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ABSTRACT 
 
Three methods successfully synthesized the TiO2 photocatalysts: sol-gel, 
solvothermal, and flame spray pyrolysis. Au was loaded onto the synthesized TiO2 
photocatalysts via three methods:  incipient impregnation, photo-deposition, and 
single-step doping. All synthesized TiO2 photocatalysts were characterized by 
XRD, N2 physisorption, TEM, UV-vis spectroscopy, H2 chemisorption, and 
photoluminescence spectroscopy. The results pointed out that only sol-gel and 
solvothermal methods could provide the pure anatase-phase TiO2. The anatase-
phase, mesoporous-agglomeration structure of nano-crystallite size particles, 
suitable pore diameter, and relatively high surface area of the solvothermal-
synthesized TiO2 were the key properties that played important roles in 
maximizing its pristine-form photocatalytic activity in hydrogen production via 
photodegradation of formic acid under visible light irradiation. With Au loading by 
the photo-deposition method, the highest dispersion of Au on the TiO2 surface and 
an acceptably low recombination rate of electron-hole pairs were achieved, yielding 
the most desirable Au-loaded, solvothermal-synthesized TiO2 photocatalyst with 
the highest H2 production rate of ~6,000 µmolH2/h/gcat. 
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1. INTRODUCTION     
 
Photocatalytic water splitting for H2 production is an 
environmentally friendly reaction that utilizes clean and 
abundant solar energy to generate an electron-hole pair to 
conduct a degradation reaction. This technology not only 
can be used to produce clean and renewable fuel as H2 
(Sreethawong et al., 2008, 2009b; Sasikala et al., 2009; 
Puangpetch et al., 2010; Yan & Yang, 2011; Ahmad et al., 
2020; Gupta et al., 2022), and eliminate pollutants (Kang et 
al., 2005; Gonzalez et al., 2008; Khtaee & Kasiri, 2010; 
Chiarello et al., 2010; Lin et al., 2012, Chung et al., 2023) 
separately, but also can be used to produce H2 and eliminate 
pollutants simultaneously (Nam & Han, 2003; Patsoura et al., 
2007; Puangpetch et al., 2011; Wang et al., 2023a; Yan et al., 

2023; Guo et al., 2023). This research also focused on this 
valuable photocatalytic reaction. The previous research 
(Peng et al., 2008; Sreethawong et al., 2008; Puangpetch 
et al., 2008, 2009, 2011) pointed out that the 
mesoporous-assemble of the single-crystals structure is 
the important property that significantly enhances the 
photocatalytic activity of the photocatalyst. The meso-
size of the pore matches the molecular size of water and 
provides better light-induced hydrophilicity. The aggregation 
of single crystals provides the high possibility of multi-
electron transfer and the lower recombination between 
the photo-generated electrons and photo-generated holes. 
The disadvantage of aggregation is that it reduces the 
surface area of the photocatalyst. So, the present research 
aimed to find out the synthesis method that provided the 
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mesoporous-assembled TiO2 photocatalyst with a high 
specific surface area. Three potential methods: sol-gel 
(Sreethawong et al., 2008; Puangpetch et al., 2008; Lee et 
al., 2010; Sadek et al., 2023; Solanki et al., 2022), 
solvothermal synthesis (Kang et al., 2001, 2005; Kang, 
2003; Payakgul et al., 2005; Kongsuebchart et al., 2006; 
Khan et al., 2008; Cao et al., 2020; Wang et al., 2023b), and 
flame spray pyrolysis (Mueller et al., 2003; Strobel et al., 
2006; Strobel & Pratsinis, 2007; Chiarello et al., 2008, 2010; 
Teoh et al., 2010; Boningari et al., 2018), and three Au 
modified methods: incipient impregnation, photodeposition, 
and single-step doping-were investigated in this study 
(Chan & Barteau, 2005; Pawinrat et al., 2009; Liu et al., 
2010; Osterloh & Parkinson, 2011; Huang & Wey, 2011; 
Bouhadoun et al., 2015; Rodríguez-Martínez et al., 2020, 
Bhuskute et al., 2022). The photocatalytic activity in 
hydrogen production simultaneously with pollutant 
degradation of the synthesized Au-loaded TiO2 photocatalysts 
was investigated via the photodegradation of formic acid 
as a model organic contaminant in wastewater from the 
natural rubber industry. The photodegradation of formic 
acid can be provided the different species formation, and 
the dominant pathways in hydrogen evaluation are as 
follows (Wang et al., 2002; Araña et al., 2004; Farias et al., 
2009; Zhang & Zhang, 2009; Abdelli et al., 2023; Hayat 
et al., 2024): 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻− + 𝐻𝐻+ 

𝑇𝑇𝑇𝑇𝑇𝑇2
ℎ𝑣𝑣
�� 𝑒𝑒−(at 𝑇𝑇𝑇𝑇+3𝑑𝑑  site) + ℎ+(𝑎𝑎𝑎𝑎 𝑂𝑂−2𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 

At Ti+3d site 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑒𝑒− → 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻− + 𝐻𝐻+ 

  2𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻2 

At Au site 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑒𝑒− → 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻− + 𝐻𝐻+ 

  2𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻2 

At O-2P site 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 2ℎ+ → 𝐶𝐶𝑂𝑂2 + 2𝐻𝐻+  

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂− + ℎ+ → 𝐶𝐶𝑂𝑂2 + 𝐻̇𝐻  

  𝐻𝐻2𝑂𝑂 + ℎ+ → 𝑂𝑂𝑂𝑂 + 𝐻𝐻+ 

 
 
2. MATERIALS AND METHODS 
 
2.1 Materials 
Tetraisopropyl orthotitanate (TIPT, Merck Co., Ltd., 
Bangkok, Thailand) was used as a titanium precursor. 
Acetylacetone (ACA, Merck Co., Ltd., Bangkok, Thailand) was 
used as a modifying agent for the TIPT in sol-gel synthesis. 
Distilled water, methanol (Avantor, Inc. (J.T. Baker), Bangkok, 
Thailand), ethanol (Avantor, Inc. (J.T. Baker), Bangkok, 
Thailand), 1,4-butanediol (Sigma-Aldrich Inc., Bangkok, 
Thailand), and xylene (K N Science Innovation Co., Ltd., 
Nonthaburi, Thailand) were used as solvents. Hydrogen 
tetrachloroaurate (III) trihydrate (HAuCl4∙3H2O, Sigma-Aldrich 
Inc., Bangkok, Thailand) was used as a gold precursor. 
Formic acid (Ajax Finechem Pty Ltd., Australia, by SNP 
Scientific Co., Ltd., Bangkok, Thailand) was used as a sacrificial 
reagent for photocatalytic H2 production and simultaneously 
as a wastewater pollutant to be degraded. Commercial TiO2 
(P-25) (J.J. Degussa Hüls Co., Ltd., with 74% anatase phase 
and 26% rutile phase) was also used for comparative study. 

2.2 Synthesis methods of TiO2 photocatalysts 
Sol-gel method (SG): An equimolar ratio of ACA with Ti 
was first introduced into TIPT, and then the mixed solution 
was cooled to room temperature. This mixed solution was 
added to the EtOH(aq) and continuously stirred to obtain a 
clear yellow solution. It was kept at 80°C for 1 day to 
conduct gel formation. The gel was dried at 80°C for 2 days. 
The dried gel was calcined at 500oC for 4 h under air flow 
condition (at 30 cm3/min) with the 10°C/min heating rate 
to get TiO2 photocatalyst.  
       Solvothermal synthesis method (ST): TIPT was 
dissolved in 1,4-butanediol in a tube chamber. The 
chamber was then placed in an autoclave. The gap between 
the chamber and the autoclave wall was filled with 1,4-
butanediol. The headspace of an autoclave was purged by 
nitrogen to eliminate air before heating this reactor. The 
reactor was heated to 300°C (a heating rate of 2.5°C/min) 
and kept for 2 h. During the solvothermal reaction, it was 
continuously rotated at 300 rpm. After the cooldown 
period, the solid powder in the liquid phase was separated 
and then washed three times with methanol. The powder 
was calcined at 500°C for 4 h under air flow condition (at 
30 cm3/min) with the 10°C/min heating rate to get TiO2 
photocatalyst.  
       Flame spray pyrolysis method (FSP): TIPT was 
dissolved in xylene and then injected into the center of a 
methane/oxygen flame by a syringe pump with a 
volumetric flow rate of 5 ml/min while sprayed through a 
nozzle with the aid of oxygen to induce fine droplets. The 
pressure drop at a capillary tip was kept at 1.5 atm. The 
generated TiO2 powder was collected via a glass-microfiber 
filter with the aid of a vacuum pump. 
 
2.3 Methods of Au loading 
Incipient impregnation (IMP): An appropriate amount of 
HAuCl4∙3H2O was dissolved in distilled water to obtain an 
Au precursor solution. Each of all TiO2 powders was then 
impregnated with the Au precursor solution to achieve a 
desired nominal Au loading of 0.26 wt.%. The Au-
impregnated TiO2 was kept at room temperature for 6 h 
before being dried at 110°C overnight. Then it was reduced 
at 200°C for 4 h by H2 gas to obtain the Au-loaded TiO2 
photocatalyst.  
       Photodeposition (PD): An appropriate amount of 
HAuCl4∙3H2O for a desired nominal Au loading of 0.5 wt.% 
was dissolved in 0.5 vol.% methanol aqueous solution to 
obtain an Au precursor solution. Each of all TiO2 powders 
was then suspended in the Au precursor solution under UV 
irradiation (Hg lamp, TUV 11 W PL-S, Phillip) for 10 min. 
The Au-loaded TiO2 by photodeposition powder was dried 
at 110oC for 12 h to obtain the Au-loaded TiO2 
photocatalyst.  
       Single-step doping (DP): An appropriate amount of 
HAuCl4∙3H2O for a desired nominal Au loading of 0.26 wt.% 
was added directly into each Ti precursor solution of each 
synthesis method. The remaining steps were the same as 
their original synthesis procedures.  The final products 
were the Au-loaded TiO2 photocatalysts. 
 
2.4 Photocatalyst characterizations 
Crystallinity, purity, and crystallite structure of both 
pristine and all Au-loaded TiO2 photocatalysts were 
analyzed by using X-ray diffraction (XRD, Siemens D5000) 
with a rotating anode generating monochromatic CuKα 
radiation with a Ni filter. The operating conditions were 30 
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kV and 15 mA with a continuous scanning rate of 2o/min. 
Specific surface area, pore size distribution, and average 
pore size of all TiO2 photocatalysts were analyzed by N2 
absorption−desorption using the BET BELSORP Π 
analyzer. The specific surface area was determined by the 
BET multipoint method, whereas the pore size distribution 
and average pore size were determined by the BJH method. 
The morphology of all TiO2 photocatalysts and their 
particle sizes were examined by a transmission electron 
microscope (TEM, JEOL 2000 CX). The quantity of the 
loaded Au contained in the Au-loaded TiO2 photocatalyst 
was determined by the inductively coupled plasma (ICP) 
technique. H2 chemisorption was used to determine the 
approximately percentage of Au dispersion on the surface 
of TiO2 photocatalyst (Meyer et al., 2004; Guzmán et al., 
2009; Rusinque et al., 2019; Mahdavi-Shakib et al., 2021). 
The resulting number of Au particles was used to infer the 
dispersion of Au on a surface.  Light absorption abilities 
of all TiO2 photocatalysts were investigated by a UV-vis 
spectrophotometer with BaSO4 as a reference. 
Photoluminescence (PL) spectroscopy was used to evaluate 
the recombination rate between the photo-generated 
electrons and holes. 
 
2.5 Photocatalytic hydrogen production with 
formic acid as a hole scavenger  
Photocatalytic H2 production activities of the pristine and 
Au-loaded TiO2 photocatalysts were investigated via 
formic acid photodegradation by considering a steady- 
state H2 production rate at 3-h irradiation time as an 
indicator. The reaction was performed in a semi-batch, 
Pyrex glass reactor with an outer irradiating light source 
and an inner cooling water system. The volume of the 
reactor was 750-cm3. The 16 fluorescent lamps (11 W PL-
S 2P, Phillip) were used as a visible light source with a total 
irradiance of ~90 W/m2. The light spectrum of this lamp 

consists of ~97% visible light and ~3% UV light. For all 
experiments, 0.025 g of the pristine or Au-loaded TiO2 
photocatalyst was suspended in 250 cm3 of 0.1 M formic 
acid aqueous solution with the aid of a magnetic stirrer. 
Before starting the reaction, the reactor was kept in the 
dark and simultaneously deaerated by Ar gas bubbling for 
20 min. After the deaerated step, the Ar flow rate was 
adjusted to 30 cm3/min and then the reaction was started 
by irradiating with visible light for 5 h. The reaction 
temperature was kept at 30°C by using the internal cooling 
water system. The gas sample in the headspace of the 
reactor was analyzed for its hydrogen, oxygen, carbon 
dioxide, and carbon monoxide composition by an online 
gas chromatograph equipped with a thermal conductivity 
detector. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Characterization results: Effects of synthesis 
methods 

The TiO2 photocatalysts were successfully synthesized by 
sol−gel, solvothermal, and flame spray pyrolysis methods. 
The XRD patterns of all TiO2 photocatalysts synthesized by 
those three methods are shown in Figure 1a). TiO2 
photocatalysts synthesized by SG and ST  methods show 
only the dominant peaks of (101), (103), (200), (105), 
(213), (116), and (107) planes of anatase TiO2, revealing 
these two methods (SG and ST) provide the pure 
anatase−phase TiO2 powder. The case of TiO2 synthesized 
by the FSP method showed an additional low intensity 
peak at 2θ of about 27.5, which corresponds to the indices 
of the (110) plane of rutile TiO2 (Puangpetch et al., 2011), 
revealing it exhibits both anatase and rutile phases. 
However, TiO2 synthesized by FSP contained only 
approximately 5% rutile phase. 

 

 
 
Figure 1. a) XRD patterns of the synthesized TiO2 photocatalysts prepared by sol−gel method (SG), solvothermal 
synthesis method (ST), and flame spray pyrolysis (FSP) (A: anatase, R: rutile), b) TEM image of the synthesized TiO2 
preparation by b1) SG, b2) ST, and b3) FSP methods 

a) 

b1) b2) b3) 
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       The TEM was used to analyze the particle size and 
morphology of the synthesized TiO2. The results are shown 
in Figure 1b and Table 1. The TEM results indicated that 
TiO2 synthesized by all methods were spherical particles. 
The average particle size from the TEM image of each TiO2 
was similar to its crystallite sizes calculated from XRD 
results using the Scherrer equation (as shown in Table 1), 
indicating that a particle observed by TEM is a single 
crystal particle. The physical properties of all synthesized 

TiO2 photocatalysts and the commercial TiO2 (P25) are 
shown in Table 1. The results showed that the crystallite 
sizes of TiO2 photocatalysts synthesized by three methods 
increased in the order of ST < SG < FSP. In addition, the 
crystallinity of the TiO2 photocatalysts synthesized by the 
SG method exhibited higher crystallinity than that of those 
prepared by the ST and FSP methods. Both TiO2 
photocatalysts synthesized by ST and FSP showed similar 
crystallinity. 

 
Table 1. Physical properties of the synthesized TiO2 photocatalysts prepared by sol-gel method (SG), solvothermal 
synthesis method (ST), and flame spray pyrolysis (FSP)  
 

Preparation 
method 

Phasea 
content 
(% w/w) 

dXRDb 
(nm) 

dTEMc 
(nm) 

Relative 
crystallinityd 

SBETe 
(m2/g) 

SXRDf 
(m2/g) 

SBET/ SXRD Poree 
diameter  
(nm) 

Poree 
volume 
(cm3/g) 

SG A (100) 14.4 14.8 1.32 21.8 109.1 0.20 3.8 0.0591 
ST A (100) 11.8 12.1 1.00* 89.3 94.3 0.95 21.7 0.3716 
FSP A (86.8) 

R (13.2) 
16.4 
17.0 

17.1 1.00 116.9 132.8 0.88 11.8 0.3856 

P25 - - - - 61.8 - - 28.0 0.3626 
 

a) Calculated by the equation that was proposed by Payakgul et al. (2005) 
b) Calculated by line broadening of XRD patterns 
c) Determined from TEM images 
d) The ratio between the height of the main peak of anatase patterns by using that of ST as reference 
e) Calculated by the BET multipoint method 
f) Surface area which the particles are assumed to be nonporous spheres (S = 6/ρd XRD) 
 
       Table 1 also shows the comparison results between the 
surface areas (SBET) determined by the BET multipoint 
method and the surface area in which the particles are 
assumed to be nonporous spheres. It is discovered that SBET 
is usually smaller than SXRD due to the agglomeration of the 
single crystals (Payakgul et al., 2005). The BET surface area 
of the synthesized TiO2 samples followed the order SG < ST 
< FSP. This suggested that the degree of agglomeration 
increased in the opposite order: FSP < ST < SG. The TEM 
results supported this conclusion (Figure 1–3b). In 
addition, TiO2 synthesized by the SG method exhibited a 
highly agglomerated structure, leading to a significant 
internal surface area that may be inaccessible to nitrogen 
molecules during BET measurements. This could result in 
a discrepancy between the BET surface area (SBET) and the 
XRD-based surface area (SXRD), which was calculated 
assuming spherical crystallites with a uniform size 
distribution. TiO2 synthesized by the ST method generally 
exhibited a less agglomerated structure compared to SG-
synthesized TiO2, resulting in a smaller discrepancy 
between its SBET and SXRD values. However, the SXRD of ST-
synthesized TiO2 remained slightly higher than the SBET. In 
contrast, TiO2 synthesized by the FSP method exhibited a 
highly dispersed structure with a large external surface 
area, leading to a negligible difference between SBET and 
SXRD. 
       Figure 2a) shows N2 adsorption-desorption isotherms 
of the TiO2 synthesized by SG, ST and FSP methods. The 
isotherms of TiO2 synthesized by SG and ST exhibited the 
hysteresis loop and appear like the IUPAC type IV pattern, 
indicating the mesoporous structure (Rouquerol et al., 
1999). However, the hysteresis loop in the isotherm of TiO2 
synthesized by the ST method shifted to higher partial 
pressure than that synthesized by the SG method. This is 

because TiO2 synthesized by the ST method exhibited a 
larger pore size as compared to the TiO2 synthesized by the 
SG method as shown in Figure 2b. The isotherm of TiO2 
synthesized by the FSP method is the IUPAC type II pattern 
(Rouquerol et al., 1999). TiO2 synthesized by the FSP 
method was the non-mesoporous structure. Its pore size 
distribution was broad, and most part existed in the 
macroporous region (pore diameter >50 nm). The 
microporous characteristic was a typical property of 
nanoparticles obtained by the FSP method (Mueller et al., 
2003; Strobel et al., 2006; Strobel & Pratsinis, 2007; 
Chiarello et al., 2008, 2010; Teoh et al., 2005). The total 
pore volume of the synthesized TiO2 photocatalysts is 
showed in Table 1. TiO2 synthesized by the SG method 
showed the lowest pore volume due to the agglomeration 
effect. 
 
3.2 Characterization results: Effects of Au loading 
methods 
The XRD patterns of Au-loaded TiO2 prepared by 
photodeposition (PD), impregnation (IMP), and 
simultaneous doping (DP) are shown in Figure 3. All TiO2-
based photocatalysts were prepared by the ST method 
with the following condition: BD as a solvent, reaction 
temperature of 300°C, and calcination temperature of 
500°C for 4 h. All XRD patterns exhibited only the on set 
peaks of the anatase phase, and the patterns were similar 
to that of the unmodified TiO2 prepared by the ST method. 
No diffraction peak of Au at 2θ of about 44.0 (Hidalgo et al., 
2009) in all XRD patterns implied that the loaded Au 
particles may be below 5 nm in diameter, which is the 
minimum size of the detected limitation of the XRD 
technique (Sreethawong et al., 2009a), and very high 
dispersion. 
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Figure 2. a) N2 adsorption/desorption isotherms of TiO2 synthesized by SG, ST and FSP methods, and b) pore size 
distributions of TiO2 synthesized by SG, ST, and FSP methods 
 

 
 
Figure 3. XRD patterns of the Au-loaded TiO2 preparation by DP, PD, and IMP methods and the unmodified TiO2 

 

       Moreover, three loading methods did not change the 
physical properties of the TiO2-based photocatalysts from 
that of the unmodified TiO2 as shown in Table 2 and Figure 4. 
All actual loadings of the Au-loaded on TiO2 obtained from 
ICP analysis were not significantly different from the 
nominal Au loadings in the case of DP and IMP loading 
methods. However, the PD method provided the inequality 
of the actual loadings of the Au as compared to the nominal 
Au loading, as shown in Table 2. It could be concluded that 

the IMP and DP methods are suitable for the Au loading 
method and more reliably effective in amount control than 
the PD method. 
       H2 chemisorption results of all the Au-loaded TiO2 are also 
shown in Table 2. The Au-loaded TiO2 by PD and DP methods 
exhibited higher Au dispersion than of by the IMP method. 
These results indicated that the Au active sites on the 
surface of the Au-loaded TiO2 by PD and DP methods were 
higher than that of the Au-loaded TiO2 by the IMP method.

 
Table 2. Physical properties of Au-loaded TiO2 by IMP, PD, and DP 
 

Au 
modified 
method 

Actual  
Au loadinga  

(% w/w) 

dXRDb 
(nm) 

SBETc 
(m2/g) 

Porec 
diameter 
(nm) 

Egd 
(eV) 

H2 
Chemisorptione 
(μmol/g) 

Au 
Dispersione 
(%) 

Unmodified - 11.8 116.9 11.8 3.26 n.d. - 
PD 0.26 11.7 101.2 11.3 3.18 12.1 36.67 
IMP 0.25 11.7 112.5 12.2 3.10 7.9 24.9 
DP 0.26 12.1 115.2 12.1 3.10 10.8 32.73 

n.d. = not detected 
a) ICP analysis (nominal loading = 0.5, 0.26, 0.26 wt.% for PD, IMP, and DP, respectively) 
b) Calculated by line broadening of XRD patterns 
c) Calculated by the BET multipoint method 
d) UV-visible spectroscopy analysis 
e) H2 chemisorption analysis
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Figure 4. a) N2 adsorption/desorption isotherms and b) Pore size distribution of Au-loaded TiO2 by IMP, PD, and DP 
methods 
 
       The light-harvesting ability of all Au-loaded TiO2 by 
IMP, PD, and DP methods was analyzed from their UV-vis: 
DRS graphs in the wavelength range from 200 to 800 nm 
as shown in Figure 5a. In the UV range spectra, the 
absorptions were very similar for all Au-loaded TiO2. The 
characteristic absorption threshold was around 400 nm 
and close to that of unmodified TiO2. The band gap energy 
of all Au-loaded TiO2 photocatalysts by IMP, PD and DP 
methods was the same as that of unmodified TiO2. 
       The Au loading by these three methods did not change 
the value of the main band gap as compared to the unmodified 
TiO2 (see Table 2). However, the presence of Au particles 
on the TiO2 surface contributed to the increase in the visible-
light-harvesting ability (λ > 400 nm). The graphs (Figure 5a) 
show that Au particles on the TiO2 surface significantly 
enhanced the visible light-harvesting ability up to a wavelength 
of 800 nm. The PL emission spectra of all Au-loaded TiO2 and 
the unmodified TiO2 were analyzed and shown in Figure 5b. 
All Au-loaded TiO2 provided lower spectra intensities than 
that of the unmodified TiO2. This pointed out that the 
existence of Au particles on the TiO2 surface could be an 
electron trapping site leading to a reduction in the 
recombination rate between the photo generated electrons 
and photo generated holes (Bamwenda et al., 1995).  

       Figure 5b also shows the effect of the Au loading 
method on the electron trapping efficiency of the Au 
particles on the TiO2 surface. The DP method may result 
in some Au particles being located within the bulk of the 
TiO2 network. These bulk Au sites had a higher affinity 
for capturing and retaining excited electrons compared 
to surface Au sites, leading to a reduced recombination 
rate between electrons and holes. Consequently, TiO2 
loaded with Au using the DP method exhibited the lowest 
PL emission intensity. 
 

3.3 Photocatalytic H2 production: Effects of 
synthesis methods 
The photocatalytic activities of Au-loaded TiO2 synthesized 
by SG, ST and FSP methods as compared to the commercial 
TiO2 (P25) were examined by using the photocatalytic H2 
production rate as an indicator via the formic acid 
photodegradation reaction under simulated sunlight. As 
shown in Figure 6, the 0.26 % w/w Au-loaded TiO2 
synthesized by the ST method exhibited the highest 
photocatalytic activity. It provided the H2 production rate 
of~6,000 µmolH2/h/gcat. 
 

 

 
 
Figure 5. a) UV-vis: DRS results of Au-loaded TiO2 by IMP, PD, and DP methods; b) The PL emission spectra of Au-loaded 
TiO2 by IMP, PD, and DP methods 
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Figure 6. H2 production of the 0.26 % w/w Au-loaded TiO2 by PD method photocatalysts under simulated sunlight: 
Effects of synthesis methods on the photocatalytic activity  
 
       This is probably because the ST method provided the 
synthesized TiO2 with the high specific surface area 
(compared to the SG-synthesized TiO2) and the small nano-
crystallite size with agglomeration structure (compared to 
the FSP-synthesized TiO2). The high surface area and the 
agglomeration structure contributed to the high active 
sites that are exposed to the liquid phase and the high 
amount of onset excited electrons at one point, 
respectively, resulting in the high photocatalytic activity. In 
addition, the ST method provided the TiO2 with a suitable 
pore size in the mesoporous range. The mesopore size 
enhanced the surface access of the liquid species reactant, 
leading to the increase in the photocatalytic activity of TiO2. 
Thereby ST method was selected to further find out the 
suitable condition of preparation to get the higher efficient 
TiO2 photocatalyst. 
 
3.4 Photocatalytic H2 production: Effects of Au 
loading methods 
The photocatalytic H2 production rates of all Au-loaded 
TiO2 as compared to the unmodified TiO2 shown in Figure 7 
exhibited the effect of the existence of Au particles on the 
TiO2 surface and the loading methods on the photocatalytic 
activity of TiO2-based photocatalyst. The result showed 

that the existence of Au particles on the TiO2 surface 
significantly enhanced the photocatalytic activity of the 
unmodified TiO2. The roles of Au particles as the electron 
trapping and coactive site contribute to the proton 
reduction reaction, leading to the increase in the H2 
production rates (Bamwenda et al., 1995). The Au-loaded 
TiO2 by the DP and PD methods showed higher 
photocatalytic activity than that of the Au-loaded TiO2 by 
the IMP method. Both the DP and PD methods resulted 
in higher Au dispersion compared to the IMP method 
(Table 2). This increased dispersion led to a higher number 
of Au coactive sites. The photocatalytic activity of Au-
loaded TiO2 prepared by DP and PD methods was similar; 
this probably due to a synergistic effect between the 
dispersion of Au particles and their recombination 
suppression properties. While the Au dispersion of Au-
loaded TiO2 prepared by the DP method was lower than 
that of Au-loaded TiO2 prepared by the PD method (Table 2), 
the DP method exhibited a superior recombination 
retardance ability (Figure 5b). This balance between 
dispersion and recombination properties led to comparable 
photocatalytic activities for both DP and PD-prepared 
catalysts.

 
 
Figure 7. H2 production of the 0.26 % w/w Au-loaded TiO2 (synthesized by the ST method) under simulated sunlight: Effect 
of Au loading method on photocatalytic activity 
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4. CONCLUSION 
 
The solvothermal method was successfully employed to 
synthesize TiO2 photocatalyst particles with a 
mesoporous-agglomerated structure and a small nano-
crystallite size. These characteristics, combined with the 
high specific surface area provided by the ST method, 
contributed to the enhanced photocatalytic activity. The Au 
coactive sites introduced using PD and DP methods 
demonstrated a superior ability to suppress charge 
recombination compared to those loaded by IMD. 
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