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ABSTRACT  

56404201 : Major (CHEMICAL ENGINEERING) 
MR. THADA CHINWINIJKUL : ZR-DOPED PT-SRTIO3 PHOTOCATALYSTS FOR 

HYDROGEN PRODUCTION VIA PHOTODEGRADATION OF FORMIC ACID THESIS ADVISOR : 
ASSISTANT PROFESSOR TARAWIPA PUANGPETCH, Ph.D. 

The effects of Zr addition, synthesis procedure, wt.% Pt loading, and 
reaction conditions on the photocatalytic activity of Pt-loaded Zr-doped SrTiO3 

photocatalyst for hydrogen production from photodegradation of formic acid under 
visible light irradiation have been investigated. All studied photocatalysts were 
synthesized by so-gel method with surfactant template. Photochemical deposition 
method is used for Pt loading. Physical properties of photocatalysts are analyzed by 
X-ray diffraction (XRD), N2 adsorption/desorption apparatus using BET method, UV-
visible spectroscopy (UV-Vis), inductively coupled plasma (ICP), and 
photoluminescence spectrometer (PL). The results pointed out that photocatalyst 
synthesized by the two-gel method exhibited higher photocatalytic activity than that 
of synthesized by single-gel method. This is because the two-gel method provided the 
photocatalyst with higher crystallinity as compared to single-gel. The addition of 1 
wt.% of Zr into SrTiO3 can enhanced the photocatalytic activity of the pristine SrTiO3. 
The existing of Pt on Zr-doped SrTiO3 photocatalyst surface significantly enhanced its 
photocatalytic activity. The 0.2 wt.% Pt-loaded, 1 wt.% Zr-doped SrTiO3 exhibited the 
highest photocatalytic activity in hydrogen production with a production rate of 310 
µmol h-1 gcat

-1 under the most suitable conditions: 2.5 v/v% of formic acid aqueous 
solution, 2.5 mg/L of photocatalysts dosage, and 44 °C. 
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CHAPTER I 
INTRODUCTION 

1.1 Motivation 
 The growth of world population and industrialization makes the mankind’s 
demand of energy reach to unexpected level, and it is still increasing. As in the report 
in 2018, the energy consumption in 2016 was higher than the consumption in 1971 
about 2.25 times. And it would be 3 times in 2050 (1). Most of the world energy supply, 
about 81.1 percent, came from fossil fuels, such as natural gas, oil, and coal, which are 
defined as nonrenewable and unsustainable energy resource and they are running out 
in near future. The using of huge amount of fossil over the past two centuries has 
related to the rising levels of atmospheric greenhouse gas, the main contributor of 
climate change. Therefore, the renewable energy resources have been attended to be 
used stead the fossil fuels. In the present, there is only 13.7 percentage of energy 
supply produced from renewable energy resources (2). Therefore, it has been 
necessary to find out the reliable ways to increase the renewable energy resources. 
Hydrogen (H2) is one of possible chemical to fulfill this problem because it can be 
produced from abundant resource as water and used directly in the engine 
combustion with releasing only water as a product (3). Moreover, the heating value of 
hydrogen is higher than that of gasoline three times and it can be safely transported 
to the storage or stationary fuel cell (4). Currently, the most amount of hydrogen has 
been produced from the steam reforming, especially, the steam methane reforming 
due to the high hydrogen yield and economic efficiency. However, the drawbacks of 
this process is the high reforming temperature (>850 °C), the large amount of emitted 
CO2, and the running out feedstocks (fossil fuels) (5). Thus, it has become to the 
challenge that the researchers find out how to produce the huge amount of hydrogen 
from renewable resources. In 1972, the photocatalyst named TiO2, was first reported 
that it can be induced hydrogen production via photocatalytic water splitting (6). 
Photocatalysis process using the catalyst, called photocatalyst, which need only the 
photon, receiving from solar energy, to accelerate the rate of reaction. Hydrogen that 
produced via photocatalytic water splitting reaction is truly clean and renewable. This 
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because water as the H2 source is clean and abundance. The activated energy of the 
reaction comes from solar energy by mean of the photocatalyst. The combustion 
product of H2 is H2O, so the life cycle of H2 from photocatalytic water splitting is totally 
clean, renewable and environmentally friendly.  
 Therefore, to find the efficient photocatalyst, different types of material were 
studied such as TiO2, non-TiO2 oxides, oxysulfides, oxynitrides, composites and mixture, 
and non-semiconductors. Among of these different type, the most of attractive 
material is TiO2 because of its suitable-potential level of the band structure, stability, 
corrosion-resistivity, non-toxicity, and cheap (7). However, three main drawbacks that 
limit its the efficiency of photocatalytic H2 production are the rapid recombination 
between photogenerated electron and hole, fast backward reaction between H2 and 
O2 into H2O, and only active under UV light irradiation (8, 9). Due to these drawbacks, 
many researchers are challenged to develop the photocatalyst and find new material 
that enhance high photocatalytic activity in photocatalytic hydrogen production from 
water splitting. One of promising material that seem to be a good photocatalyst is 
Strontium Titanate (SrTiO3). SrTiO3 is multi-metallic oxide with cubic-perovskite-
structure. It has been used for in photocatalytic water splitting for hydrogen production 
because its superior physical and chemical properties such as, excellent thermal 
stability, photocorrosion resistibility, strong hydrophilic surface, and good structure 
stability as the host for metal loading  (10). 
 The SrTiO3 photocatalyst has been studied to produce hydrogen but it does 
not respond to the visible light irradiation as well because its wide band gab. Which 
can utilize only UV light (11). Hence, the efficiency of photocatalytic hydrogen 
production via visible light is limited with this reason. To increases photocatalytic 
activity of hydrogen production of SrTiO3 utilizing the visible, the modification of SrTiO3 

is necessary to be studied.  
 In present study, the modification of SrTiO3 is attempted to improve the 
photocatalytic activity in hydrogen production via photodegradation of formic acid 
under visible light irradiation. 
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1.2 Objectives of the Research 
 The aim of this study is to modify the Pt-SrTiO3 photocatalyst with Zr to 
enhance its photocatalytic activity in hydrogen production via photodegradation of 
formic acid. 
 
1.3 Scopes of the Research 

1.3.1 Research Overview 
The research is divided into three main parts.  

Part I: To find out the suitable range of wt.% of Zr doping. 
The 0.5 wt.% Pt loading-x wt.% Zr doping-SrTiO3 photocatalysts (Pt-xZrSTO) 

were prepared by two approaches of sol-gel method: single-gel method and two-gel 
method. The weight percentage of Zr doping is divided into two ranges as high and 
low portions, to find out the suitable range of Zr addition. The low portion is the weight 
percentage of 5 and 7 wt.% and the high portion is the percentage of 30 and 50 wt.%.  

 
Figure  1 Schematic of Pt-xZrSTO synthesis of Part I 
 

Part II: To find out the suitable method, the optimum wt.% Zr doping and the 
optimum wt.% Pt loading. 

The Pt-xZrSTO photocatalysts in this part will be synthesized by both methods 
with various wt.% of Zr doping under the suitable portion resulted from part I. They 
will be tested their photocatalytic activity to find out the suitable method and the 
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optimum wt.% Zr doping. After that, the suitable amount of Zr and method is selected 
to study the effect of wt.% Pt loading. 

Part III: To find out the optimum operational parameters  
The most suitable photocatalyst from part II is used to find out the optimum 

operational parameters of hydrogen production via formic acid photodegradation. The 
interested parameters are initial photocatalyst dosage, concentration of formic acid, 
and reaction temperature. 

 
1.3.2 Photocatalyst Characterization  

X-ray diffraction (XRD): to analyze the crystallinity and purity of synthesized 
photocatalysts. 

N2 adsorption/desorption apparatus: to analyze the surface area, average 
pore size diameter, and pore volume of synthesized photocatalysts. 

UV-Vis diffuse reflectance spectroscopy: to obtain the absorbance of 
synthesized photocatalysts for band gap energy estimation. 

Inductively coupled plasma (ICP):  to analyze the actual amount of Pt loading. 
Photoluminescence (PL) spectrometer: to analyze the electron-hole 

recombination rate of the synthesized photocatalysts. 
 

1.3.3 Photodegradation of Formic Acid for Hydrogen Production 
The Pt-xZrSTO photocatalysts were test the photocatalytic activity in hydrogen 

production via the photodegradation of formic acid under visible light irradiation. The 
reaction was performed in a semi-batch system. A gas chromatography equipped with 
thermal conductivity detector (GC-TCD) was used to detect the amount of hydrogen.  
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CHAPTER II 
THEORY AND LITERATURE REVIEWS 

2.1 Photocatalytic Hydrogen Production 
2.1.1 Basic Principles of Photocatalytic Hydrogen Production 

 
Figure  2 The mechanism of photocatalytic hydrogen production (a) the excitation of 
photogenerated electron-hole pairs in photocatalyst (b) process occurring on the 
photocatalyst particle following photoelectronic excitation (12). 
 

Photocatalytic decomposition of water into hydrogen and oxygen is the one of 
hydrogen production process. This reaction is truly environmentally friendly because 
it uses the abundant the reactant and energy source, water and solar energy, 
respectively. And this process has no CO2 emission. Moreover, the hydrogen that was 
produced via photocatalysis decomposition of water was exactly clean. There are 
many researchers that study the using the photocatalysts for producing hydrogen (13-
15), and eliminating pollutants (16-18). Moreover, many works report that the 
photocatalyst also has ability to be used to produce H2 and eliminate pollutants 
simultaneously (19-21). The basic mechanism of photocatalytic reaction for hydrogen 
production is depicted schematically in Figure 2. 



  6 

 Photocatalysis mechanism can be divided into three basic steps including 

photons adsorption, electron-hole separation and migration, and surface reaction. Most 

of photocatalysts are made of semi-conductor that exhibits a valence band (VB) and 

conduction band (CB). The VB is separated from a CB by a bandgap energy (Eg). In 

ground state, all of electrons are in VB and there are no electrons in CB. For the first 

step, the greater or equal photons energy (hʋ) as compared to Eg of photocatalyst are 

illuminated onto the photocatalyst surface, the valence electrons (e-) are excited from 

VB to the CB to perform photogenerated-electron at CB and photogenerated-holes (h+) 

at VB as shown in Figure 2 (a). Next, the 2nd step as shown in Figure 2(b), the e- and h+ 

will transfer to the surface of photocatalyst. For the last step, the e- and h+ can 

accelerate the surface reduction and oxidation reaction by the e- and h+, respectively. 

These e- and h+ may recombine each other if they do not travel to the other place 

and react. For the case of water splitting, the oxidation of water by h+ occurs at the VB 

to produce H+ and O2. Afterward, H+ is reduced by e- at the CB produce the H2 as shown 

in the following reactions (22):  

Oxidation: H2O + 2h+ → 2H+ + 1/2O2  
Reduction: 2H+ + 2e- → H2 
Overall reaction: H2O → H2 + 1/2O2 

It should be note that the bandgap energy of photocatalyst must be larger or 
equal 1.23 eV. while the CB must be more negative than the reduction potential of H+ 
to H2, EH+/H2 = 0 V, for H2 formation, and the VB must be more positive than the 
oxidation potential of H2O to O2, EO2/H2O = 1.23 V, for O2 formation. For so many reasons 
such as thermodynamic losses, and overpotentials, that force the efficient 
photocatalysts should have the Eg greater than 2 eV.  
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2.1.2 SrTiO3 Photocatalyst 

 
Figure  3 crystal structure of SrTiO3 

Strontium Titanate (SrTiO3) is multi-metallic oxide with cubic-perovskite-
structure. It has been used for in photocatalytic water splitting for hydrogen production 
because its superior physical and chemical properties such as, excellent thermal 
stability, photocorrosion resistibility, strong hydrophilic surface, and good structure 
stability as the host for metal loading  (10). It is widely accepted that the practical 
performances.  

SrTiO3 structure with cubic perovskite is sketched in Figure 3. The Ti4+ ions are 
surrounded by O2- ions, and the Sr2+ ions are surrounded by four TiO6. Therefore, each 
Sr2+ ion is surrounded by 12 ions of O2-. For the TiO6, the covalent bonding was from 
by the hybridization of the O-2p states with the Ti-3d states. And the Sr2+ and O2- ions 
provide the ionic bonding. Therefore, the ionic and covalent bonding were mixed in 
the SrTiO3 structure. This mixed bonding provide to a unique structure, which make it 
a model electronic material (9),  

Not only the similar properties of SrTiO3 and TiO2, the VB and CB position of 
both photocatalyst is shown in Figure 4. The CB of SrTiO3 is more negative than the CB 
of TiO2 which make the chance of the excited electron easier transfer to the surface 
of photocatalyst. 
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Figure  4 The valence band and conduction band position of SrTiO3 and TiO2 

Many researchers reported that the SrTiO3 could be the photocatalyst with 
good photocatalytic activity and stability. Therefore, the SrTiO3 photocatalyst was used 
for several applications, such as 2-propanol degradation (10), methyl orange 
degradation (23), dibutyl phthalate degradation (24) and hydrogen production (25-28). 
For photocatalytic hydrogen production, the Ag-SrTiO3 photocatalyst nanotube arrays 
was successfully synthesized by Liu and co-workers. The Ag-SrTiO3 nanotube arrays 
show excellent hydrogen production. At the optimum concentration of AgNO3 solution, 
the hydrogen production rate is 6.61 mmol m-2 h-1 which is higher than unmodified-
SrTiO3 3.95 times (25). The metal ion added SrTiO3 photocatalyst was investigated to 
improve the hydrogen production rate by Yoshihisa Sakata and co-workers. Their 
results showed that the Na+ ion added SrTiO3 photocatalyst combined with Rh0.3Cr1.3O3 
co-catalyst exhibited high photocatalytic activity of about 16 mmol/h for H2 and 8 
mmol/h for O2 (26). Not only for the photocatalytic hydrogen production, the 
photocatalytic CO2 reduction by SrTiO3 was reported by Yiqing Bi and co-workers. They 
used the Cr-doped SrTiO3 as photocatalyst for transformation of CO2 into CH4 under 
visible-light irradiation. They found that the yield of CH4 of Cr-doped SrTiO3 reach to 
8.8 µmolg-1 after 10 h of reaction. After 3 times repeating of reaction over the same 
photocatalyst, the yield of CH4 only decreased from 8.8 to 8.1 µmolg-1 after 10 h. (29). 
The degradation of dibutyl phthalate under visible-light irradiation, the Bi, Cu co-doped 
SrTiO3 photocatalyst was also studied by Tarek S. Jamil and co-workers. They used two 
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different sol-gel methods, citric acid gel and Pechini method, to synthesize the 
photocatalyst. The Bi,Cu co-doped SrTiO3 photocatalyst synthesized by citric acid gel 
need shorter time to form perovskite-like phase structure and the particle size of 
samples was greater than the samples prepared by Pechini method (24). From the 
mention above, many applications were studied by using SrTiO3 as photocatalyst. And 
it showed a better photocatalytic activity and stability when it was modified. 

2.1.3 Sol-gel Synthesized Method 
The sol-gel synthesized method is a versatile method for synthesizing 

advanced materials. In general process, the sol-gel method consists of 4 steps: a) 
hydrolysis and condensation; b) aging; d) shaping; and e) drying as shown in Figure 5. 

 
Figure  5 Various steps in the sol-gel method. 

The metal alkoxides and metal chlorides are usually used as the staring 
materials of sol. Then, the sol becomes to a step of of hydrolysis and 
polycondensation that the inorganic polymer is formed. This hydrolysis leads to a 
dispersion of colloidal particles in liquid (sol). During this stage, alkoxide groups (-OR) 
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are replaced to be metal hydroxide by nucleophilic attack of the oxygen atom of 
water. In the polycondensation step leads to an interconnected inorganic network 
(gel). The M-O-M is formed by two of hydroxylated metal through condensation 
reaction under release water. And the M-O-M formation from a alkoxide and hydroxide 
it releases an alcohol (alkoxolation) as shown in figure 6. 

 

 
Figure  6 The reaction in sol-gel transition using the metal alkoxides. Hydrolysis (Eq. 
2.1) and condensation, releasing water (Eq. 2.2), and alcohol (Eq. 2.3) 

 In drying process, there are two possibilities to get the gels. In case of the 
removal of the liquid in pore and the structure is still maintained, it is called aerogels. 
When the gel is dried with the structure collapses, it is called a xerogel. The main 
advantage of the sol-gel synthesized method is the possibility to get the shape of 
material in any form such as monoliths, fibers, films, and monosized powders (30). 

2.1.4 SrTiO3 Photocatalyst Synthesized By Sol-gel Method With Aid of Structure-
direction Surfactant. 

In addition, the synthesizes of the SrTiO3 photocatalyst with various approaches 
were successfully such as the sol-gel method (31), the hydrothermal technique (32) 
and spray pyrolysis (33) etc. There are several factors that affect the hydrogen 
production rate, such as phase composition, crystal structure, crystallinity, surface area, 
shape, particle size, porosity and pore size distribution. Among these synthesized 
methods, the sol-gel method seems to be the most promising method since its ability 
to control the structure, phase composition, purity and shape of the synthesized 
photocatalyst. As Puangpetch and co-workers successfully synthesized the meso-
porous SrTiO3 photocatalyst by sol-gel method with aid of structure-direction 
surfactant. They used surfactant, Laurylamine hydrochloride, LAHC, as template to 
synthesis the meso-porous SrTiO3 photocatalyst. The morphology of photocatalyst 
obtained by the agglomeration of many single crystals as shown in Figure 7. This 
morphology was good characteristic to enhance the photocatalytic activity because 
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there was more probability of photon that can excited more than 2 electrons to the 
surface of photocatalyst (11). 

 
Figure  7 TEM image of commercial SrTiO3, synthesized SrTiO3, and 0.5 wt.% Pt-
loaded SrTiO3 

The surfactant templates played the role of controlling the morphology of 
particles which can improved their properties such as, increase the surface area, 
improve the crystallinity, and control the morphology (34).   To find out the suitable 
synthesis condition, they also studied the effects of surfactant types, 
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC), 
and laurylamine hydrochloride (LAHC) on the chemical and physical properties on 
SrTiO3. They found that the simplest surfactant (LAHC, the strength chain, the lowest 
C atoms) and provided the SrTiO3 with the highest purity. This highest purity is because 
the surfactant with strength chain structure form the lowest interaction between its 
molecule and the network of SrTiO3, resulting in the easiest elimination in calcinations 
and highest photocatalytic hydrogen production activity (23). One of several factors, 
which affect to the properties of photocatalyst, is solvent. The frequency used solvents 
are  citric acid (28), ethylene glycol (EG) (26), ethanol (EtOH) (35). To compare among 
of these solvents, EtOH seems to be removed easier than the another due to EtOH 
contains only one OH group, the weaker bond was formed with metal when compare 
with EG (containing two OH groups). For this reason, the using EtOH as solvent probably 
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make more purity of SrTiO3 than EG. In addition of synthesis condition, another 
modification of photocatalyst is also important to improve the photocatalytic activity. 
 
2.2 Modification of Photocatalyst 
 To improve the photocatalytic activity of photocatalyst, several kinds of 
method that were studied such as improving the surface area, metal loading, and 
metal oxide coupling. 

2.2.1 Oxide Coupling  
 The coupling of two oxide is a technique to improve physicochemical 
properties of the photocatalyst such as, generating new active site, improving the 
mechanical strength and thermal stability, and increasing the surface area (36). For 
these advantages, there are many researchers who study the incorporation of 
photocatalyst with another metal oxide for hydrogen production such as, TiO2-ZrO2 

(37), TiO2-SiO2 (38), TiO2-ZnO (39), CuO-NiO (40), and ZnO-SnOx (41). 
 Among of these metal oxides, ZrO2 was widely used to couple with 
photocatalyst because it can increase corrosion resistance (42), promote charge 
separation (43), enhance an interface charge transfer to absorbed substrates (43), allow 
H2O molecules easily chemisorb on the surface (44), and increase the surface area (45). 
Therefore, there were many researches that used ZrO2 coupling with the photocatalyst 
to enhance photocatalytic activity such as CO reduction (43, 46) and NOx 
photodegradation (47, 48). For the decomposition of NOx by using N-doped TiO2-ZrO2 
as photocatalyst, the results showed that the mixed oxides photocatalyst, ZrO2-TiO2, 
provided the higher photocatalytic activity than single oxide photocatalyst because 
ZrO2 decreased the particles size of TiO2 and increase the total surface area (48). In 
addition, Liang Chen and co-workers reported the good photocatalytic activity of SrTiO3 
doped with Zr for methylene blue degradation. They reported that the doping of Zr 
onto SrTiO3 can improve the photocatalyst efficiency. When the amount of Zr 
increased from 0 to 8 wt.%, the rate of decolorization of methylene blue solution 
increased. For higher amount of Zr than 8 wt.%, the decolorization rate decreased 
when the concentration of Zr doping increased because there were a lot of free Zr4+ 
ions which prevented the SrTiO3 forming the crystal, thus the photocatalytic activity 



  13 

decreased (49). For the SrTixZr1−xO3 synthesized by sol-gel using surfactant as template, 
the results showed that the Zr can improve the photoactivity of degradation of acid 
black dye. When Zr-to-Ti molar ratio was increased to 0.1-to-0.9, the SrTi0.9Zr0.1O3 
provided the highest photoactivity. After that, the higher Zr-to-Ti molar ratio than 0.1-
to-0.9, the photocatalyst activity decreased. At the molar ratio of Zr-to-Ti is 1-to-0, the 
SrZrO3 was formed (45). The SrZrO3 has been also reported that it was the 
photocatalyst for water-splitting by Huerta-Flores and co-workers. Three of synthesized 
methods were studied, solid-state reaction, molten salt method, and ultrasound-
assisted synthesis, to synthesis photocatalysts. The SrZrO3 synthesized by molten salts 
method showed the highest average hydrogen evolution rate, 49 µmol g-1 h-1, due to 
the its crystallinity was higher than another method (50). For the Au-ZrO2 was also 
reported that can produce the hydrogen via decomposition of formic acid (51). From 
the mention above, the forms of the Zr-doped on the SrTiO3 would form to be ZrO2, 
SrTixZr1-xO3, and SrZrO3, two of these, ZrO2 and SrZrO3, are reported that can produce 
hydrogen via formic degradation and water-splitting, respectively. And the SrTixZr1-xO3 
was shown the better photocatalysis activity than pure SrTiO3. For these evidences, 
the Zr-doped SrTiO3 is the possible way to improve the photocatalyst activity. 

2.2.2 Metal Loading 
 The modification of photocatalyst by metal loading are highly efficient method 
to improve the photocatalytic activity because the role of metal in photocatalyst is 
the charge transfer site which can separate electron-hole pair. Therefore, the 
recombination rate of electron and hole on metal-loaded photocatalyst can be 
reduced. Many photocatalysts, such as TiO2-ZnO (52), TiO2 (53), and KTiNbO5 (54), were 
reported that the interesting photocatalytic activity occur after loaded with metals. 
The meso-porous SrTiO3 photocatalyst for hydrogen production via water splitting was 
also studied by loading the Pt on the photocatalyst by Puangpetch and co-workers. In 
their work, they reported that results that meso-porous SrTiO3 can’t utilize visible light 
to produce hydrogen. After the meso-porous SrTiO3 photocatalyst was loaded with Pt, 
the Pt-loaded SrTiO3 photocatalyst can utilized the visible light to produce hydrogen. 
From XRD patterns, they found that the metal loading the range of 0.1 to 1.5 wt.% did 
not significantly affect the crystallinity and purity of synthesized SrTiO3 photocatalyst 
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due to high dispersion of Pt. The highest hydrogen production rate was shown by 0.5 
wt.% of Pt on SrTiO3 which was the optimum amount of Pt loading on the 
photocatalyst (11).   The metal-loaded SrTiO3 effects were also reported by 
Puangpetch and co-workers. The various metals, Ag, Ce, Fe, Ni, Au, and Pt were studied. 
From the results, there were only Au, Pt, Ag, and Ni, that could enhance hydrogen 
production rate. The best metal-loaded photocatalyst is 1 wt.% Au-loaded SrTiO3 
because the Au electrochemical properties suitable for based SrTiO3. However, for 0.5 
wt.% Pt-loaded and Au-loaded SrTiO3, photoactivity is slightly different (55). 
 
2.3 Operational Parameters 
 For the water-splitting, the various parameters that directly affect to the 
photocatalytic hydrogen production activity such as sacrificial reagent, initial 
concentration of sacrificial reagent, and photocatalyst dosage. The optimum condition 
for each type of photocatalysts and systems are not same. The similar hydrogen 
production system, Sreethawong and co-workers studied the operational parameters 
by using the 6 wt.% Pt-TiO2 as the photocatalyst. They found the optimum condition 
which were the 0.91 gl-1, 2.25 M and 5 - 6 of photocatalyst dosage, initial concentration 
of methanol and pH of solution, respectively. At this condition, it showed the 
maximum photocatalytic hydrogen production activity (56). 
 The sacrificial reagent or hole scavengers in hydrogen production via water-
splitting, there were many researchers reported that organic compounds, such as 
alcohol (3, 52), organic acid (57), and aromatic compounds (58) can be used. For the 
SrTiO3 photocatalytic for hydrogen production, various type of hole scavengers, 
methanol, formic acid, acetic acid, propanoic acid, hydrochloric acid, and sulfuric acid, 
were investigated by Puangpetch and co-workers (59). From the results, they could 
classify the hole scavengers into three categories, positive-effect, negative-effect, and 
non-affecting. Formic acid was classified in positive-effect which could increase the 
specific hydrogen production rate to 647 µmol h-1 gcat

-1 at concentration of 2.5 vol.%. 
The second category was negative-effect hole scavenger, propanoic acid was in this 
category because its molecular size was large and non-dissociated water-soluble acid. 
The last category was non-affecting hole scavenger which consisted of methanol and 
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acetic acid. The specific hydrogen production rate was almost unchanged when the 
concentration of methanol or acetic acid was increased. (55).   
 The amount of photocatalyst in the photocatalytic reactor was reported that 
affect to the hydrogen production rate. When the photocatalyst dosage increased from 
5 × 10-4 to 35 × 10-4 g cm-3, the hydrogen production rate increased because of the 
increases of the total active sites. However, the photocatalyst dosage which was higher 
than 35 × 10-4 g cm-3 showed the negative-effect due to the excess photocatalyst 
powder reduced the light penetration, then the quantity of photo-generated electrons 
were decreased (55). 
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CHAPTER III 
MATERIALS AND METHODS 

 The details of experimental were explained in this chapter, the materials, 
catalyst preparation, photocatalytic activity for hydrogen production testing and 
photocatalyst characterization.  
 
3.1 Materials 
 Table shows all chemicals which were used to synthesize Pt-xZrSTO 
photocatalyst and photocatalytic activity testing 
 
Table  1 The list of chemicals   

  
3.2 Photocatalyst Preparation 

3.2.1 ZrSTO Preparation 
 The Sol-gel method with the aid of surfactant-template was used to prepare 
the xZrSTO photocatalyst. The preparation method had been done under two 
difference procedures named Method 1 and Method 2. The surfactant solution (LAHC) 
was prepared by dissolving 0.95 g of laurylamine (LA) into 5 mL of 1 M HCl.  

Order Chemicals Formula Grade Manufacture 

1 Acetyl acetone C5H8O2 99.5 % Carlo Erba 
2 hydrogen hexachloroplatinate 

(iv) hexahydrate 
H2PtCl6·6H2O 99.9 % Acros 

3 Dodecylamine CH3(CH2)11NH2 98.0 % Sigma-Aldrich 

4 Ethanol C2H6O 99.9 % Carlo Erba 

5 Formic acid CH2O2 89.0 % Univar 
6 Hydrochloric acid HCl 37.0 % Merck 

7 Methanol CH3OH 99.8 % Univar 

8 Strontium nitrate Sr(NO3)2 98.0 % Himedia 
9 Tetraisopropyl orthotitanate C12H28O4Ti 98.0 % Merck 

10 Zirconium (IV) butoxide Zr(OC4H9)4 80.0 % Sigma-Aldrich 
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Two-gel method 

 
Figure  8 Schematic of the Zr/SrTiO3 photocatalyst synthesis procedure of two-gel 
method 
 Two-gel method, the dried gel of SrTiO3 and ZrO2 were prepared separately. 
And then they were mixed together and calcined as shown in Figure 8.  

SrTiO3 dried gel 
 Firstly, the LAHC solution was added into the strontium solution which 
consisted of 4.23 g of Sr(NO3)2 , 50 cm3 of ethanol and 20 mL of deionized water. Then, 
the LAHC-Sr solution was obtained, named Beaker A. Secondly, the titanium solution, 
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Beaker B, was prepared by adding 2.00 g of acetyl acetone (ACA) into 5.80 g of 
Tetraisopropyl orthotitanate (TIPT) (at an equimolar proportion). Then, Ti solution in 
Beaker B was slowly dropped into the Beaker A with continuous stirring until the mixed 
solution became transparent yellow solution. This mixed solution was then kept at 

80C for 3 h to complete gelation. 
ZrO2 dried gel 

 The 2.01 g of ACA was instantly added into an equimolar of Zirconium (IV) 
butoxide (ZRB) in Beaker D with continuous stirring to prepare Zr solution. Then the Zr 
solution was poured into 50 mL of ethanol, Beaker C, with continuous stirring. This 

mixed solution was then kept at 80C for 3 h to complete gelation. 
After dried period, the dried gels of SrTiO3 and ZrO2 were obtained. Then, two 

dried gels were crushed with mortar. And desired amount Zr was mixed with the SrTiO3 
dried gel. After that, the mixed dried gel was calcined at at 700 °C for 4 h with the 
heating rate of 2 °C min-1. Finally, the ZrSTO photocatalyst powder is obtained. 
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Single-gel method 

 
Figure  9 Schematic of the Zr/SrTiO3 photocatalyst synthesis procedure of single-gel 
method 
 Firstly, the strontium solution (Sr solution) was prepared by dissolving   4.23 g 
of Sr(NO3)2 in 50 cm3 of ethanol. Then the LAHC solution was added into the Sr solution 
with continuous stirring to obtain a clear LAHC-Sr solution, named Beaker A. Secondly, 
the zirconium -titanium solution (Zr-Ti solution) was prepared in Beaker B by adding 
Tetraisopropyl orthotitanate (TIPT) and zirconium (IV) butoxide (ZRB) into acetyl 
acetone (ACA) with the ACA-to-TIPT+ZRB molar ratio of 1-to-1. Then the Zr-Ti solution 
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is slowly dropped into the LAHC-Sr solution (Beaker A) with continuously stirring until 
the mixed solution became transparent yellow solution. Then the transparent mixed 
solution was kept in an at 80°C for 3 h to complete gelation. After that, the gel is dried 
at 80°C for 1 day and calcined at 700°C for 4 h with the heating rate of 2°C min-1. 
Finally, the ZrSTO powder is obtained 

3.2.2 Pt Loading On ZrSTO Surface 
Desired amount of Pt was loaded via the photochemical deposition method 

(PCD). Firstly, 1.99 g of ZrSTO powder was dispersed in 200 cm3 of 50 vol.% methanol 
aqueous solution and then transferred to photoreactor. The Pt precursor, H2PtCl6·6H2O, 
was added into the suspension. The resulting suspension was irradiated under 4 lamps 
of UV light (Hg lamps, TUV 11 W PL-S Phillip) for 2 h. After that, the photocatalyst 
powder was recovered by filtration and washed with distilled water. The resulting 
powder was dried at 80 °C in an oven for 1 day to obtain the Pt-ZrSTO photocatalyst.  
 
3.3 Photocatalyst Characterization 

3.3.1 X-ray Diffraction (XRD) 
 The crystallinity, crystalline structure, and purity of photocatalysts were 

analyzed by X-ray diffraction (XRD, Rigaku Miniflex 2 goniometer+) with Cu Kα radiation. 
The 2θ scanning was from 20° to 80° with continuous scanning speed of 2°/min. 
Crystallite size (D) was calculated from the line broadening of the corresponding X-ray 
diffraction peak according to the Debye-Scherrer equation. 

3.2.2 N2 Adsorption/desorption Apparatus 
 The surface area, average pore size diameter and pore size distribution were 
determined by the N2 adsorption and desorption data measured by a BEL Japan, INC 
Belsorp mini II, at -196 °C. The photocatalyst was firstly degassed in helium with the 
gas flow rate of 50 mL/min at 180 °C for 3 h to remove humidity on the particle surface. 
The Brunauer-Emmett-Teller (BET) surface area was estimated by using adsorption data 
over relative pressure ranging from 0.05 to 0.35. The mean pore size and pore size 
distribution were calculated by the Barret-Joyner-Halender (BJH) method from the 
desorption data. 
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3.3.3 UV-Vis Diffuse Reflectance Spectroscopy 
 The absorbance of samples was obtained by UV-vis diffuse reflectance 
spectrum (UV-Vis spectrophotometer T92+, PG instruments) in the wavelength 
between 200 and 800 nm, with BaSO4 as a reference. The band gap energy (Eg) of the 
photocatalyst was estimated by using Tauc’s plot.  

3.3.4 Inductively Coupled Plasma (ICP) 
 The amount of Pt deposited on the photocatalyst surface is determined by ICP 

3.3.5 Photoluminescence Spectrometer (PL) 
 The recombination rate of photocatalysts ware analyzed by 
Photoluminescence Spectrometer (LS 55 fluorescence, Perkin Elmer) for excite on 
wavelength 250-800 nm. 
 
3.4 Photocatalytic Activity In Hydrogen Production Testing 

 
Figure  10 The photocatalytic hydrogen production system 
 Figure 10 shows the photocatalytic hydrogen production system. The 
photocatalytic activity of synthesized Pt-ZrSTO photocatalysts in hydrogen production 
via photodegradation of formic acid were investigated in an outer-irradiation Pyrex glass 
reactor with total volume of 750 cm3. The hydrogen production system is the semi-
batch. The reaction temperature was controlled by using an internal water-cooling 
system. A set of 176 W fluorescents (16 lamps, 11 W PL-S 2P, Phillip) was used as the 
light source with total irradiance of about 90 W·m-2. A typical experiment in part I and 
part II, a 0.7 g of photocatalyst was suspended in 200 cm3 of 2.5 vol.% formic acid 
aqueous solution. Prior to irradiation, the reactor was left in the dark and purged 
thoroughly with argon gas bubbling for 30 min to de-aerate the reactor before turned 
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on the lamps. During the reaction, the head-space gas was analyzed by an online TCD-
type gas chromatography every 30 minute. The operating condition of gas 
chromatography is shown in Table 2. In case of part III, the photocatalyst dosage, initial 
concentration of formic acid, and reaction temperature are varied as shown in table 3.  
 
Table  2 The operation conditions of gas chromatograph  

Gas chromatograph Shimadzu GC-14B 

Detector TCD 
Column Molecular sieve 5A 

Carrier gas Argon (Ultrahigh purity) 
Carrier gas flow rate 30 mL/min 

Injector temperature 150 

Detector temperature 150 
Column temperature 40 

Analysis gas H2, O2 and N2 

 
Table  3 Operational parameters in part III. 

Parameters Varied range 
Formic acid concentrations 1 to 3.25 v/v % 

Photocatalyst dosage 1.5 to 3.5 mg/L 

Reaction temperature 30, 37, and 44 °C 
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CHAPTER IV 
RESULTS AND DISCUSSION 

 The results and discussion are divided into three main parts. The first part is 
the part that compared the analytical results between the two ranges of Zr doping 
(the low portion: 5, and 7 wt.%, and the high portion: 30, and 50 wt.%) for selecting 
the suitable portion range. The second part is the part that compare the analytical 
results between the two synthesis methods as mentioned in the previous chapter. At 
the end of this part, the suitable synthesis method, optimum wt.% of Zr, and optimum 
wt.% of Pt loading are found out. The final part provides the optimal conditions of the 
photocatalytic hydrogen production: amount of amount of photocatalyst dosage, 
reaction temperature, and concentration of formic acid. 
 
Part I: To find out the suitable range of wt.% of Zr doping. 

Photocatalyst characterization results 
Figure 11 shows All XRD patterns of pristine and the ZrSTO photocatalysts 

synthesized by two-gel and single-gel method. For both methods seem to show the 
same dominant peaks. which refers to the single phase of cubic perovskite-type SrTiO3. 
The inset XRD patterns of the photocatalyst synthesized by two-gel method and single-
gel method exhibit the decreases in the intensities of perovskite-type SrTiO3 as the 
increases in the wt. % of Zr doping, indicating that the addition of Zr into SrTiO3 affects 
to its crystallinity. In case of the high portion of Zr doping of single-gel method, the 
xZrSTO photocatalysts become amorphous phase. But the main peak of cubic 
perovskite SrTiO3 at 32.4° still slightly appears in XRD pattern of 30 wt.% of Zr and 
disappears in XRD pattern of 50 wt.% of Zr. The ZrO2 peak about 30° occurs instead 
the SrTiO3 peak when the wt.% of Zr reachs to 50 wt.%. Therefore, the increase of Zr 
seem to affect directly on crystallinity of ZrSTO photocatalyst confirmed by the 
decrease of intensities of the SrTiO3 peaks. Among these synthesis methods, the two-
gel method seems to provide photocatalysts with higher crystallinity than that the 
single-gel method. 
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Figure  11 XRD patterns of the pristine and the xZrSTO photocatalysts synthesized by 
(a) two-gel method and (b) single-gel method 
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Figure  12 The N2 adsorption-desorption isotherms of the pristine and the ZrSTO 
photocatalysts synthesized by two-gel method (a) unloaded, (b) 5 wt.%, (c) 7 wt.%, 
(d) 30 wt.%, and (e) 50 wt.% 
 The Figure 12 shows N2 adsorption-desorption isotherms of pristine and the 
xZrSTO photocatalysts with and without Pt loading. The isotherms of all photocatalysts 
can be categorized as type IV IUPAC pattern with H3 hysteresis loop which can confirm 
that the photocatalysts have mesoporous structure with aggregates of plate-like 
particle forming to slit-shaped pores (60). The Pt-loaded photocatalysts show the same 
type hysteresis loop type as unloaded photocatalysts. But only the size of hysteresis 
loop of Pt-ZrSTO photocatalysts are bigger than unloaded ZrSTO photocatalysts. From 
the previous work using same synthesized method, the SrTiO3 photocatalysts were 
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observed in form of aggregated clusters and provided the similar adsorption-desorption 
isotherms. For this form, it may got the effect of stirring that make the bigger hysteresis 
loop by cracking the aggregated clusters during the photochemical deposition. 
Therefore, this can indicate that the Pt loading by photochemical deposition did not 
destroy the mesoporous structure. 

 

  

  

Figure  13 The N2 adsorption-desorption isotherms of the pristine and the xZrSTO 
photocatalysts synthesized by two-gel method (a) unloaded, (b) 5 wt.%, (c) 7 wt.%, 
(d) 30 wt.%, and (e) 50 wt.%. 
 The Figure 13 shows N2 adsorption-desorption isotherms of pristine and the 

xZrSTO photocatalysts with and without Pt loading. In the low portion, 5 wt.% and 7 
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wt.% of Zr, the isotherms of all photocatalysts are like the isotherm of photocatalysts 

synthesized by two-gel method, which are in type IV IUPAC pattern with H3 hysteresis 

loop. On the other hand, in the high portion, 30 wt.% and 50 wt.% of Zr, the hysteresis 

loop is H2 which refers to the pore with narrow mouths and wide bodies (ink-bottle). 

The Pt-xZrSTO photocatalysts synthesized by single-gel method show the same effect 

as the photocatalyst synthesized by two-gel method that show the bigger hysteresis 

loop.   

The BET surface area, pore diameter, and total pore volume of two-gel method 

and single-gel method are shown in Table 4. In case of photocatalysts synthesized by 

single-gel method, the surface area increases as the increase of wt. % of Zr up to 30 

wt.%, and it decreases when the wt.% of Zr was 50 wt.%. When Pt was loaded into 

the photocatalysts by photochemical deposition, it could increase the surface area of 

the photocatalysts at the low portion of both methods. On the other hand, the high 

portion, the existing of Pt decrease the surface area of photocatalyst. 

The total pore volume of photocatalysts synthesized by both methods, it 

increases as the increases of wt.% of Zr. When the Pt was loaded onto the 

photocatalyst it increases the total pore volume due to the agglomerated particles 

may be cracked during the photochemical deposition process. 
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Table  4 Textural properties of all studied photocatalysts from XRD, N2 adsorption-
desorption analysis, ICP, and UV-Visible spectroscopy. 
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Figure  14 The UV-visible spectra of ZrSTO with different weight percentage range of 
Zr of (a) two-gel method and (b) single-gel method  
 The UV-Visible DRS was used to determine the light-harvesting ability of the Pt-

loaded and unloaded photocatalysts in range from 250 to 800 nm. The increase of 

wt.% of Zr of both methods slightly change the light-harvesting ability and energy band 

gap of photocatalysts excepted the 50 wt.% of Zr of two-gel method. It increases the 

visible-light harvesting ability of the 50 wt.% of Zr. But, in the region of UV-light, the 50 

wt.% of Zr photocatalyst can’t utilize the light as well as another. When the present 
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of Pt in the photocatalysts, it significantly enhances the visible light-harvesting ability 

as shown in Figure 14. The energy bandgaps (Eg) of the photocatalysts were calculated 

from Tauc plot as shown in Figure 15. The Pt-loaded photocatalyst show the lower 

energy band gap as compared to the unloaded ZrSTO, leading to the photocatalysts 

can active under the visible light. 

 

 

Figure  15 The Tauc plots of photocatalysts with different weight percentage range 
of Zr of two-gel method and single-gel method 
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Figure  16 PL spectra of photocatalysts synthesized by (a) two-gel method and (b) 
single-gel method 
 The PL spectra of photocatalysts synthesized by two-gel and single-gel 

methods are shown in Figure 16. The effect of wt.% of Zr on photocatalysts 
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synthesized by both methods, it does not reduce the recombination rate of unloaded 

Pt photocatalysts. 

 In the two-gel method, the Pt-loaded photocatalysts show the lower intensities 

of spectrum. It can indicate that the Pt can reduce the recombination rate. For the 

high wt.% of Zr, their intensities are lower than another wt.% of Zr.  

 In the single-gel method, the Pt loading show the same effect as the two-gel 

method. But there is only the 30 wt.% of Zr that shows the lowest intensities. 

 The results show that the Zr-doping does not affect the recombination rate of 

the pristine SrTiO3 in both of synthesized methods. 

 In case of Pt-loading effect, the PL spectra clearly show that the existing of Pt 

can reduce the recombination rate in both of photocatalysts synthesized by both 

methods 

Simultaneous H2 production and formic acid degradation results  
 All xZrSTO photocatalysts synthesized by both methods are shown the lower 

photocatalytic activity than the pristine SrTiO3 photocatalysts. These probably due to 

the decrease in the crystallinity as the increases of wt.% of Zr in Figure 11. The lower 

crystallinity makes the electron slower transference onto the surface of photocatalysts. 

As the single-gel method, high surface area of 30 wt.% and 50 wt.% of Zr 

photocatalysts still show low the hydrogen production activity. Therefore, the possible 

way to improve the hydrogen production activity of the photocatalyst is finding out 

the suitable wt.% of Zr in low portion. However, the low portion of wt.% Zr provide 

the photocatalysts with higher photocatalytic activity than the high portion of wt.% Zr. 

 Thus, the photocatalysts prepared with the low portion range of wt.% Zr are 

selected to find out the most suitable method, the optimum wt.% Zr doping, and the 

optimum wt.% Pt loading in part II.  
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Figure  17 The H2 production rate of Pt-ZrSTO photocatalysts synthesized by (a) two-
gel method, and (b) single-gel method  
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Part II: To find out the suitable method, the optimum wt.% Zr doping and the 
optimum wt.% Pt loading.  

Photocatalyst characterization results 

 

 

Figure  18 The XRD patterns of the photocatalysts different amount of zirconium 
doping synthesized by (a) two-gel method, and (b) single-gel method 

All XRD patterns of photocatalyst synthesized by both methods are shown in 

Figure 18. The results show that the existing of Zr affect to the crystallinity of the 

photocatalyst. The increase in wt.% Zr results in the decrease of the crystallinity. 

However, the effect of Zr doping on the crystallinity of the photocatalysts synthesized 

by single-gel is stronger than that of synthesized by two-gel method.  
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Figure  19 The N2 adsorption-desorption isotherms of the pristine and the xZrSTO 
photocatalysts synthesized by two-gel method (a) unloaded, (b) 1 wt.%, (c) 3 wt.%, 
(d) 5 wt.%, and (e) 7 wt.%. 

The N2 adsorption-desorption isotherms of pristine and the xZrSTO 
photocatalysts with and without Pt loading are shown in Figure 19. The isotherms of 
all photocatalysts are in the same type of IV IUPAC pattern with H3 hysteresis loop 
which the photocatalysts have mesoporous structure with aggregates of plate-like 
particle forming to slit-shaped pores (60). The Pt-loaded photocatalysts show the same 
type hysteresis loop type as unloaded photocatalysts. There are no changes  
when the wt.% of Zr is increased. 
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Figure  20 The N2 adsorption-desorption isotherms of the pristine and the ZrSTO 
photocatalysts synthesized by single-gel method (a) unloaded, (b) 1 wt.%, (c) 3 wt.%, 
(d) 5 wt.%, and (e) 7 wt.%. 
 For photocatalysts synthesized single-gel method, the increases of Zr in the 

pristine SrTiO3 photocatalysts provide the similar N2 adsorption-desorption isotherms. 

Only at 7 wt.% of Zr, the isotherm is slightly change, the hysteresis loop is bigger that 

the other wt.%. However, all photocatalysts seem to show the same type of IV IUPAC 

pattern with H3 hysteresis loop. 
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Table  5 Textural properties of all studied photocatalysts from XRD, N2 adsorption-
desorption analysis, ICP, and UV-Visible spectroscopy. 
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The BET surface area, pore diameter, and total pore volume of both methods 

are shown in Table 5. The photocatalysts synthesized by both methods, the surface 

area slightly changed when wt.% of Zr were increase. The present of Pt could increase 

the surface area of the photocatalysts.  

The total pore volume of photocatalysts synthesized by both methods, the 

effect of Pt that was loaded onto the photocatalyst, it increases the total pore volume 

due to the agglomerated particles may be cracked during the photochemical 

deposition process. 

 

 

Figure  21 The UV-visible spectra of xZrSTO with different weight percentage of Zr of 
(a) two-gel method and (b) single-gel method 
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 The UV-visible DRS was used to determine the light-harvesting ability of the 

photocatalysts in range from 250 to 800 nm. For both methods, the Uv-vis spectra of 

the different wt.% of Zr of photocatalysts were similar.  The energy bandgaps (Eg) of 

all photocatalysts were calculated from Tauc plot which show in Figure 21. The results 

from table 5 show the quite same energy bandgap of all photocatalysts. When the Pt 

were loaded into the photocatalysts, the photocatalysts seem to absorb the light 

better than unloaded photocatalyst. And it affects to the Eg which decrease after Pt 

loading. 

 

Figure  22 The Tauc plots of photocatalysts with different weight percentage of Zr of 
both method 
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Figure  23 PL spectra of photocatalysts synthesized by (a) two-gel method, and (b) 
single-gel method 
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 From the PL spectra results as shown in Figure 23, the Pt-loaded photocatalyst 

show the lower intensities of PL spectra which indicate to the lower recombination 

rate. Therefore, the present of Pt in the photocatalysts, it can reduce the 

recombination rate of the photocatalysts. 

Simultaneous H2 production and formic acid degradation results 

 

 

Figure  24 The H2 production rate of Pt-ZrSTO photocatalysts synthesized by (a) two-
gel method, and (b) single-gel method 
 

 The photocatalytic activity in H2 productions of all photocatalysts are shown in 

Figure 24. In the case of the photocatalysts synthesized by two-gel method, the 
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addition of Zr at low portion of 1 wt.% and 3 wt.% can enhance the photocatalytic 

activity of the undoped 0.5 wt.% Pt-SrTiO3 (Figure 24 (a)) due to the addition of Zr 

make the H2O molecules are easily chemisorbed on the surface of photocatalysts (44). 

The further increase in wt.% Zr higher than 3 wt.% results in the decrease in the 

photocatalytic activity. It is probably the Zr conducts the conduction band of SrTiO3 

from Ti 3d state to O 2p state, which is not the active site of hydrogen production (61). 

In the case of the photocatalysts synthesized by single-gel method, the addition of Zr 

reduces the photocatalytic activity of the photocatalysts because the crystallinity of 

the photocatalysts are low. 

 

Figure  25 The H2 production rate of 0.5 wt.% Pt-1ZrSTO photocatalysts synthesized 
by different methods  
 

 The Pt-1ZrSTO synthesized by two-gel method exhibits the highest 

photocatalytic activity in hydrogen production. It can enhance the reaction to produce 

hydrogen of 91 µmol g-1 h-1 under the condition of 0.7 g of photocatalyst, 200 mL of 

2.5 v/v % formic acid aqueous, 30 ◦C of reaction temperature, and 16 lamps of visible 

light. 
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 The effect of various amounts of wt.% of Pt loading on the photocatalytic 

activity are also studied in this part. The 0.1, 0.2, 0.5, and 1 wt.% of Pt were loaded 

onto 1ZrSTO photocatalysts via photochemical deposition method.  

 

Figure  26 The XRD patterns of 1ZrSTO photocatalysts with different wt.% of Pt 
loading. 
 The XRD patterns of 1ZrSTO photocatalysts are shown in Figure 26. No peak of 

Pt loaded are observed in the XRD results. It probably because the Pt was highly 

dispersed on the 1ZrSTO photocatalyst structure. 

 

Figure  27 PL spectra of 1ZrSTO photocatalyst with different wt.% of Pt. 
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 In Figure 26 shows the effect of wt.% of Pt on the PL spectra compared with 

unloaded 1ZrSTO photocatalyst. The increase of Pt, it can decrease the rate of 

recombination as the results show lower intensities. 

 

Figure  28 The effect of Pt loading on 1ZrSTO photocatalyst synthesized by two-gel 
method 
  Figure 28 shows the hydrogen production rate of 1ZrSTO photocatalyst with 

different wt.% Pt. The 0.2 wt.% Pt-1ZrSTO exhibited the highest photocatalytic activity 

in hydrogen production of 125 µmol g-1 h-1. Then, the photocatalysts decreases as the 

wt.% Pt increase. The existing of Pt in the photocatalysts affect to the energy band 

gap, which decrease the energy band gap. It makes the photocatalyst can utilize the 

lower energy of light source. It gave the advantage to this work because the 

photocatalysts were used to produce the H2 under visible-light. In this Pt loading range, 

the increase of Pt loading can enhance production rate of photocatalyst because of 

the increase in the term of Pt active sites. However, higher amount of Pt loading than 

0.2 wt.%, it decreases the hydrogen production rate because the too high Pt play the 

role of electron-hole recombination center (55).  

 Therefore, the 1ZrSTO photocatalyst synthesized by two-gel method was taken 
to study for the operational parameters, such as photocatalyst dosage, and 
concentration of formic acid, and temperature in Part III. 



  45 

Part III: To find out the optimum operational parameters  
 The 0.2 wt.% Pt-1ZrSTO photocatalyst was selected to study in term of 

operational parameters to find out the optimum condition of reaction. The studied 

conditions were photocatalyst dosage, formic acid concentration, and reaction 

temperature. 

Effect of photocatalyst dosage 

 

Figure  29 The effect of photocatalyst dosage of 0.2 wt.% Pt-1ZrSTO photocatalyst  
 

 The effect of photocatalyst dosage on the photocatalytic activity is shown in 

Figure 29. The photocatalyst dosage was studied in range of 1.5 to 3.5 mg/mL. The 

results show that the increase in the photocatalyst dosage from 1.5 to 2.5 mg/L can 

increases the hydrogen production rate. This positive effect is due to an increase of 

active sites in the system. The suitable amount of photocatalyst powder is at 2.5 

mg/mL which reach the H2 production rate to 186 µmol g-1 h-1 at 300 minutes. The 

further increase in the photocatalyst dosage from 2.5 to 3.5 mg/mL make the decrease 

in the hydrogen production rate. The excess photocatalyst dosage affects the light 

penetration of the system. This causes the photocatalyst generated lower electrons 

(55). Therefore, the optimum photocatalyst dosage is 2.5 mg/mL. 
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Effect of formic concentration 

 

Figure  30 Effect of concentration of formic acid in the reactor using 0.2 wt.% Pt-
1ZrSTO as photocatalyst. 
  
 Figure 29 show the effect of formic concentrations on hydrogen production 

rate. The 0.5 g of 0.2 wt.% Pt-1ZrSTO photocatalyst in 200 mL of aqueous formic acid 

solution was used to test the effect of formic acid concentration. The 2.5 v/v % formic 

acid aqueous solution gave the highest H2 production rate of 186 micromole/gh. And 

then, the H2 production rate suddenly decrease to about 100 micromole/gh when the 

formic concentration was increased to 3.25 % v/v. The concentration of formic acid 

beyond 2.5 % v/v decrease the hydrogen production rate because the formic molecule 

would absorb on the photocatalyst surface and form the several layers of absorbed 

molecule. Then, the light would be absorbed with these formic layer instead the 

photocatalyst (59). 

 

Effect of reaction temperature 
 In Figure 30 shows the effect of reaction temperature to the photocatalytic 

activity. The reaction temperature of 30, 37, and 44 ◦C were studied. The 
photocatalytic activity increased as the reaction temperature increase, it is because 
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the rate of products desorption is slower than the degradation on the surface and the 
reactant adsorption.  

 
Figure  31 Effect of reaction temperature on hydrogen production of 0.2 wt.% Pt-
1ZrSTO photocatalyst.  
 

The comparison results between 0.2 wt.% Pt on Zr-doped SrTiO3 and SrTiO3 

 
Figure  32 The hydrogen production rate of 0.2 wt.% pt loading on 1ZrSTO and STO 
photocatalyst 
 

 The photocatalytic activity comparison results between 0.2 wt.% Pt-STO 
photocatalyst and 0.2 wt.% Pt-1ZrSTO photocatalyst is shown in Figure 32. The 0.2 
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wt.% Pt-1ZrSTO photocatalyst exhibits the higher photocatalytic activity than the 0.2 
wt.% Pt-STO photocatalyst about 1.2 times under the optimum conditions: 2.5 mg/mL 

photocatalyst dosage; 2.5 v/v% formic acid aqueous solution; and 30 ◦C. The results 
confirm that the Zr doping can enhance the hydrogen production rate of STO 
photocatalyst. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATION 

5.1 Conclusions 
 The addition of Zr into SrTiO3 provides the two main effects on the SrTiO3 

photocatalysts: positive and negative effect. The positive effect is the existing of Zr 

make the water more easily chemisorb on the photocatalyst surface. The negative 

effect is the existing of Zr conducts the conduction band of SrTiO3 photocatalyst from 

Ti 3d state to O 2p state, which is not the active site of hydrogen production. In the 

small amount of Zr, the positive effect is more dominant than the negative effect 

leading to can enhance the photocatalytic activity of the SrTiO3 photocatalyst. The 

results reveal that the modification of photocatalyst should considers to the balanced 

between the positive and negative effect of the Zr addition. The modification of SrTiO3 

photocatalyst by Zr doping should add the Zr at 1 wt.%. 

 In the case of synthesized method, the two-gel method can provide the 

photocatalyst with higher crystallinity than the single-gel method. The crystallinity is 

the important property of photocatalyst because the higher crystallinity makes the 

electron easier transfer on the surface. 

 The most suitable photocatalyst is 0.2 wt.% Pt-1ZrSTO. It can provide the 

hydrogen production rate of 310 µmol g-1 h-1 and the optimum condition: i) 2.5 mg/mL 

of photocatalyst dosage, ii) 2.5 v/v % of formic acid aqueous, and iii) 44 ◦C of reaction 

temperature. In photocatalytic activity comparison results between 0.2 wt.% Pt-1ZrSTO 

and 0.2 wt.% Pt-STO photocatalyst under the optimum condition, the 0.2 wt.% Pt-

1ZrSTO photocatalyst show the higher hydrogen production rate than the 0.2 wt.% Pt-

STO photocatalyst for 1.2 times. 

5.2 Recommendation 
 Using the FT-IR to confirm the hypothesis that the water can easily chemisorb 
on the Zr-modified SrTiO3 photocatalyst.           
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APPENDIX A  
CALCULATION FOR PHOTOCATALYST PREPARATION 

Table  6 Chemicals properties 

Chemicals Formula 
Molecular 

weight 
Density 
(g/cm3) 

Purity 

Strontium nitrate Sr(NO3)2 211.63 2.99 98% 

Acetylacetone (ACA) C5H8O2 100 0.97 99.5% 

Tetraisopropyl 
orthotitanate (TIPT) 

Ti[OCH(CH3)2]4 284.22 0.96 98% 

Ethyl alcohol (EtOH) C2H5OH 46 0.79 99.9% 

Laurylamine (LA) CH3(CH2)11NH2 185 0.80 98% 
Hydrochloric acid HCl 36.5 1.00 37% 

Methanol CH4O 32 0.79 99% 

Chloroplatinic acid 
hexahydrate 

H2PtCl6•6H2O 518.078 4.00 ≥99.9% 

Tungsten (III) Oxide WO3 231.85 7.16 99.9% 
A.1 Calculation of Zr on SrTiO3 photocatalyst synthesized by two-gel method 
Example: Calculation for the preparation of 1ZrSTO photocatalyst 

To synthesis 0.02 mol of SrTiO3 photocatalyst by Sol-gel method, which equal 

to 3.67 g of SrTiO3 powder. After the Gel was dried, the dried gel was obtained, which 

consists of 0.5 g of SrTiO3 per dried SrTiO3 gel. For 7 g of dried SrTiO3 gel, the 1 wt.% 

of Zr equals: 

 (
1

100
) (7 𝑔 𝑑𝑟𝑖𝑒𝑑 𝑆𝑟𝑇𝑖𝑂3 𝑔𝑒𝑙) (

0.5 𝑔 𝑆𝑟𝑇𝑖𝑂3

1 𝑔 𝑑𝑟𝑖𝑒𝑑 𝑔𝑒𝑙
) = 0.035 𝑔 𝑜𝑓 𝑍𝑟 

Thus, the dried ZrO2 gel consists of 0.56 g Zr per dried ZrO2 gel 

(0.035 𝑔 𝑍𝑟) (
1 𝑔 𝑑𝑟𝑖𝑒𝑑 𝑍𝑟𝑂2 𝑔𝑒𝑙

0.56 𝑔 𝑍𝑟
) = 0.0626 𝑔 𝑑𝑟𝑖𝑒𝑑 𝑍𝑟𝑂2 𝑔𝑒𝑙 
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APPENDIX B  
CALCULATION OF THE CRYSTALLITE SIZE 

B.1 Calculation of the crystallite size by Debye-Scherrer equation 
 The crystallite size was calculation from the half-height width of the diffraction 

peak of XRD pattern using the Debye-Scherrer equation. 

From Scherrer equation: 

𝐷 =
𝐾λ

𝛽𝑐𝑜𝑠𝜃
 

Where  𝐷 = Crystallite size, nm 

  𝐾 = Crystallite-shape factor = 0.9 

  λ  = X-ray wavelength, 1.5418 Å for CuKα 

  𝛽  = X-ray diffraction broadening, radian 

  𝜃  = Observed peak angle, degree 

Warren’s formula: 

β = √β𝑀
2 − β𝑆

2 

Where  βM = The measured pea width in radians at half peak height 

  βS = The corresponding width of the standard material 
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Example: Calculation of the crystallite size of SrTiO3 

 

Figure  33 Calculation of the SrTiO3 crystallite size 
The half-height width of diffraction peak  = 32.56° - 32.25° 

 = 0.28° 

Therefore, 0.28° equals to 0.00489 radian 

Warren’s formula 

β = √0.004892 − 0.00362 

 β = 0.00404 𝑟𝑎𝑑𝑖𝑎𝑛 

 2𝜃 = 32.4° 

 𝜃 = 16.2°  

Then, the crystallite size = 35.8 nm 
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APPENDIX C  
TAUC PLOTS 

C.1 Calculation of Eg of 1ZrSTO photocatalyst 
 The energy bandgap of photocatalyst was determined by Tauc plot. A Tauc 

plot, the (αhν)1/r is plotted on y-axis and hv on x-axis as shown in Figure 32. 

 
Figure  34 Tauc plot of 1ZrSTO photocatalyst 

The (αhν)1/r is converted from absorbance of the photocatalyst. The α is 

(2.303)A/d, where A is the absorbance and d is the thickness of sample. And hν can 
be obtained by using 1240/λ. The r is 2 for SrTiO3 based material. 

The example of (αhν)1/r calculation at 800 nm follows by 

(𝛼ℎ𝑣)
1
𝑟 = (

2.303𝐴

𝑑
) (ℎ𝑣)

1
2 

(𝛼ℎ𝑣)
1
𝑟 = (

(2.303)0.033

0.002
) (

1240

800
)

1
2

 

(𝛼ℎ𝑣)
1
𝑟 = 7.674583 

 

 After that, the tangent line at the slope was draw. The interception at x-axis is 

the energy bandgap. 
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APPENDIX D  
CALCULATION OF PHOTOCATALYTIC H2 PRODUCTION RATE 

The photocatalyst performance was evaluated in terms of photocatalytic H2 

production rate 

The H2 production rate of photocatalyst was calculated as follows: 

 The weight of photocatalyst = W  g 

 Flow rate of Ar carrier = 30  mL/min 

 Volume of sample loop = 5 mL 

 Amount of H2 was calculated from calibration equation = A µ𝑚𝑜𝑙 

𝐻2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = (
30 𝑚𝐿

1 𝑚𝑖𝑛
) (

𝑋 µ𝑚𝑜𝑙 𝐻2

5 𝑚𝐿
) (

60 𝑚𝑖𝑛

1 ℎ
) (

1

𝑊 𝑔𝑐𝑎𝑡
) =

360𝐴

𝑊

µ𝑚𝑜𝑙

ℎ𝑔𝑐𝑎𝑡
 

The calibration equation: 

𝐻2 = (𝐴𝑟𝑒𝑎)0.0000140078709869585 µ𝑚𝑜𝑙  
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