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In recent years, the use of fossil fuels such as oil, coal and natural gas has increased along with the advanced 
economic activities of developed countries, resulting in urban air pollution, acid rain due to NOX and SOX, 
acid fog and carbon dioxide (CO2) emissions, as a result global warming issue becomes hot issue for all 
international organizations. On the other hand, there is an urgent need to introduce new environmentally 
friendly energy. New clean energy includes renewable energy such as solar power, wind power, geothermal 
power, ocean, hydropower, and hydrogen energy has been attracting significant attention in recent years. In 
this work hydrogen production by using different acid solutions and different co-catalysts were successfully 
achieved. Maximum production was 1767 μmol g-1 when Pd was used and 2229 μmol g-1 when oxalic acid 
was applied. The mechanism could be attributed to that promotion of hydrogen production on the surface of 
metal particles (Pd) can be considered. This is because the electrons that have moved to the conduction band 
move from the top of TiO2 onto the surface of the co-catalyst particles, as a result promotes the reduction 
reaction and improves the ability to generate hydrogen.  
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1. INTRODUCTION 

In recent years, the use of fossil fuels such as oil, coal and natural gas has 
increased along with the advanced economic activities of developed 
countries, resulting in urban air pollution, acid rain due to NOX and SOX, 
acids fog and carbon dioxide (CO2) emissions. Increasing in particular the 
emission of CO2 is the main reason for global warming. Moreover, it is 
closely related to the energy consumption caused by fossil fuels. It is well 
known that huge amount of carbon in fossil fuels such as oil, coal, and 
natural gas used annually, along with this, CO2 is generated and released 
into the atmosphere.  This has led to global warming. At present, the 
amount of CO2 emitted far exceeds the processing capacity of the earth, 
and the concentration of CO2 is rising (Wang et al., 2022).  

It is expected that, in the second half of this century, the concentration of 
CO2 will be released in large quantities and in the long term will be doubled 
compared to the current concentration which is 396 ppm. It is also 
predicted that the average annual temperature of the earth will rise by 2 
to 3 degrees Celsius due to the melting of polar ice and glaciers. the sea 
level will rise by 1 to 2 m, and 26% of the sandy beaches will be lost on the 
Japanese coast. This problem cannot be solved as long as fossil fuels are 
used especially tensions between Russia and Ukraine could lead to huge 
emission of CO2 due to Europeans and other industrial countries return to 
use coal as a source of energy. Therefore, long-term global measures are 
urgently needed. Based on the mentioned fact and in order to reduce CO2 
emissions and prevent global warming, switching to energy sources with 
low CO2 emissions is needed. In other words there is an urgent need to 
introduce new clean and environmentally friendly renewable energy such 
as; solar power, wind power, geothermal power, ocean, hydropower, and 
hydrogen energy, which has been attracting attention in recent years. 

Hydrogen is of special interest since it can be produced from water or 
organic compounds containing hydrogen also can be produced from or 
other resources that exist infinitely on the earth and is widely used for 

various industrial developments. It is obtained from natural energies such 
as solar power, wind power, geothermal power, ocean, and hydraulic 
power. It can be obtained by electrolyzing water using electricity. In 
addition, hydrogen is a clean energy that easily returns to the original 
water during combustion in any process and does not interfere with the 
circulation of the natural environment. In the future, hydrogen is expected 
to play an important role in the development of clean energy and the 
solution of environmental problems as an energy medium, and it is 
thought that a hydrogen energy society will arrive. 

From the above, it was found that the technology for producing hydrogen 
from fossil resources such as oil, coal, and natural gas is almost 
established. However, considering the problems of global environmental 
destruction such as global warming, a technology for generating hydrogen 
from water, which is a product when hydrogen energy is used, and 
biomass, which is a renewable raw material (Kennedy et al., 2018; Alsalka 
et al. 2020; Schneider et al., 2014). In this experiment, we first investigated 
the influence of acid and co-catalyst on photocatalytic hydrogen 
production and choose the most suitable acid and metal to get the 
maximum amount of H2 yield (Hakki et al., 2018; Friehs et al., 2016; AlSalka 
et al., 2018; Wu et al., 2008; Park et al., 2007; Chen et al., 2007). 

2. MATERIAL AND METHODS 

Chemicals were obtained from; P-25 TiO2 (anatase 75%, rutile 25%, 
surface area 53m2 g-1, particle size 25 nm) from Degussa Japan Co. Ltd. 
NaCl; (COOH2), NaOH, Pd, Au, Ag Cu from Nacalai Co., Ltd; H2, N2, O2, Ar 
from Kawase Co., Ltd, Pd2+ from Kanto Co., Ltd. Starting by Adding 40 mL 
of oxalic acid aqueous solution and 50 mg of TiO2 photocatalyst to a 123 
mL reactor, and set the temperature at 50°C.  Fixed amount of Pd, Au, Ag, 
Cu ion concentrations was added into the reactor. The reactor was sealed 
with a silicon septum. While maintaining the temperature and stirring 
with a magnetic stirrer, it was irradiated with ultraviolet rays 
(wavelength: 357 nm) from the side as shown in Figure 1. Acids were 
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measured by using UV-VIS spectra 1 cm quartz cells in an Agilent 8453 
diode array spectrophotometer (Agilent Technologies, Santa Clara, CA, 
USA), with Millipore MilliQ ultrapure water as blank reference. After the 
reaction, the generated gas was extracted from the upper part of the 
reactor with a micro-syringe and measured using gas chromatography. 
Table 1 shows the experimental conditions applied in this work. 

Figure 1: Photoreactor for photocatalytic hydrogen production. 

Table 1: Experimental Conditions 

Photocatalyst TiO2; 50 mg 

Addtion Pd, Pt, Au, Ag, Cu (0.1 wt %) 

Medium 
Oxalic, succinic, malonic, oxamidic acids solution 

(0~3 wt.%) 

Volume 40 mL 

Reactor Pyrex glass vessel (volume 123 mL) 

Temperature 50℃ 

Irradiation time 5 hours 

Light source Black Light (357 nm, 0.32 mW/cm2) 

Analysis Gas chromatography (TCD), UV-VIS 

3. RESULTS AND DISCUSSION 

Various semiconductors have been studied as photocatalysts, by different 

researchers, among them used TiO2. that also used here in this work. 

Titanium dioxide (TiO2) considered to be the most excellent photocatalyst 

since its extremely stable substance that does not dissolve in acids, alkalis, 

water, and organic solvents under normal operating conditions 

(temperature and pressure). Moreover, does not react with highly reactive 

gases such as hydrogen fluoride, chlorine, and hydrogen sulfide. It has 

excellent durability as a photocatalyst and has many advantages in terms 

of economy, stability, and practicality. In addition, TiO2 is an n-type 

semiconductor and has three types of crystal structures: tetragonal rutile 

type, anatase type, and orthorhombic brookite type. Of these, the general 

one is rutile type. It is an anatase type, and the activity of water against 

photolysis is generally higher in anatase, and the difference is as large as 1 

times. While the bandwidth of rutile is 3.0 eV, the bandwidth of anatase is 

3.2 eV, and it is considered that the conduction band position of anatase 

becomes negative by that amount. This characteristic considered to be 

advantageous for hydrogen production. In the photocatalyst, a 

photocatalyst that is photoexcited acts on the reaction substrate to cause 

a reaction.  

3.1   Effect of Metallic Type on Photocatalytic H2 Production  

In this experiment, 75% anatase type and 25% rutile type TiO2 

photocatalyst were used. Experiments were carried out under the 

conditions Tabulated in Table (1) and results are shown in Figure 2.  As 

can be seen clear in Figure 2 maximum hydrogen was produced when Pd 

was used and reached to 1767 (μmol g-1). Minimum hydrogen produced 

when Cu was used with 32  (μmol g-1) . Therefore, it was confirmed that Pd 

produced the most hydrogen compared to other co-catalyst.  This can be 

attributed to in case of Pd under light with an energy larger than the band 

gap energy irradiation, electrons in the valence band are photoexcited into 

the conduction band, free electrons are generated in the conduction band, 

and holes are generated in the valence band, which are reduction and 

oxidation reactions, respectively. As a result, photocatalytic reaction will 

proceed.  

Figure 2: Effect of metallic type on the photocatalytic H2 production from 
aqueous oxalic acid solution using TiO2 with aid of simultaneous photo 

deposition for metal. 

Co-catalyst;0.1 wt.%, Irradiation time;5 hours 

Another experiment was conducted to test which Pd solution is more able 
to produce hydrogen. Two solutions were used PdCl2 & Pd (NO3)2 as 
shown in Figure 3.  It seems that, most hydrogen was produced at a Pd 
concentration of 1.25 ppm, and the amount of hydrogen produced 
decreased at subsequent concentrations. Moreover, when comparing the 
cases when palladium chloride and palladium nitrate were used, it was 
confirmed that the amount of hydrogen produced was larger when 
palladium chloride was used. 

Figure 3: Effect of Pd concentration on the photocatalytic H2 production 
from aqueous oxalic acid solution using TiO2 with aid of simultaneous 

photodeposition for Pd. 

 Irradiation time: 5 hours 

3.2   Effect of Acid Type on The Photocatalytic H2 Production 

Figure 4: Effect of acid type on the photocatalytic H2 production using 
TiO2 with aid of simultaneous photo deposition for Rh 

Co-catalyst; Rh 0.1 wt.%, Irradiation time;5 hours 

Researchers have been used oxalic acid as acid medium for the production 
of H2 photocatalytically due to its wide applications in many industries 
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such as; cleaning agent for radiators, boilers, temporary and other major 
industrial facilities. During metal and non-metal cleaning, oxalic acid 
serves to make pH control and chelating compounds. Also, oxalic acid has 
been used in cloth cleaning, dyeing, improving the quality of cellulose 
fabrics and many other applications (Bowker et al., 2015; Yamada et al., 
2012; Li et al., 2001; Franch et al., 2002).  In this work we tried to compare 
different acid types to be used for the production of H2 photocatalytically. 
Acids used were succinic, malonic, oxamidic acids beside oxalic acid. 
Figure 4, summarizes the results of hydrogen generation when using acids 
other than oxalic acid. It is clear that oxalic acid gives the best yield for the 
production of hydrogen. This could be attributed to the fact that, oxalic 
acid can form two carboxy groups, two salts, an ester resin derivative, and 
the like. Basic oxalate has a very low solubility and very easily used for the 
extraction and purification of rare earth metals.  
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