CHAPTER VII
HYDROGEN PRODUCTION OVER Au-LOADED MESOPOROUS-
ASSEMBLED SrTiOj NANOCRYSTAL PHOTOCATALYST:
EFFECTS OF MOLECCULAR STRUCTURE AND CHEMICAL
PROPERTIES OF HOLE SCAVENGERS

Abstract

The hydrogen production via the photocatalytic water splitting under UV irradiation
using different compounds as hole scavengers (including methanol, formic acid,
acetic acid, propanoic acid, hydrochloric acid, and sulfuric acid) under a low
concentration range (< 8 vol.%) was investigated over the 1 wt.% Au-loaded
mesoporous-assembled SrTiCE nanocrystal photocatalyst. The results indicated that
the hydrogen production efficiency greatly depended on the molecular structure and
chemical properties, and concentration of the hole scavengers. Formic acid, which is
the smallest and completely-dissociated water-soluble carboxylic acid, exhibited the
highest hydrogen production enhancement ability. The 2.5 vol.% aqueous formic
acid solution system provided the highest photocatalytic hydrogen production rate.

7.1 Introduction

One of the major disadvantages of hydrogen production via the
photocatalytic water splitting over most of the semiconductor photocatalysts is its
relatively low efficiency, which is limited by three main causes, including the
recombination reaction between photo-generated electrons and holes, the backward
reaction between hydrogen and oxygen to reproduce water [1,2], and the limited
light harvesting ability of photocatalysts [3-5], An effective technique to retard the
rate of the recombination reaction between photo-generated electrons and holes is
the loading of noble and transition metal [6-9] or metal oxide [10-12] cocatalysts on
the photocatalyst surface since the loaded metal or metal oxide cocatalyst particles
can facilitate the interfacial electron transfer to the adsorbed protons and
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subsequently increase the proton reduction rate, thereby decreasing the possibility of
the recombination reaction. The recombination reaction between the photo-generated
electrons and holes can be also retarded by an addition of various hole scavengers,
due to their ability to react with the photo-generated holes [12-13], Moreover, a hole
scavenger can react irreversibly with oxygen to suppress the backward reaction
between hydrogen and oxygen [14], resulting in increasing the hydrogen production
rate.

A variety of organic compounds, such as alcohols [2,6-9], organic acids
[2,15], and aromatic compounds [16,17], can be efficiently used as the hole
scavengers in the hydrogen production via the photocatalytic water splitting. The
photocatalytic hydrogen production over a Pt-loaded SITIC8 photocatalyst
suspended in ethylene diamine tetraacetic acid (EDTA), triethanolamine (TEQA), or
H2POZ' solution was also Investigated [18], The results showed that HPO2 was
more effective in enhancing hydrogen production rate than EDTA and TEQA. This
Is in contrast to the use of Ti02 as the photocatalyst, where EDTA was more
effective than TEOA and 112702 [19], It has been reported that the use of various
alcohols as the hole scavengers exhibited different effects on the photocatalytic
hydrogen production over different photocatalysts [20], For instance, the hydrogen
production efficiency over a Pt-loaded Ti02 photocatalyst induced by alcohol-type
hole scavengers decreased in the following order: ethanol > methanol > 1-propanol >
1-butanol. This is in contrast to the hydrogen production efficiency over a Pt-loaded
KCa2Nb30io photocatalyst, where the efficiency decreased in the following order:
methanol > ethanol > 1-propanol > 1-butanol. Therefore, it can be concluded that the
aid of hole scavengers to enhance the hydrogen production efficiency of the
photocatalytic water splitting system is unclear and still in the research stage.
Besides, the fundamental research is still needed in order to gain more hasic
knowledge, especially the role of hole scavengers to enhance the photocatalytic
hydrogen production efficiency, and also in order to achieve the real-application
purpose for the hydrogen production from naturally abundant water and sunlight
[eSOUICes.
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In our previous works [21,22], the photocatalytic water splitting for hydrogen
production over the mesoporous-assembled SrTi03-based photocatalysts was
investigated to determine the effects of type and concentration of some hole
scavengers, operating conditions, and metal type and loading. The previous results
showed that the hydrogen production enhancement ability by using alcohol-type hole
scavengers depended on their molecular weight and size, which are directly relevant
to the ability to donate electrons to scavenge the photo-generated holes. However,
the effects of molecular structure and chemical properties of hole scavengers on the
photocatalytic hydrogen production activity have been scarcely reported.

Hence, the objective of this present work was to profoundly investigate the
effects of molecular structure and chemical properties of hole scavengers on the
hydrogen production efficiency from the photocatalytic water splitting. The acidic
compounds—I.e. small molecular weight carboxylic acids (formic acid, acetic acid,
and propanoic acid) and strong mineral acids (HCL and H2504—were selected due
to their efficient ability to donate proton. Methanol, a very weakly acidic alcohol,
which showed the highest hydrogen production enhancement ability in our previous
work [21], was also selected as the comparative hole scavenger. The 1wt% Au-
loaded mesoporous-assembled STICL nanocrystal photocatalyst synthesized by a
single-step sol-gel method, which exhibited the highest hydrogen production activity
as compared to the other mesoporous-assembled SrTIC3 photocatalysts loaded with
different metals with various loading contents [22], was selected to use in this work.

1.2 Experimental

1.2.1 Materials

Strontium nitrate  (Sr(NU32 Merck Co., Ltd), tetraisopropyl
orthotitanate (TIPT, Merck Co., Ltd.), acetylacetone (ACA, S.D. Fine-Chem Ltd.),
laurylamine (LA, Merck Co., Ltd.), hydrochloric acid (HCL, 37% analytical grade,
Labscan Asia Co., Ltd.), and anhydrous ethanol (EtOH, 99.5% purity, Italmar Co.,
Ltd.) were used as starting materials for the synthesis of the mesoporous-assembled
SITICL  nanocrystal photocatalyst. Hydrogen tetrachloroaurate (IIl) trihydrate
(HAuCL-3H20, 99.99%, Alfa Aesar) was used as the Au co-catalyst precursor.
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Anhydrous methanol (MeOH, 99.8% purity, Labscan Asia Co., Ltd.), formic acid
(HCOOH, analytical grade, Labscan Asia Co., Ltd.), acetic acid (CH3COOH,
analytical grade, Labscan Asia Co., Ltd.), propanoic acid (CHICH2COOH, analytical
grade, Labscan Asia Co., Ltd.), hydrochloric acid (HCL, 37% analytical grade,
Labscan Asia Co., Ltd.), and sulfuric acid (H2504, 40% analytical grade, Lahscan
Asia Co., Ltd.) were used as the hole scavengers for the investigation of the
hydrogen production via the photocatalytic water splitting.

1.2.2 Synthesis Procedure of Photocatalysts

The mesoporous-assembled SITICE nanocrystal photocatalyst with 1
wt% Au loading was synthesized via a sol-gel process with the aid of a structure-
directing surfactant [22], An ACAITIPT solution was prepared by adding 2.00 g of
ACA to 568 g of TIPT to obtain an equimolar proportion. A laurylamine
hydrochloride (LAHC) surfactant solution was prepared by dissolving 1.02 g of LA
with an equimolar HCL (0.09 g) in 50 cm3of EtOH. These two solutions were mixed
to obtain a LAHC-to-TIPT molar ratio of 0.25:1. Then, 4.23 g of Sr(N03)2 was
added to the LAHC solution while stirring continuously to obtain a clear solution
containing a Sr-to-Ti molar ratio of L1 After that, a 0.07 g of HAUCI43H20 was
added to this clear solution to achieve 1wt.% Au loading via a so-called single-step
sol-gel method [22], Afterwards, the LAHC-Sr(NO3)2HAUCI43H2) solution was
slowly dropped into the ACAITIPT solution while stirring continuously. Next, the
resulting mixture was incubated at 80°c for 1d to obtain a complete gel formation.
The resulting gel was further dried at 80°c for 2 d. Finally, the dried gel was
calcined at 700°c with a heating rate of 1°c min'l, and after reaching 700°c, it was
maintained for 4 h to completely remove the LAHC surfactant from the dried gel to
yield the 1 wt% Au-loaded mesoporous-assembled SrTi03 nanocrystal
photocatalyst.

1.2.3 Photocatalyst Characterization Techniques
The actual Au loading on the synthesized 1wt% Au-loaded SrTICL
photocatalyst was analyzed by X-ray fluorescence spectroscopy (XRF, Phillip, WD-
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XRF model PW-2400). The crystallinity and the purity of the synthesized
photocatalyst were examined by X-ray diffraction (XRD, Rigaku, RINT-2100) with
a rotating anode XRD generating monochromated CuKa radiation using continuous
scanning mode at a rate of 2°c min'Land operating conditions of 40 kv and 40 mA,
The SITICh crystallite size was calculated from the line broadening of the SITIC3
(110) diffraction peak by using the Debye-Scherrer formula [23,24], The N2
adsorption-desorption isotherms of the synthesized photocatalyst were obtained by
using a N2 adsorption-desorption apparatus (BEL Japan, BELSORP-18 PLUS) at a
liquid N2 temperature of -196°c. The specific surface area of the synthesized
photocatalyst was determined by the Brunauer-Emmett-Teller (BET) approach,
whereas its pore size distribution and mean pore size were determined by the Barrett-
Joyner-Halenda (BJEI) approach. - The particle sizes of the SrTiC3and loaded Au
were obtained by using a transmission electron microscope (TEM, JEOL, JEM-
200CX) at an operating voltage of 200 kv.

1.24 Photocatalytic hydrofien production system

The photocatalytic hydrogen production activity of the synthesized 1
wt.% Au-loaded SITIC3photocatalyst was investigated by using the rate of hydrogen
production during a 5-h irradiation period as a process performance parameter. The
photocatalytic experiments were performed in an outer-irradiation and air-tight
Pyrex glass reactor with a total volume of 750 cm3. The reaction temperature was
controlled by using a water-cooling system. A set of 176 Hg lamps (Phillip Co.
Ltd.), which emitted light with a total irradiating intensity of 2.3 mW c¢m’2 was
employed as uv light source. In a typical experiment, a quantity of 0.2 g of the
synthesized photocatalyst was suspenced by using a magnetic stirrer in an aqueous
solution containing different concentrations of each hole scavenger. In order to
Investigate the effects of molecular structure and chemical properties of the hole
scavengers used in this present work on the hydrogen production activity, the
concentration of each hole scavenger was controlled to be less than 8 vol.% (low
concentration range) in order to eliminate the unavoidable disturbed hydrogen
production from the hole scavenger molecules themselves at high concentrations
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[21], Prior to the reaction testing, the suspension was left in the dark while
simultaneously being thoroughly deaerated by Ar gas bubbling for 20 min, and then
the suspension was irradiated by turning on the lamps for 5 h. The solution volume
was controlled at 200 cm3 and the reaction temperature was controlled at 45°c,
which was found to be the most suitable reaction temperature [21]. A gas sample in
the headspace of the photocatalytic reactor was periodically withdrawn at 1 h
intervals and analyzed for hydrogen concentration by using a gas chromatograph
(Haycsep D100/120, PerkinElmer) equipped with a thermal conductivity detector
(TCD). The control experiments using the studied synthesized photocatalyst showed
no hydrogen production under the dark environment in the presence of any given
hole scavengers.

7.3 Results and discussion

7.3.1 Photocatalyst Characterization Results

The actual Au loading of the 1 wt% Au-loaded mesoporous-assembled
SITIC3 photocatalyst was confirmed by the XRF result to be 0.98 wt.%, clearly
indicating no loss of the loaded Au during the single-step sol-gel synthesis. Figure
1.1 shows the XRD pattern of the synthesized photocatalyst. The dominant peaks at
20 of about 32.4, 39.9, 46.4, 57.8, 67.8, and 77.2° indicates the indices of (110),
(111), (200), (211), (220), and (310) planes, respectively, of the crystalling
perovskite SITIC3phase with a cubic structure (JCPDS card No. 35-0734) [25], with
high purity and high crystallinity. As shown in Figure 7.1, no peaks of Au were
detected possibly because of the low Au loading and the well-dispersed Au
nanoparticles throughout the SITIC3matrix. The SITIC3crystallite size calculated by
the Debye-Scherrer formula was approximately 35 nm. Figure 2 depicts the TEM
image of the synthesized photocatalyst, in which it can be clearly observed in the
form of aggregated clusters comprising a number of SrTiC3nanoparticles.
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Figure 7.1 XRD pattern of the 1 wt.% Au-loaded mesoporous-assembled SITIC3
photocatalyst.

Figure 72 TEM image of the 1wt.% Au-loaded mesoporous-assembled SITIC3
photocatalyst.
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Figure 7.3 N2 adsorption-desorption isotherms (a) and pore size distribution (b) of
the 1wt.% Au-loaded mesoporous-assembled SrTiC3photocatalyst.

The SITIC3 particle size obtained from the TEM analysis was in the approximate
range of 25-40 nm, and it agrees well with its crystallite size calculated from the
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XRD analysis, implying that each SrTiCss grain can be considered to be a single
crystallite. In addition, from the TEM image (Figure 7.2), the Au particle size was
found to be in the approximate range of 10-15 nm.

Figure 7.3 illustrates the N2 adsorption-desorption isotherms and pore size
distribution of the 1 wt.% Au-loaded mesoporous-assembled SrTiCss photocatalyst.
As shown in Figure 3a, the isotherms belong to the IUPAC type IV pattern with an
evident hysteresis loop, which is the principal characteristic of mesoporous materials
[26], The well-defined hysteresis loop with a sloping adsorption branch, a steep
desorption branch, and a plateau at high relative pressures can be attributed to the H-
type of the mesoporous materials. As can be seen from Figure 3b, a very narrow pore
size distribution of the synthesized photocatalyst, which is entirely located in the
mesoporous region (mesoporous size between 2 nm and 50 nm [26]), was clearly
observed, indicating an advantage of the investigated sol-gel process in obtaining a
good-quality product with a controlled porosity. The textural properties of the
synthesized photocatalyst are as follows: a specific surface area of 8.64 m. ¢'L a
mean mesopore diameter of 4.4 nm, and a total pore volume of 74 mmsg'L

7.3.2 Photocatalytic Hydrogen Production Results

The hydrogen production via the photocatalytic water splitting over
the 1wt.% Au-loaded mesoporous-assembled SrTiCss photocatalyst was investigated
by using various hole scavengers: methanol, formic acid, acetic acid, propanoic acid,
hydrochloric acid, and sulfuric acid. The hydrogen production rate during a 5 h
irradiation period was used as the indicator of the photocatalytic hydrogen
production efficiency. The effects of type and concentration of the hole scavengers
on the specific hydrogen production rate are shown in Figure 7.4. The results show
that the 1 wt.% Au-loaded mesoporous-assembled SrTiCss photocatalyst exhibited
the photocatalytic activity for hydrogen production without the addition of any hole
scavenger (i.e. in the pure water system) with the specific hydrogen production rate
0f468 pmol If.gcat "
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Figure 14 Dependence of specific HZproduction rate on type and concentration of
the hole scavengers (system conditions: D h irradiation time, 200 ¢cms of agueous
hole scavenger solution, 0.2 g of 1 wt.% Au-loaded mesoporous-assembled SrTi0s

photocatalyst, and 45°C reaction temperature).

According to the hydrogen production results from the water splitting
reaction over the Au-loaded mesoporous-assembled SrTiCss photocatalyst with
different hole scavengers (Figure 4), all of the investigated hole scavengers can be
classified into three categories. The first category is the positive-effect hole
scavenger, which increased the specific hydrogen production rate as compared to
that of the pure water system, and formic acid is classified in this group. The
increase in the formic acid concentration resulted in an increase in the specific
hydrogen production rate, and the highest specific hydrogen production rate of o4/
pmol h-i gcat: was obtained at a formic acid concentration of 2.5 vol.%. The further
increase in the formic acid concentration beyond 2.5 vol.% led to the decrease in the
specific hydrogen production rate. This observed negative effect is possibly due to
the absorption of light by the hole scavenger molecule itself present in the solution
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and/or adsorbed on the photocatalyst surface (possibly with several layers of
adsorbed hole scavenger molecules at a higher concentration) instead of that by the
photocatalyst to render the photoexcitation [27,28], leading to diminishing the
hydrogen production from the photocatalytic water splitting.

The second category is the negative-effect hole scavenger, which decreased
the specific hydrogen production rate as compared to that of the pure water system,
and propanoic acid is classified in this group. The specific hydrogen production rate
decreased significantly with increasing propanoic acid concentration throughout the
investigated concentration range. The negative effect of propanoic acid is possibly
because it has a large molecular size and is a non-dissociated water-soluble acid that
can interact with H.0 molecule by an ionic force [29], resulting in its low
accessibility to the active sites on the photocatalyst surface, as well as low mobility
of H20 to react with the photo-generated electrons and holes. These lead to the
decrease in the hydrogen production efficiency, as compared to that of the pure H20
system. The third category is the non-affecting hole scavenger, and methanol and
acetic acid are classified in this group. The specific hydrogen production rate tended
to remain almost unchanged with increasing methanol or acetic acid concentration,
and no significant hydrogen production enhancement under the low concentration
range (less than s vol.%) was observed in this present work. From our previous work
[21], methanol was found to exhibit a significant hydrogen production enhancement
when its concentration exceeded 20 Vv0l.%.

From the hydrogen production results under the investigated low hole
scavenger concentration range, the hydrogen production efficiency of each hole
scavenger aqueous solution system is in the following order: formic acid > acetic
acid = methanol pure water > propanoic acid. The results suggest that the effect of
hole scavenger on the hydrogen production efficiency greatly depends on its
molecular structure, chemical properties, and concentration. The highest hydrogen
production efficiency in the presence of formic acid as the hole scavenger is possibly
due to its completely-dissociated water-soluble property (HCOOFI(ag) =>FICO0'(aq) +
H+@ag)) (whereas acetic acid is a partially-dissociated water-soluble compound, but
methanol and propanoic acid are the non-dissociated water-soluble compounds) [29],
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and also due to its smaller molecular size (the molecular size of the investigated hole
scavengers is in the following order: water < formic acid methanol < acetic acid <
propanoic acid) [30], The completely-dissociated water-soluble property of formic
acid is possibly responsible for the ability enhancement of electron donation to
scavenge the photo-generated holes and also for providing more quantity of protons
in the solution to perform the proton reduction reaction for the hydrogen production.
The smaller molecular size also possibly enhances the accessibility to active sites on
the photocatalyst surface to scavenge the photo-generated holes.

800
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. E3 pH 7 (Neutralized)
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Figure 7.5 Dependence of specific 2 production rate on initial solution pH value of
the hole scavenger aqueous solution (system conditions: 5 h irradiation time, 200
cms of aqueous hole scavenger solution, 2.5 vol.% of hole scavenger concentration,
0.2 gof 1wt% Au-loaded mesoporous-assembled SrTiCb photocatalyst, and 45°¢c
reaction temperature).
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The effect of initial solution pH of various molecular-structure hole
scavengers on the hydrogen production efficiency was also investigated.
Hydrochloric and sulfuric acids, which are strong mineral acids (the acidity of the
investigated hole scavengers is in the following order: methanol < propanoic acid <
acetic acid < formic acid < sulfuric acid < hydrochloric acid) [29], were
comparatively used to investigate the effect of their hole-scavenging capability on
the hydrogen production efficiency. The solution pH of each acidic hole scavenger
aqueous system was also neutralized by using an aqueous NaOH solution before the
hydrogen production activity was tested under the neutral condition as compared to
that under the original acidic condition. The dependence of specific hydrogen
production rate on the initial solution pH is shown in Figure 7.5. The results show
that the hydrogen production from the formic acid, acetic acid, and propanoic acid
aqueous solution systems were more favorable under the original acidic condition.
Under the neutral condition, all of these systems showed a lower hydrogen
production efficiency than that under the acidic condition. This is possibly because
the anionic species of the investigated organic acids (HCOO', CHsCOQ", and
CH:CH.COO0"), which can irreversibly react with the photo-generated holes to
provide H+ and CO02 under a normal condition, induce the salt formation when
reacting with the Na+t, resulting in their lower ability to react with the photo-
generated holes. The H+ species from organic acid dissociation can also possibly
react with the OH" species (dissociated from NaOH added for the pH adjustment) to
form H20, resulting in a lower amount of the H+ species remaining in the solution.
These result in a decrease in the probability of proton reduction reaction and thus a
decrease in the hydrogen production efficiency. Moreover, since the point of zero
charge (PZC) of SrTi0s photocatalyst in aqueous solution is about 8.5£0.3 [31], the
lower solution pH (the original acidic condition) may induce a much more positively
charged photocatalyst surface as compared to the neutralized solution pH (the neutral
condition). This leads to a higher probability of the dissociated anionic species (i.e.
HCOO", CH:COO0", and CHsCH.COO0") to easily adsorb on the positively charged
photocatalyst surface under the original acidic condition, causing an increased hole-
scavenging capability and subsequently an enhanced hydrogen production
efficiency. In the case of the hydrochloric and sulfuric acid aqueous solution systems
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under the original acidic condition, no hydrogen production was observed, whereas
under the neutral condition, both systems provided the hydrogen production (Figure
5). However, their hydrogen production efficiencies were comparatively low as

compared to the other investigated organic hole scavengers, and even much lower

than that of the pure water system. This clearly verifies the negative effect of salt

formation (electrolyte effect) on the hydrogen production efficiency.

Table 7.1 Comparative results of specific H. production rate from the photocatalytic

water splitting over various SiTiOi-based photocatalysts

Photocatalyst

Twt% Au-loaded
mesoporous-
assembled SrTiO]j

0.03 mol% La-
doped
0.2 wt%
Co0/SITiO,,
with H2reduction
at 7713 K
1% Rh-doped 0.1
wt.% Pt-loaded
STiO)
dmol% Cr- 4
mol% Ta-doped 1
wt.% Pt-loaded
SrTi0,, with H;
reduction at 773 K
Hollow Si0 2
covered Pt-loaded
SrTio,

Pt-loaded SrTiO,

Hole

scavenger

CHOOH

NaZo,

MeOH

MeOH

Reaction conditions
(amount of
photocatalyst and
reactant solution)
0.2 g of photocatalyst,
200 ml of 2.5 vol.%
aqueous CHOOH
solution

0.1 g of photocatalyst,
800 ml of deionized
water containing Na2C0j

0.3 g of photocatalyst,
150 mlof 10 vol.%
aqueous MeOH solution

I gofphotocatalyst, 310
mlof6.5vol.% aqueous
MeOH solution

0.05 g of photocatalyst,
150 ml of pure water

0.05 g of photocatalyst,
150 ml of pure water

Light source

176~ Hg lamp

400 high pressure
Hg lamp

300 Xe lamp with
cutoff filter
(X >440 nm)

300 Xe lamp with
cutoff filter
(X > 440 nm)

LTkW ultrahigh-
pressure Hg arc lamp
(X > 290 nm)
LKW ultrahigh-
pressure Hg arc lamp
(X >290 nm)

Specific 2
Irradiation  production
Reference
type rate (pmol
h'ge )
Side This
(lateral) 647 present
irradiation work
Side
(lateral) 280 132]
irradiation
To
. n 133)
irradiation
Not
70
indicated 2]
Top
29 4
irradiation (34
To
o 124 134)
irradiation
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In order to evaluate the photocatalytic hydrogen production efficiency of
the synthesized 1wt.% Au-loaded mesoporous-assembled SrTi0s photocatalyst from
the 2.5 vol.% aqueous formic acid solution (the best reaction solution in this present
work) with some other published works from literature, the specific hydrogen
production rates over various SrTi03-based photocatalysts and their corresponding
photocatalytic reaction conditions and system configurations are comparatively
summarized in Table 7.1. It should be noted that even though it is quite problematic
to compare the photocatalytic activities obtained from different reaction conditions
and system configurations (e.g. different photocatalyst amounts, different reaction
solution volumes, different photocatalytic reactor configurations, different light
source types and intensities, etc.), the hydrogen production efficiency in terms of
specific hydrogen production rate (i.e. the hydrogen production rate per a constant
one gram of photocatalyst used) can be sufficiently employed for such comparison
purpose. Interestingly, it can be seen from Table 7.1 that the 1 wt.% Au-loaded
mesoporous-assembled SrTi0s photocatalyst exhibited extraordinarily high
hydrogen production efficiency from the 2.5 vol.% aqueous formic acid solution in
this present work, as compared to the other published works. This comparison
substantiates that the investigated photocatalyst possesses an outstanding
photocatalytic property for water splitting when it is applied with a suitable hole
scavenger system. Hence, it can be concluded that both the photocatalyst and hole
scavenger significantly affect the hydrogen production efficiency via the
photocatalytic water splitting.

74 Conclusions

The hydrogen production efficiency via the photocatalytic water splitting
over the 1wt.% Au-loaded mesoporous-assembled SrTi0s nanocrystal photocatalyst
under the UV irradiation was found to depend on the molecular structure and
chemical properties, and concentration of the investigated hole scavengers (under the
low concentration range of less than s vol.%). From the results, the important
properties directly affecting the enhancement ability of the hole scavenger were
molecular size, water-soluble property, and acidity. The small molecular size, the
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completely-dissociated water-soluble characteristic, and the high acidity of formic
acid were responsible for its highest photocatalytic hydrogen production
enhancement as compared to the other investigated hole scavengers. The 2.5 vol.%
aqueous formic acid solution system exhibited the highest specific hydrogen
production rate of 647 pmol h-: gcat | under the studied conditions.
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