
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 SrTiC>3 photocatalyst 
suspended in ethylene diamine tetraacetic acid (EDTA), triethanolamine (TEOA), or 
H2PO2’ solution was also investigated [18], The results showed that H2PO2' was 
more effective in enhancing hydrogen production rate than EDTA and TEOA. This 
is in contrast to the use of Ti02 as the photocatalyst, where EDTA was more 
effective than TEOA and II2PO2' [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 basic 
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
resources.
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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 (HC1 and H2SO4)—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 1 wt.% Au- 
loaded mesoporous-assembled SrTiCL nanocrystal photocatalyst synthesized by a 
single-step sol-gel method, which exhibited the highest hydrogen production activity 
as compared to the other mesoporous-assembled SrTiC>3 photocatalysts loaded with 
different metals with various loading contents [22], was selected to use in this work.

7.2 Experimental

7.2.1 Materials
Strontium nitrate (Sr(NÛ3)2, Merck Co., Ltd.), tetraisopropyl 

orthotitanate (TIPT, Merck Co., Ltd.), acetylacetone (ACA, S.D. Fine-Chem Ltd.), 
laurylamine (LA, Merck Co., Ltd.), hydrochloric acid (HC1, 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 
SrTiCL nanocrystal photocatalyst. Hydrogen tetrachloroaurate (III) 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 (CH3CH2COOH, analytical 
grade, Labscan Asia Co., Ltd.), hydrochloric acid (HC1, 37% analytical grade, 
Labscan Asia Co., Ltd.), and sulfuric acid (H2SO4, 40% analytical grade, Labscan 
Asia Co., Ltd.) were used as the hole scavengers for the investigation of the 
hydrogen production via the photocatalytic water splitting.

7.2.2 Synthesis Procedure of Photocatalysts
The mesoporous-assembled SrTiCE nanocrystal photocatalyst with 1 

wt.% Au loading was synthesized via a sol-gel process with the aid of a structure
directing surfactant [22], An ACA/TIPT solution was prepared by adding 2.00 g of 
ACA to 5.68 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 HC1 (0.09 g) in 50 cm3 of 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 1:1. After that, a 0.07 g of HAUCI43H2O was 
added to this clear solution to achieve 1 wt.% Au loading via a so-called single-step 
sol-gel method [22], Afterwards, the LAHC-Sr(N03)2-HAuCl4'3H20  solution was 
slowly dropped into the ACA/TIPT solution while stirring continuously. Next, the 
resulting mixture was incubated at 80°c for 1 d 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 l°c  min'1, 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.

7.2.3 Photocatalyst Characterization Techniques
The actual Au loading on the synthesized 1 wt.% 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'1 and operating conditions of 40 kv and 40 mA. 
The SrTiCb crystallite size was calculated from the line broadening of the SrTiC>3 
(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 SrTiC>3 and loaded Au 
were obtained by using a transmission electron microscope (TEM, JEOL, JEM- 
200CX) at an operating voltage of 200 kv.

7.2.4 Photocatalytic hydrofien production system
The photocatalytic hydrogen production activity of the synthesized 1 

wt.% Au-loaded SrTiC>3 photocatalyst 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 พ  Hg lamps (Phillip Co. 
Ltd.), which emitted light with a total irradiating intensity of 2.3 mW cm’2, was 
employed as u v  light source. In a typical experiment, a quantity of 0.2 g of the 
synthesized photocatalyst was suspended 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 
(Hayçsep D 100/120, 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 

SrTiC>3 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
7.1 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 crystalline 
perovskite SrTiC>3 phase 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 SrTiC>3 matrix. The SrTiC>3 crystallite 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 SrTiC>3 nanoparticles.
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Figure 7.1 XRD pattern of the 1 wt.% Au-loaded mesoporous-assembled SrTiC>3 
photocatalyst.

Figure 7.2 TEM image of the 1 wt.% Au-loaded mesoporous-assembled SrTiC>3 
photocatalyst.
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Figure 7.3 N2 adsorption-desorption isotherms (a) and pore size distribution (b) of 
the 1 wt.% Au-loaded mesoporous-assembled SrTiC>3 photocatalyst.

The SrTiC>3 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



1 4 4

X R D  a n a ly s is , im p ly in g  that ea c h  SrT iC >3 gra in  c a n  b e  c o n s id e r e d  to  b e  a s in g le  
c r y s ta llite . In a d d it io n , fro m  th e  T E M  im a g e  (F ig u r e  7 .2 ) ,  th e  A u  p a r tic le  s iz e  w a s  
fo u n d  to  b e  in  th e  a p p r o x im a te  ran ge o f  1 0 - 1 5  n m .

F ig u r e  7 .3  illu s tr a te s  th e  N 2 a d s o r p t io n -d e s o r p t io n  iso th e r m s  an d  p o re  s iz e  
d is tr ib u tio n  o f  th e  1 w t.%  A u -lo a d e d  m e s o p o r o u s -a s s e m b le d  SrT iC >3 p h o to c a ta ly s t . 
A s  sh o w n  in  F ig u re  3 a , th e  iso th e r m s b e lo n g  to  th e  IU P A C  ty p e  IV  p attern  w ith  an  
e v id e n t  h y s te r e s is  lo o p , w h ic h  is  th e  p r in c ip a l ch a r a c te r is tic  o f  m e s o p o r o u s  m a ter ia ls
[2 6 ] , T h e  w e l l-d e f in e d  h y s te r e s is  lo o p  w ith  a s lo p in g  a d so r p tio n  b ran ch , a  s tee p  
d e so r p tio n  b ran ch , an d  a  p la tea u  at h ig h  r e la tiv e  p r e ssu r e s  c a n  b e  a ttr ib u ted  to th e  H 2 

ty p e  o f  th e  m e s o p o r o u s  m a ter ia ls . A s  c a n  b e  se e n  fro m  F ig u re  3 b , a  v e r y  n arro w  p ore  
s iz e  d istr ib u tio n  o f  th e  sy n th e s iz e d  p h o to c a ta ly s t , w h ic h  is  e n t ir e ly  lo c a te d  in  th e  
m e so p o r o u s  r e g io n  (m e so p o r o u s  s iz e  b e tw e e n  2  n m  and  5 0  n m  [2 6 ] ) ,  w a s  c le a r ly  
o b se r v e d , in d ic a tin g  an  a d v a n ta g e  o f  th e  in v e s t ig a te d  s o l -g e l  p r o c e s s  in  o b ta in in g  a 
g o o d -q u a lity  p ro d u ct w ith  a c o n tr o lle d  p o r o s ity . T h e  tex tu ra l p ro p er tie s  o f  th e  
s y n th e s iz e d  p h o to c a ta ly s t  are as fo llo w s :  a s p e c if ic  su r fa c e  area  o f  8 .6 4  m 2 g '1, a 
m e a n  m e so p o r e  d ia m e te r  o f  4 .4  n m , and  a to ta l p o re  v o lu m e  o f  7 4  m m 3 g '1.

7 .3 .2  P h o to c a ta ly t ic  H y d r o g e n  P r o d u c tio n  R e su lts
T h e  h y d r o g e n  p r o d u ctio n  v ia  the p h o to c a ta ly t ic  w a te r  sp lit t in g  o v e r  

th e  1 w t.%  A u -lo a d e d  m e so p o r o u s -a s s e m b le d  SrT iC >3 p h o to c a ta ly s t  w a s  in v e s t ig a te d  
b y  u s in g  v a r io u s  h o le  s c a v e n g e r s :  m e th a n o l, fo r m ic  a c id , a c e t ic  a c id , p r o p a n o ic  a c id , 
h y d r o c h lo r ic  a c id , an d  su lfu r ic  acid . T h e  h y d r o g e n  p r o d u c tio n  rate d u r in g  a  5 h 
irra d ia tio n  p e r io d  w a s  u se d  as th e  in d ica to r  o f  th e  p h o to c a ta ly t ic  h y d r o g e n  
p ro d u c tio n  e f f ic ie n c y . T h e  e f fe c t s  o f  ty p e  and c o n c e n tr a t io n  o f  th e  h o le  sc a v e n g e r s  
o n  th e  s p e c if ic  h y d r o g e n  p ro d u c tio n  rate are sh o w n  in  F ig u re  7 .4 . T h e  resu lts  s h o w  
that th e  1 w t.%  A u -lo a d e d  m e s o p o r o u s -a s s e m b le d  SrTiC >3 p h o to c a ta ly s t  e x h ib ite d  
th e  p h o to c a ta ly t ic  a c t iv ity  for  h y d r o g e n  p r o d u c tio n  w ith o u t  th e  a d d it io n  o f  an y  h o le  
s c a v e n g e r  ( i .e .  in  th e  pure w a te r  s y s te m )  w ith  th e  s p e c if ic  h y d r o g e n  p r o d u ctio n  rate  
o f  4 6 8  p m o l I f 1 gcat ’ •
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Figure 7.4 D e p e n d e n c e  o f  s p e c if ic  H2 p r o d u c tio n  rate o n  ty p e  a n d  c o n c e n tr a t io n  o f  
th e  h o le  s c a v e n g e r s  ( s y s te m  c o n d it io n s:  5 h irrad ia tion  t im e , 2 0 0  c m 3 o f  a q u eo u s  
h o le  s c a v e n g e r  s o lu t io n , 0 .2  g  o f  1 w t.%  A u - lo a d e d  m e s o p o r o u s -a s s e m b le d  S r T iÛ 3 

p h o to c a ta ly s t , and  45°c r ea c tio n  tem p era tu re).

A c c o r d in g  to  th e  h y d r o g e n  p ro d u c tio n  r esu lts  fro m  th e  w a te r  sp litt in g  
r e a c tio n  o v e r  th e  A u - lo a d e d  m e so p o r o u s -a s s e m b le d  SrT iC >3 p h o to c a ta ly s t  w ith  
d iffe r e n t  h o le  s c a v e n g e r s  (F ig u r e  4), a ll o f  th e  in v e s t ig a te d  h o le  s c a v e n g e r s  c a n  b e  
c la s s if ie d  in to  th ree  c a te g o r ie s . T h e  first c a te g o r y  is  th e  p o s it iv e -e f f e c t  h o le  
s c a v e n g e r , w h ic h  in c r e a se d  th e  s p e c if ic  h y d r o g e n  p r o d u c tio n  rate a s  c o m p a r e d  to  
that o f  th e  p u re w a te r  sy s te m , an d  fo r m ic  a c id  is  c la s s i f ie d  in  th is  g ro u p . T h e  
in c r e a se  in  th e  fo r m ic  a c id  c o n c e n tr a tio n  r e su lte d  in  an in c r e a se  in  th e  s p e c if ic  
h y d r o g e n  p ro d u c tio n  rate, and the h ig h e s t  s p e c if ic  h y d r o g e n  p r o d u c tio n  rate o f  647 
p m o l h ' 1 gcat’ 1 w a s  o b ta in e d  at a fo r m ic  a c id  c o n c e n tr a t io n  o f  2 .5  v o l.% . T h e  further  
in c r e a se  in th e  fo r m ic  a c id  c o n c e n tr a tio n  b e y o n d  2 .5  v o l.%  led  to  th e  d e c r e a se  in  the 
s p e c if ic  h y d r o g e n  p r o d u c tio n  rate. T h is  o b se r v e d  n e g a tiv e  e f fe c t  is  p o s s ib ly  d u e  to  
th e  a b so rp tio n  o f  lig h t  b y  th e h o le  s c a v e n g e r  m o le c u le  i t s e l f  p r e se n t in  th e  so lu t io n
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a n d /o r  a d so rb ed  o n  th e p h o to c a ta ly s t  su r fa ce  (p o s s ib ly  w ith  s e v e r a l la y ers  o f  
a d so rb ed  h o le  s c a v e n g e r  m o le c u le s  at a h ig h e r  c o n c e n tr a t io n )  in s te a d  o f  that b y  the  
p h o to c a ta ly s t  to  ren d er  th e  p h o to e x c ita t io n  [ 2 7 ,2 8 ] ,  le a d in g  to  d im in ish in g  th e  
h y d r o g e n  p r o d u c tio n  fro m  th e  p h o to c a ta ly t ic  w a te r  sp lit t in g .

T h e  s e c o n d  c a te g o r y  is  th e  n e g a t iv e -e f f e c t  h o le  s c a v e n g e r , w h ic h  d e c r e a se d  
th e  s p e c if ic  h y d r o g e n  p r o d u c tio n  rate a s  c o m p a r e d  to  th at o f  th e  p u re  w a te r  sy s te m , 
and  p r o p a n o ic  a c id  is  c la s s if ie d  in th is  gro u p . T h e  s p e c if ic  h y d r o g e n  p r o d u ctio n  rate 
d e c r e a se d  s ig n if ic a n t ly  w ith  in c r e a s in g  p ro p a n o ic  a c id  c o n c e n tr a t io n  th ro u g h o u t th e  
in v e s t ig a te d  c o n c e n tr a t io n  ran g e . T h e  n e g a tiv e  e f fe c t  o f  p r o p a n o ic  a c id  is  p o s s ib ly  
b e c a u se  it h a s  a  la rg e  m o le c u la r  s iz e  and  is  a n o n -d is s o c ia te d  w a te r -s o lu b le  a c id  that  
can  in teract w ith  H 2 O  m o le c u le  b y  an io n ic  fo r c e  [2 9 ] , r e su lt in g  in its lo w  
a c c e s s ib i l i ty  to  th e  a c t iv e  s ite s  o n  th e p h o to c a ta ly s t  su r fa c e , a s  w e l l  a s  lo w  m o b ility  
o f  H 2 O  to react w ith  th e p h o to -g e n e r a te d  e le c tr o n s  an d  h o le s . T h e s e  lead  to  th e  
d e c r e a se  in  th e  h y d r o g e n  p r o d u c tio n  e f f ic ie n c y ,  a s  c o m p a r e d  to  that o f  th e  pure H 2 O  
sy s te m . T h e  th ird  c a te g o r y  is  th e  n o n -a ffe c t in g  h o le  s c a v e n g e r , an d  m e th a n o l and  
a c e t ic  ac id  are c la s s if ie d  in  th is  grou p . T h e  s p e c if ic  h y d r o g e n  p r o d u c tio n  rate ten d ed  
to  rem ain  a lm o s t  u n c h a n g e d  w ith  in c r e a s in g  m e th a n o l or  a c e t ic  a c id  c o n c e n tr a t io n , 
and  n o  s ig n if ic a n t  h y d r o g e n  p r o d u c tio n  e n h a n c e m e n t u n d er  th e  lo w  c o n c e n tr a tio n  
ran g e  ( le s s  th an  8  v o l.% ) w a s  o b se r v e d  in  th is  p resen t w o rk . F rom  ou r p r e v io u s  w o rk  
[2 1 ], m e th a n o l w a s  fo u n d  to  e x h ib it  a s ig n if ic a n t  h y d r o g e n  p r o d u c tio n  e n h a n c e m e n t  
w h e n  its  c o n c e n tr a t io n  e x c e e d e d  2 0  v o l.% .

F rom  th e  h y d r o g e n  p r o d u c tio n  resu lts  u n d er  th e  in v e s t ig a te d  lo w  h o le  
s c a v e n g e r  c o n c e n tr a t io n  ra n g e , th e  h y d r o g e n  p r o d u c tio n  e f f ic ie n c y  o f  ea c h  h o le  
s c a v e n g e r  a q u e o u s  s o lu t io n  sy s te m  is  in  th e  f o l lo w in g  order: fo r m ic  a c id  >  a c e t ic  
a c id  =  m e th a n o l ร  p ure w a te r  >  p ro p a n o ic  a c id . T h e  r e su lts  s u g g e s t  that th e  e f fe c t  o f  
h o le  s c a v e n g e r  o n  th e  h y d r o g e n  p r o d u c tio n  e f f ic ie n c y  g r e a tly  d e p e n d s  o n  its  
m o le c u la r  s tru ctu re , c h e m ic a l p ro p er tie s , an d  c o n c e n tr a t io n . T h e  h ig h e s t  h y d r o g e n  
p ro d u ctio n  e f f ic ie n c y  in  th e  p r e se n c e  o f  fo r m ic  a c id  a s  th e  h o le  s c a v e n g e r  is  p o s s ib ly  
d u e  to  its c o m p le te ly -d is s o c ia te d  w a te r -so lu b le  p rop erty  (H C O O F I(aq) —> FlCOO'(aq) +  
H +(aq)) (w h e r e a s  a c e t ic  a c id  is  a p a r t ia lly -d is so c ia te d  w a te r -s o lu b le  c o m p o u n d , but 
m e th a n o l and p r o p a n o ic  a c id  are the n o n -d is s o c ia te d  w a te r -s o lu b le  c o m p o u n d s )  [2 9 ] ,
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and a lso  d u e  to  its  sm a lle r  m o le c u la r  s iz e  (th e  m o le c u la r  s iz e  o f  th e  in v e s t ig a te d  h o le  
s c a v e n g e r s  is  in  th e  f o l lo w in g  order: w a ter  <  fo r m ic  a c id  ร  m e th a n o l <  a c e t ic  a c id  <  
p r o p a n o ic  a c id )  [3 0 ] , T h e  c o m p le te ly -d is s o c ia te d  w a te r -s o lu b le  p ro p erty  o f  fo rm ic  
ac id  is  p o s s ib ly  r e s p o n s ib le  for th e  a b ility  e n h a n c e m e n t  o f  e le c tr o n  d o n a tio n  to  
s c a v e n g e  th e  p h o to -g e n e r a te d  h o le s  and  a lso  for  p r o v id in g  m o r e  q u a n tity  o f  p ro ton s  
in  th e  so lu t io n  to  p erfo rm  th e p ro to n  r e d u ctio n  re a c tio n  for th e  h y d r o g e n  p ro d u ctio n . 
T h e sm a lle r  m o le c u la r  s iz e  a lso  p o s s ib ly  e n h a n c e s  th e  a c c e s s ib i l i ty  to  a c t iv e  s ite s  on  
the p h o to c a ta ly s t  su r fa c e  to  s c a v e n g e  th e  p h o to -g e n e r a te d  h o le s .

8 0 0

น
o  ผ
c l  ^

o 3 .  1+3 พ
o(นa ,CZ)

6 0 0

4 0 0

2 0 0

■  p H  <  3 ( O r ig in a l )  

E3 p H  7  ( N e u t r a l i z e d )

W a t e r F o r m i c
a c i d

A c e t i c  P r o p a n o i c  H y d r o c h l o r i c  S u l f u r i c
a c id  a c i d  a c i d  a c id

C o m p o u n d s

Figure 7 .5  D e p e n d e n c e  o f  s p e c if ic  แ 2 p ro d u c tio n  rate o n  in it ia l s o lu t io n  p H  v a lu e  o f  
the h o le  s c a v e n g e r  a q u e o u s  s o lu t io n  (sy s te m  c o n d it io n s :  5 h irra d ia tio n  t im e , 2 0 0  
c m 3 o f  a q u e o u s  h o le  s c a v e n g e r  so lu t io n , 2 .5  v o l.%  o f  h o le  s c a v e n g e r  c o n c e n tr a tio n ,  
0 .2  g  o f  1 w t.%  A u -lo a d e d  m e s o p o r o u s -a s s e m b le d  SrT iC b p h o to c a ta ly s t , and 4 5 ° c  
rea c tio n  tem p era tu re).
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T h e  e f fe c t  o f  in itia l so lu t io n  pH  o f  v a r io u s  m o le c u la r -s tr u c tu r e  h o le  
sc a v e n g e r s  o n  th e  h y d r o g e n  p ro d u ctio n  e f f ic ie n c y  w a s  a ls o  in v e stig a te d . 
H y d r o c h lo r ic  and su lfu r ic  a c id s , w h ic h  are s tr o n g  m in era l a c id s  (th e  a c id ity  o f  th e  
in v e s t ig a te d  h o le  s c a v e n g e r s  is  in  the f o l lo w in g  order: m e th a n o l <  p r o p a n o ic  a c id  <  
a c e t ic  a c id  <  fo r m ic  ac id  <  su lfu r ic  a c id  <  h y d r o c h lo r ic  a c id )  [2 9 ] , w ere  
c o m p a r a tiv e ly  u se d  to  in v e s t ig a te  the e f fe c t  o f  th e ir  h o le - s c a v e n g in g  c a p a b ility  on  
th e  h y d r o g e n  p r o d u c tio n  e f f ic ie n c y . T h e  so lu t io n  p H  o f  e a c h  a c id ic  h o le  s c a v e n g e r  
a q u e o u s  sy s te m  w a s  a lso  n eu tra lized  b y  u s in g  an a q u e o u s  N a O H  s o lu t io n  b e fo r e  the  
h y d r o g e n  p ro d u c tio n  a c t iv ity  w a s  te sted  u n d er  th e  n eu tra l c o n d it io n  a s  co m p a r e d  to  
that u n d er  th e  o r ig in a l a c id ic  c o n d it io n . T h e  d e p e n d e n c e  o f  s p e c if ic  h y d ro g en  
p r o d u ctio n  rate o n  th e  in itia l so lu t io n  p H  is  sh o w n  in  F ig u r e  7 .5 . T h e  resu lts  s h o w  
that th e  h y d r o g e n  p r o d u ctio n  from  th e fo r m ic  a c id , a c e t ic  a c id , and  p r o p a n o ic  ac id  
a q u e o u s  so lu t io n  s y s te m s  w e r e  m o re  fa v o r a b le  u n d er  th e  o r ig in a l a c id ic  c o n d it io n . 
U n d er  th e  n eu tra l c o n d it io n , a ll o f  th e se  s y s te m s  s h o w e d  a lo w e r  h y d r o g e n  
p r o d u ctio n  e f f ic ie n c y  than that u n der th e a c id ic  c o n d it io n . T h is  is  p o s s ib ly  b e c a u se  
th e  a n io n ic  s p e c ie s  o f  the in v e s t ig a te d  o r g a n ic  a c id s  (H C O O ', C H 3 COO", and  
C H 3 C H 2 CO O "), w h ic h  can  ir r ev ers ib ly  react w ith  th e  p h o to -g e n e r a te d  h o le s  to  
p r o v id e  H + and  C 0 2  u n d er a n orm al c o n d it io n , in d u c e  th e  sa lt  fo r m a tio n  w h e n  
r e a c tin g  w ith  th e N a +, r e su lt in g  in  th eir  lo w e r  a b ility  to  rea c t w ith  th e  p h o to 
g e n era ted  h o le s . T h e  H + s p e c ie s  from  o r g a n ic  a c id  d is s o c ia t io n  ca n  a ls o  p o ss ib ly  
react w ith  th e  OH" s p e c ie s  (d is s o c ia te d  from  N a O H  a d d ed  fo r  th e  p H  a d ju stm en t)  to  
fo rm  H 2 0 ,  r e su lt in g  in  a lo w e r  am o u n t o f  th e  H + s p e c ie s  r e m a in in g  in  th e  so lu t io n . 
T h e se  resu lt  in  a d e c r e a se  in  th e  p r o b a b ility  o f  p ro to n  r e d u c tio n  r e a c tio n  and  th u s a 
d e c r e a se  in  th e  h y d r o g e n  p ro d u ctio n  e f f ic ie n c y . M o r e o v e r , s in c e  th e  p o in t  o f  zero  
ch a rg e  (P Z C ) o f  S r T i0 3 p h o to c a ta ly s t  in  a q u e o u s  so lu t io n  is  a b o u t 8 .5 ± 0 .3  [3 1 ] , th e  
lo w e r  so lu t io n  p H  (th e  o r ig in a l a c id ic  c o n d it io n )  m a y  in d u c e  a m u c h  m o r e  p o s it iv e ly  
ch a rg ed  p h o to c a ta ly s t  su r fa ce  a s  co m p a red  to  th e  n e u tr a liz e d  s o lu t io n  p H  (th e  n eutra l 
c o n d it io n ) . T h is  le a d s  to  a h ig h e r  p ro b a b ility  o f  th e  d is s o c ia te d  a n io n ic  s p e c ie s  ( i .e .  
H C O O ", C H 3 COO", an d  C H 3 C H 2 COO") to e a s i ly  ad so rb  o n  th e  p o s it iv e ly  ch arg ed  
p h o to c a ta ly s t  su r fa c e  u n d er th e  o r ig in a l a c id ic  c o n d it io n , c a u s in g  an in c r e a se d  h o le 
s c a v e n g in g  c a p a b ility  and su b se q u e n tly  an e n h a n c e d  h y d r o g e n  p ro d u ctio n  
e f f ic ie n c y . In th e  c a s e  o f  th e  h y d r o c h lo r ic  and  su lfu r ic  a c id  a q u e o u s  s o lu t io n  sy s te m s
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u n d er  th e  o r ig in a l a c id ic  c o n d it io n , n o  h y d r o g e n  p r o d u c tio n  w a s  o b s e r v e d , w h e r e a s  
u n d er  th e  n eu tra l c o n d it io n , b oth  sy s te m s  p r o v id e d  th e  h y d r o g e n  p r o d u c tio n  (F ig u re  
5). H o w e v e r , th e ir  h y d r o g e n  p ro d u ctio n  e f f ic ie n c ie s  w e r e  c o m p a r a t iv e ly  lo w  as 
co m p a r e d  to  th e  o th er  in v e s tig a te d  o r g a n ic  h o le  s c a v e n g e r s , an d  e v e n  m u ch  lo w e r  
th an  that o f  th e  pure w a te r  sy s te m . T h is  c le a r ly  v e r if ie s  th e  n e g a t iv e  e f fe c t  o f  sa lt  
fo rm a tio n  (e le c tr o ly te  e f fe c t )  o n  th e h y d r o g e n  p r o d u ctio n  e f f ic ie n c y .

Table 7.1  C o m p a r a tiv e  re su lts  o f  s p e c if ic  H 2 p r o d u ctio n  rate from  th e  p h o to c a ta ly tic

w a te r  s p lit t in g  o v e r  v a r io u s  S iT iO î-b a s e d  p h o to c a ta ly s ts

P h o t o c a t a l y s t
H o le

s c a v e n g e r

R e a c t i o n  c o n d i t i o n s  
( a m o u n t  o f  

p h o t o c a t a l y s t  a n d  
r e a c t a n t  s o lu t i o n )

L i g h t  s o u r c e
I r r a d i a t i o n

t y p e

S p e c i f i c  แ 2 
p r o d u c t i o n  
r a t e  ( p m o l  

h  '  g c  ’)

R e f e r e n c e

1 w t .%  A u - lo a d e d  
m e s o p o r o u s -  

a s s e m b le d  S r T iO j
C H O O H

0.2  g  o f  p h o to c a ta ly s t ,  
200  m l o f  2.5  v o l .%  

a q u e o u s  C H O O H  
s o lu t io n

176 พ  H g  la m p
S id e

( la te r a l )
i r r a d ia t io n

647
T h is

p r e s e n t
w o rk

0.03  m o l%  L a -  
d o p e d  

0.2  w t .%  
C o O /S r T iO , ,  

w i th  H 2 r e d u c t io n  
a t  773  K

N a 2C O ,
0.1 g  o f  p h o to c a ta ly s t ,  
800  m l o f  d e io n iz e d  

w a te r  c o n t a in in g  N a 2C O j

400  พ  h ig h  p r e s s u re  
H g  la m p

S id e
( la te r a l )

i r r a d ia t io n
280 [32 ]

1 %  R h - d o p e d  0.1 
w t .%  P t - lo a d e d  

S r T iO )
M e O H

0.3  g  o f  p h o to c a ta ly s t ,  
150 m l  o f  10 v o l .%  

a q u e o u s  M e O H  s o lu t io n

300  พ  X e  la m p  w ith  
c u t o f f  f i l te r  

(X  > 440  n m )

T o p
i r r a d ia t io n

117 [ 33 ]

4 m o l%  C r - ,  4 
m o l % T a - d o p e d  1 

w t .%  P t - lo a d e d  
S r T iO , ,  w i th  H ; 

r e d u c t i o n  a t  773 K

M e O H
I g  o f  p h o to c a ta ly s t ,  310 
m l o f  6.5  v o l .%  a q u e o u s  

M e O H  s o lu t io n

300  พ  X e  la m p  w ith  
c u t o f f  f i l te r  

(X  >  440  n m )

N o t
in d ic a te d

70 [9 ]

H o l lo w  S i0 2- 
c o v e r e d  P t - lo a d e d  

S r T iO ,
-

0.05  g  o f  p h o to c a ta ly s t ,  
150 m l o f  p u re  w a te r

1 k W  u l t r a h ig h -  
p r e s s u r e  H g  a rc  la m p

(X  >  290  n m )

T o p
ir r a d ia t io n

29 [ 34 ]

P t - lo a d e d  S r T iO , -
0.05  g  o f  p h o to c a ta ly s t ,  

150 m l o f  p u re  w a te r

1 k W  u l t r a h ig h -  
p r e s s u r e  H g  a rc  la m p  

(X >  290  n m )

T o p
ir r a d ia t io n

12.4 [34 ]
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In  ord er to  e v a lu a te  th e  p h o to c a ta ly t ic  h y d r o g e n  p r o d u c tio n  e f f ic ie n c y  o f  
th e  s y n th e s iz e d  1 w t.%  A u -lo a d e d  m e s o p o r o u s -a s s e m b le d  S r T i0 3 p h o to c a ta ly s t  from  
th e  2 .5  v o l.%  a q u e o u s  fo r m ic  a c id  s o lu t io n  (th e  b e s t  r ea c tio n  s o lu t io n  in  th is  p resen t  
w o r k ) w ith  s o m e  o th e r  p u b lish e d  w o r k s  from  litera tu re, th e  s p e c if ic  h y d ro g en  
p r o d u ctio n  rates o v e r  v a r io u s  S r T i0 3-b a sed  p h o to c a ta ly s ts  an d  th eir  c o r r e sp o n d in g  
p h o to c a ta ly t ic  r e a c tio n  c o n d it io n s  an d  sy s te m  c o n f ig u r a tio n s  are c o m p a r a tiv e ly  
su m m a r iz e d  in  T a b le  7 .1 . It sh o u ld  b e  n o ted  that e v e n  th o u g h  it is  q u ite  p ro b le m a tic  
to  c o m p a r e  th e  p h o to c a ta ly t ic  a c t iv it ie s  o b ta in ed  from  d iffe r e n t r ea c tio n  c o n d it io n s  
and  s y s te m  c o n f ig u r a t io n s  (e .g . d if fe r e n t  p h o to c a ta ly s t  a m o u n ts , d iffe r e n t rea c tio n  
so lu t io n  v o lu m e s , d iffe r e n t p h o to c a ta ly t ic  rea c to r  c o n f ig u r a t io n s , d iffe r e n t lig h t  
so u r c e  ty p e s  and in te n s it ie s , e tc .) ,  th e  h y d r o g e n  p ro d u ctio n  e f f ic ie n c y  in  term s o f  
s p e c if ic  h y d r o g e n  p r o d u c tio n  rate ( i.e . th e  h y d r o g e n  p r o d u c tio n  rate p er a  co n sta n t  
o n e  gram  o f  p h o to c a ta ly s t  u se d ) ca n  b e  s u ff ic ie n t ly  e m p lo y e d  fo r  su ch  c o m p a r iso n  
p u rp o se . In te r e s t in g ly , it can  b e  s e e n  from  T a b le  7.1 that th e  1 w t.%  A u -lo a d e d  
m e so p o r o u s -a s s e m b le d  S r T i0 3 p h o to c a ta ly s t  e x h ib ite d  ex tra o rd in a r ily  h ig h  
h y d r o g e n  p r o d u c tio n  e f f ic ie n c y  fro m  th e  2 .5  v o l.%  a q u e o u s  fo r m ic  a c id  so lu t io n  in  
th is  p resen t w o rk , a s  co m p a red  to  th e  o th er  p u b lish e d  w o r k s . T h is  c o m p a r iso n  
su b sta n tia te s  that th e  in v e s t ig a te d  p h o to c a ta ly s t  p o s s e s s e s  an o u ts ta n d in g  
p h o to c a ta ly t ic  p ro p erty  for  w a ter  sp lit t in g  w h e n  it is  a p p lie d  w ith  a su ita b le  h o le  
s c a v e n g e r  sy s te m . H e n c e , it can  b e  c o n c lu d e d  that b o th  th e  p h o to c a ta ly s t  and h o le  
s c a v e n g e r  s ig n if ic a n t ly  a ffe c t  th e  h y d r o g e n  p ro d u c tio n  e f f ic ie n c y  v ia  th e  
p h o to c a ta ly t ic  w a ter  sp litt in g .

7.4 Conclusions

T h e  h y d r o g e n  p r o d u c tio n  e f f ic ie n c y  v ia  th e  p h o to c a ta ly t ic  w a te r  sp lit t in g  
o v e r  th e  1 w t.%  A u - lo a d e d  m e s o p o r o u s -a s s e m b le d  S r T i0 3 n a n o c r y sta l p h o to c a ta ly s t  
u n d er th e  uv irra d ia tio n  w a s  fo u n d  to  d ep e n d  o n  th e m o le c u la r  stru ctu re and  
c h e m ic a l p ro p er tie s , an d  c o n c e n tr a tio n  o f  th e  in v e s t ig a te d  h o le  s c a v e n g e r s  (u n d er  th e  
lo w  c o n c e n tr a tio n  ra n g e  o f  le s s  than  8  v o l.% ). F rom  th e  r e su lts , th e  im p ortan t  
p ro p erties  d ir e c t ly  a f fe c t in g  th e  e n h a n c e m e n t a b ility  o f  th e  h o le  s c a v e n g e r  w er e  
m o le c u la r  s iz e ,  w a te r -s o lu b le  p rop erty , and  a c id ity . T h e  sm a ll m o le c u la r  s iz e , the



151

c o m p le te ly -d is s o c ia te d  w a te r -so lu b le  ch a r a c te r is tic , an d  th e  h ig h  a c id ity  o f  fo rm ic  
a c id  w e r e  r e s p o n s ib le  for  its  h ig h e s t  p h o to c a ta ly t ic  h y d r o g e n  p ro d u ctio n  
e n h a n c e m e n t a s  co m p a r e d  to  th e  o th er  in v e s t ig a te d  h o le  s c a v e n g e r s . T h e  2 .5  vo l.%  
a q u e o u s  fo r m ic  a c id  s o lu t io n  sy s te m  e x h ib ite d  th e  h ig h e s t  s p e c if ic  h y d ro g en  
p r o d u ctio n  rate o f  6 4 7  p m o l h ' 1 g cat_l u n der th e  s tu d ie d  c o n d it io n s .
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