced by any primary energy source to be used as a 

fuel only producing water as a product of its combustion 

[5]. 

Hydrogen can be produced from diverse sources, 

such as water, coal, oil, natural gas, and biomass, by using 

various technologies of productions, reaching 50 million 

tons of hydrogen per year [6], around 95 % of this 

production comes from fossil fuel-based methods, 4% 

from water using electricity, and 1% from biomass [7]. 

Technologies of producing hydrogen from fossil fuel 

including hydrocarbon reforming - gasification and 

pyrolysis; hydrocarbon reforming or hydrocarbon 

gasification are processes in which steam reacts with fuels 

such as methane, oil, natural gas, gasified coal at 

extremely high temperatures to generate hydrogen. 

Hydrogen production by means of renewable sources can 

be achieved through various methods; nevertheless, the 

most commonly used is the water electrolysis [8], this is a 

process that splits water into oxygen and hydrogen by 

using direct current electricity. The emissions produced 

due to this method, are indirectly associated when the 

electricity provides from fossil fuels, however, it can be 

produced from renewable sources such as wind, hydro and 

solar energy. 

Solar energy is the largest and most widely 

distributed form of renewable energy on the planet, which 

can contribute greatly to the energy supply of humankind 

[9]. The sunlight can be used as a source of energy to 

produce gas hydrogen in photoelectrochemical water 

splitting, this process makes use of solar irradiation to 

produce an electric current which leads the water 

electrolysis, in system, a photosensitive semiconductor 

electrode is submerged in a photoelectrochemical cell with 

an aqueous electrolyte and irradiated using a photonic 

source, and the corresponding electrochemical reactions 

take place for the generation of  hydrogen and oxygen 

gases [10]. The photoconversion efficiency of 

photoelectrochemical water process to generate hydrogen 

is an important factor of evaluating the semiconductor 

photoelectrode performance. The photoconversion 

efficiency represents the percentage of the chemical 

potential energy reserved in the way of molecular 

hydrogen that is obtained under the incident irradiation 

[11]. The efficiency for converting solar energy is 

specified by employing several terms such as: i. Applied 

Bias Photon to Current Efficiency (ABPE), which 

describes the photon-response efficiency of photoelectrode 

materials at an applied voltage; ii. Quantum Efficiency 

(QE) characterizes the photon conversion of photoactive 

layers; and iii. Solar to Hydrogen Conversion Efficiency 

(STH) is a utilized designation to define the hydrogen 

production efficiency of water splitting using sunlight, it is 

recognized as chemical energy from generated hydrogen 

and is related to the input of solar energy from sunlight 

into the process [12], [13].  

Semiconductor materials used for the elaboration 

of photoelectrodes, have one of the main impacts on the 

conversion of solar to hydrogen conversion efficiency, 

therefore, the development of semiconductor materials  

that keep the fundamental requirements to give rise to the 

photoelectrolysis of water process have been investigated, 

as well as, those materials that allow overcoming critical 

factors associated with charge recombination, losses in 
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performance and bandgap energies. Semiconductor 

electrodes based on metal oxide, such as WO3, ZnO, 

Fe2O3, TiO2, CuO2   and nonoxide including GaAs, CdS, 

Ta3N5 have been widely used and studied as materials for 

photoelectrodes elaboration [14], [15], [16]. 

Semiconductors aimed to be used as 

photoelectrodes should efficiently absorb light and 

produce enough photovoltage to result in the division of 

water into their respective gases, for that purpose, 

semiconductor materials should have appropriate bandgap 

and band edges, minimal reflectance, low charge carrier 

recombination rates and a high optical function that that 

allows maximum absorption in the visible region of the 

solar spectrum [17], [18]. One of the most promising 

oxides, TiO2, exhibit low cost, oxidation properties, 

exceptional band-edge positions, and good optical and 

chemical stability [19]. However, this oxide presents some 

disadvantages as well, like unsatisfactory photocurrent 

density and restricted photoconversion efficiency [20], 

[21], in addition, TiO2 has a large band gap, which limits 

photo-absorption to the UV region, because of this, 

photoelectrodes made by using this material, are modified 

before use [10].  

In this study, the efficiency for hydrogen 

generation has been measured for a cell with TiO2, N-

TiO2, and Cu2O photoelectrodes under an artificial light 

source, we have measured the solar to hydrogen efficiency 

(STH), which is the better appropriate of everyone 

efficiency metrics to describe the total performance of a 

photoelectrochemical water splitting process. 

 

MATERIALS AND METHODS 

 

Materials 

Titanium (IV) isopropoxide (Ti[OCH(CH3)2]4, 95 

%, Alfa Aesar), ethylic alcohol (C2H5OH, Chemí), 

Ammonium chloride (NH4Cl, Chemí), copper (II) sulfate 

5-hydrate (CuSO4 5H2O, PanReac) sodium hydroxide 

(NaOH, Chemí), D(+) - Glucose anhydrous (C6H12O6, 

PanReac) were used for the nanomaterial synthesis and 

sodium sulfate anhydrous (Na2SO4, Chemí) was used for 

electrochemical tests. 

 

Synthesis Method 

TiO2 nanoparticles have been synthesized by 

using green chemical synthesis mechanism by means of 

natural extract of lemon grass employing the same 

methodology of previous investigations [22], [23]. N-

doped TiO2 nanoparticles were prepared via wet 

impregnation method using NH4Cl as N precursor. The 

amounts of non-metal doping synthesized were 0, 10, 20 

and 30 wt. %. The obtained samples showed a band gap 

energy of 2.8 eV for pure TiO2 and 2.75, 2.72 and 2.69 eV 

for each doped concentration, respectively from 10 to 30 

wt. %. Cu2O nanoparticles were synthesized by a 

reduction route [24], an aqueous solution of coper sulfate 

was mixed with 100 ml of sodium hydroxide aqueous 

solution (0.75 M); 40 ml de glucose solution was added 

and mixed until that the reduction reaction occurred, 

achieving the Cu2O nanoparticles at energy band gap of 

2.1 eV. TiO2 and Cu2O nanoparticles (independently) were 

supported over stainless-steel sheet (6 x 6 x 0.1 cm) for 

making thin films using doctor blade method [25]. Each 

type of nanoparticles was combined with an Acronal® 

solution, an ultrasonic bath was employed to improve the 

dispersion in the solvent. Supported film was subject to 

thermal treatment at 400°C, as a strategy to improve 

adhesion and interaction with the support. 

 

Efficiency Determination 

Measurements of the efficiency of 

photoconversion were performed under illumination with 

artificial light source using a 250 W tungsten halogen 

lamp. The behavior of the photocurrent was determined in 

a two-electrode configuration in a borosilicate cell with N-

doped TiO2 and TiO2 photoanodes and using a stainless-

steel sheet as the counter electrode, and the similar way 

was carried out the efficiency test using Cu2O 

photocathode, photoelectrodes connected through an 

external circuit were immersed in a 0.5 M Na2SO4 

electrolyte solution as it is shown in Figure-1.  

The efficiency of solar to hydrogen (STH) 

conversion of photoelectrochemical cell toward water 

splitting under solar simulator was determined using the 

following expression [26]:  

 

STH = [
(
mmolH2

s
)×(237000J/mol)

Ptotal(
mW

cm2)×Area(cm
2)
]                                       (1) 

 

Where STH is the efficiency of conversion from 

solar to hydrogen, Ptotal is the incident lighting power 

density (in units of mW/cm2) multiplied by the illuminated 

electrode area (cm2). 

 

 
 

Figure-1. Phoelectrochemical cell with a single 

photoelectrode configuration. a. TiO2 and doped TiO2 

photoanode with metal cathode, b. CuO2 photocathode 

with metal anode. 
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RESULTS 

The PEC performance of photoanode and 

photocathode were measured under two - electrode 

system, without applying any external potential among the 

employed electrode and opposite electrode (zero bias). 

The system current was measured over a period of 300 

seconds, the average photocurrent generated during this 

period measured for pure TiO2, N-TiO2 10%, N-TiO2 

20%, N-TiO2 30%, and Cu2O photoelectrodes, related to 

their band gap energy is shown in Figure-2, for an average 

intensity of 257.2 W/m2.  

 

 
 

Figure-2.a. Photocurrent measured for each 

semiconductor photoelectrode according to its band gap 

energy, b. The same figure without Cu2O samples. 

 

According to these results, the TiO2 

photoelectrodes photocurrent increased with N doping 

respect to undopig TiO2 sample, a similar behavior was 

reported by Chen et al. in their study [27] who reached a 

red shift of the absorption edge in a TiO2 network with 

different characteristics through N-doping, it was find in 

this investigation an increase in the generated photocurrent 

of these samples. Photocurrent reduction on 30 % N doped 

could be attributed to increased defect density into the 

material and the corresponding effect on recombination 

rate, similar was reported by [28], when synthesizing Fe 

(III) doped TiO2, with the increase of the amount of iron, it 

was found a decrease in the activity of the material. The 

electron transition from valence to conduction band in 

semiconductors is associated with recombination process, 

as a result of this, a small part of the photons absorbed by 

TiO2 contribute to the generation of a photocurrent, the 

defects in this study act as traps, therefore, the 

photogenerated charges are depleted in these 

recombination centers before participating in the PEC 

reactions, which decreases the efficiency of conversion of 

solar energy to chemical energy (hydrogen) [29], [30].  

The conversion from solar to electric for both 

types of semiconductor materials are different, the 

efficiency resulted from photocurrent - time measurements 

were calculated and the maximum value reached was 

13.15% for Cu2O photocathode. Table-1 shows the results 

of efficiency calculated with equation 1 for 

photoelectrodes evaluated. According to investigation 

associated with Cu2O photocathode [31], this 

semiconductor is a favorable photocathode material as a 

result of its appropriate band gap and high absorption 

coefficient under the visible region. Table-1 shows the 

calculated efficiencies of the materials 

 

Table-1. STH efficiency of the photoelectrodes 

elaborated. 
 

Material 
Pure 

TiO2 

N-

TiO2 

10% 

N-

TiO2 

20% 

N-

TiO2 

30% 

Cu2O 

STH 

Efficiency 

(%) 

0.41 0.48 0.53 0.51 13.15 

 

In addition, the conduction band of this 

semiconductor is positioned over the reduction potential of 

water, remaining suitable for H2 production without 

external bias. The results indicate that the bandgap energy 

of the semiconductors represents an important 

consideration for the efficiency of hydrogen conversion in 

a photoelectrochemical cell because it allows a wide use of 

the solar spectrum. The use of the photocathodes like 

Cu2O allow to obtain an increase in the efficiency of the 

cell, according to Chouhan et al. [32] for obtaining 

reasonable solar efficiencies the band gap must be less 

than 2.2 eV, however semiconductor with band gaps in 

this range are photochemically unstable. 

The photoconversion efficiency not only depends 

on band gap of the semiconductor; there are many factors 

that include: i. the spectrum of the incident radiation; ii. 

the reflection of radiation caused by the material of the 

cell; iii. the charge transport through the semiconductor; 

and iv. the photovoltage developed by the semiconductor, 

which should be sufficient to overcome thermodynamic 

barriers [33], and other operating parameters such as pH 

and temperature have been studied [34]. 

 

CONCLUSIONS 

In summary, the efficiency of the 

photoelectrolysis process changes by doping of TiO2 

photoelectrodes with N; according to the obtained results 

the photoconversion efficiency increased with the amount 

of N deposited in the crystalline lattice of the 
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semiconductor material until a determined percentage in 

which the efficiency decreased due to the excess of the 

defects in the material. The bandgap energy of the 

semiconductors is key factor in the solar photoelectrolysis 

efficiency which was demonstrated with the superior 

efficiency obtained for Cu2O photocathode. 
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