CHAPTERV
HYDROGEN PRODUCTION FROM PHOTOCATALYTIC
WATER SPLITTING OVER MESOPOROUS-ASSEMBLED SrTiOj
NANOCRYSTAL-BASED PHOTOCATALYSTS

Abstract

Mesoporous-assembled SrTi0s nanocrystal-based photocatalysts were synthesized
via the sol-gel method with the aid of a structure-directing surfactant. The
photocatalytic water splitting activity for hydrogen production over the mesoporous-
assembled SrTi0s nanocrystal-based photocatalysts with various hole scavengers:
methanol, ethanol, 2-propanol, D-glucose, and Na=So 3 was investigated. The
pristine  mesoporous-assembled  SrTi0s photocatalysts exhibited much higher
photocatalytic activity in hydrogen production via the photocatalytic water splitting
using methanol as the hole scavenger than both non-mesoporous-assembled
commercial photocatalysts: commercial SrTi0s and commercial TiC- (Degussa P-
25), even if their specific surface areas were lower than those of both commercial
photocatalysts. These results point out that the mesoporous assembly of nanocrystals
with high pore uniformity plays a significant role, affecting the photocatalytic
hydrogen production activity of the SrTi0s photocatalysts. The Pt co-catalyst
enhances the visible-light harvesting ability of the mesoporous-assembled SrTi0s
photocatalyst and behaves as the active site for proton reduction, leading to
photocatalytic activity enhancement under both UV and visible light irradiation.
Methanol provided the highest photocatalytic hydrogen production enhancement. An
optimum Pt loading of 0.5 wt.% on the mesoporous-assembled SrTi0s photocatalyst
provided the highest photocatalytic activity, with hydrogen production rates (from 50
vol.% methanol aqueous solution systems) of 276 and 188 pmol h. g," and

quantum efficiencies of 1.9 and 0.9 % under uv and visible light irradiation,
respectively.
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51 Introduction

Photocatalytic water splitting reaction originates by the direct absorption of
photons by a photocatalyst. A photocatalyst can be excited by photons with energy
equal to or higher than its band gap energy, and then the photo-generated electrons
and holes directly contribute to the decomposition of water into H> and O [1]. It has
been suggested that a photocatalyst can accelerate the water splitting reaction if its
conduction and valence bands are located at appropriate potential levels, i.e. the
conduction band should be more negative than the proton reduction potential level,
and the valence band should be more positive than the water oxidation potential level
[2,3]. The photo-generated electrons and holes that can migrate to the photocatalyst
surface will reduce protons to H. and oxidize water to O.. However, the photo-
generated electrons and holes can recombine both in the bulk phase and on the
photocatalyst surface in a very short time [1], resulting in lowering the photocatalytic
hydrogen production efficiency. Inaddition, because the decomposition of water into
H. and 02 is an energy-consuming process, the backward reaction of Hz and 0 to
HX tends to occur preferentially [4-8], also resulting in low photocatalytic
efficiency. Therefore, it is difficult to achieve photocatalytic hydrogen production
from pure water. Adding some specific chemicals as hole scavengers into the water
can offer simultaneously both photo-generated electron-hole separation and
backward reaction suppression [9-15], resulting in photocatalytic activity
enhancement. Various types of hole scavengers have been studied for the
enhancement of hydrogen production from the photocatalytic water splitting [9-17].

Perovskite-type SrTi0s has been used in photocatalytic water splitting for
hydrogen production because its band structure suits the water redox potential levels.
The redox potentials of the photo-generated electrons and holes of SrTi0s are
powerful enough to facilitate hydrogen and oxygen formation [18-20], In addition,
SrTi0s has been shown to possess good structure stability as a host for metal loading
[21, 22], Our previous work revealed that the mesoporous-assembled structure of
SrTi0s nanocrystals can enhance the photocatalytic activity for methyl orange
photodegradation [23], The photocatalytic activity enhancement by mesoporous-
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structured photocatalysts has also been studied and is confirmed by several articles
[24-28],

According to the aforementioned observations, the objective of this work
was to focus on the development of effective SrTICE photocatalysts for hydrogen
production via photocatalytic water splitting.  this present work, photocatalytic
water splitting over pristine mesoporous-assembled SrTiCss nanocrystal and Pt-
loaded mesoporous-assembled SrTiCss nanocrystal photocatalysts was investigated
comparatively. The performance of various hole scavengers on the photocatalytic
hydrogen production activity over the SrTICE photocatalysts was also studied in
order to obtain the best hole scavenger for the photocatalytic hydrogen production
system. According to literature, alcohol is the most widely used hole scavenger, and
it shows good photocatalytic hydrogen activity enhancement [13, 25, 26, 29-31]. In
addition, Na2SCss is widely used as an oxygen scavenger in many applications, such
as feedwater treatment to prevent corrosion [32], wastewater treatment [33], and
photocatalytic hydrogen production [34], Moreover, it has been suggested that D-
glucose, a biomaterial, that is a building unit of all biomasses and that has high H
content in its molecule, may be an effective hole scavenger. Therefore, this work also
investigates the effectiveness of these hole scavengers (alcohol, Na.SC, and D-
glucose) on the photocatalytic hydrogen production activity of the studied
photocatalytic system. In addition, the dependence of the apparent activation energy
and the photocatalytic enhancement ability on the methanol content (the most
effective hole scavenger) and reaction temperature was examined.

5.2 Experimental

5.2.1 Materials
Strontium nitrate (Sr(NC>s)., 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 ethyl alcohol (EtOH, Italmar Co., Ltd.) were
used as starting materials for the mesoporous-assembled SrTiCss photocatalyst
synthesis. Chloroplatinic acid (FLPtCL ¢H-0O, Aldrich Co., Ltd.) was used as a Pt
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precursor. Anhydrous methyl alcohol (MeOH, 99.8 % purity, Labscan Asia Co,,
Ltd.), anhydrous ethyl alcohol (EtOH, 99.5 % purity, Italmar Co., Ltd.), anhydrous
iso-propyl alcohol (2-PrOH, BDH Lahoratory Co., Ltd.), D-glucose (Ajax Finechem),
and sodium sulfite (NazSos, Riedel-Dehaeh) were used as hole scavengers for the
photocatalytic hydrogen production activity investigation. Commercially available
SITiCss nanopowder (Wako Pure Chemical Industries, Ltd.) and Ti02 nanopowder
(Degussa P-25, Tokyo Chemical Industry Co., Ltd.) were also used for the
comparative study on photocatalytic hydrogen production activity. All chemicals
used in this study were used as received, without further purification.

5.2.2 Synthesis  Procedure  of  Mesoporous-Assembled

Photocatalysts

The mesoporous-assembled SrTiCss nanocrystal photocatalysts, with
and without Pt loading, were synthesized via the sol-gel process with the aid of a
structure-directing surfactant under mild conditions [23]. An ACA/TIPT solution
was prepared by adding 2.00 g of ACA to 5.68 g of TIPT at an equimolar proportion.
A laurylamine hydrochloride (LAHC) solution was prepared by dissolving 1.02 g of
LA with an equimolar HCL (0.09 g) in 50 cms of EtOH. Then, 4.23 g of Sr(NUsy:
was added to the LAHC solution with continuous stirring to obtain a clear solution of
LAHC/Sr(Nos)2. For the case of the Pt-loaded mesoporous-assembled SrTiCs
nanocrystal photocatalyst synthesized, H2PtCls 6H20 of various amounts was added
to the LAHC/Sr(Nos)2 solution to obtain different Pt loadings, as being analogous to
Pt-loaded mesoporous-assembled Ti02 synthesized by the single-step sol-gel process
[28], Afterwards, the LAHC/SI’(NOs)z or LAHC/ST(NO 3)2/H2PtC|66H20 solution
was slowly dropped into the ACA/TIPT solution while stirring continuously to
obtain the ACA/TIPT/LAHC/SrTi0s or ACAITIPT/LAHC/SrTi0s/H-PtCls 6H20
solution with a LAHC-to-TIPT molar ratio of 0.25:1 and a Sr-to-Ti molar ratio of 1:1,
Next, the resultant mixture was incubated at 80°c for 1 d to obtain 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 [°c min'L, and after reaching 700°c, it
was maintained for 4 h to remove the surfactant and the remaining solvent from the

SITiOl
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dried gel to yield the mesoporous-assembled SrTiCss nanocrystal photocatalyst (the
pristine SITiCE) or the Pt-loaded mesoporous-assembled SrTiCss nanocrystal
photocatalyst (the Pt-loaded SrTiCE).

5.2.3 Photocatalyst Characterization Techniques
The crystallinity and purity of the synthesized and commercial
photocatalysts were examined by X-ray diffraction (Rigaku, RINT-2100) with a
rotating anode XRD generating monochromated CuKa radiation using the continuous
scanning mode at a rate of 2°C min'land operating conditions of 40 kv and 40 mA.
The crystallite size (D) was calculated from the line broadening of the corresponding
X-ray diffraction peak according to the Debye-Scherrer equation [35]:

- Pc|&9)
where K is the Scherrer constant (0.89), A'is the wavelength of the X-ray radiation
(0.15418 nm for CuKa), /?1s the full width half maximum (FWHM) of the diffraction
peak measured at 20, and 0 is the diffraction angle.

The photocatalyst morphologies and the existence of the loaded Pt were
observed by a transmission electron microscope (TEM) (JEOL, JEM-200CX) at 200
kv. The specimens for TEM analysis were prepared by ultrasonically dispersing
pestled powders of the photocatalysts in 2-propanol and then placing drops of the
suspension onto a Cu microgrid coated with a carbon fdm.

The N2 adsorption-desorption isotherms of the photocatalysts were
obtained by using a nitrogen adsorption-desorption apparatus (BEL Japan,
BELSORP-18 PLUS) at a liquid nitrogen temperature of -19°C. The Brunaver-
Emmett-Teller (BET) approach, using adsorption data over the relative pressure
ranging from 0.05 to 0.35, was employed to determine the specific surface areas of
the studied photocatalysts. The Barrett-Joyner-Halenda (BJH) approach, using the
desorption data, was used to obtain their mean pore size and pore size distribution.

The diffuse reflectance spectra of the synthesized and commercial
photocatalysts were obtained by using a UV-Visible spectrophotometer (Shimadzu,
UV-2450) at room temperature with BaSCx as the reference. Afterwards, the diffuse
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reflectance spectra were analyzed to estimate the band gap energy (Eg, eV) by using
the Kubelka-Munk function (F(r)), as expressed by the following equation [36]:

F(r,A

where ris the ratio of the reflected light intensity to the reflected light intensity of the
reference. The band gap wavelength (Ag nm) was the wavelength at the crossing
point between the line extrapolated from the onset of the rising part and the x-axis of
the plot of F(r) as a function of wavelength (X, nm). The Eg was then determined by
using the following equation [36]: *
P 1240
; 'K

The estimated error of Eg determination was found to be £0.02 eV with a standard
deviation of 0.7%.

The actual Pt loading of the investigated SrTiCss photocatalysts was
analyzed by an X-ray fluorescence spectroscope (Phillip, WD-XRF PW-2400). The
aggregated particle size distribution of the investigated SrTiC-s photocatalysts was
analyzed by a light scattering particle size analyzer (laser technique) (Malvern /
Mastersizer X, Malvern Instruments Ltd.), capable to measure in the range of 0.1 to
600 pm with the standard deviation of the mean aggregated particle size in the range
of-9to 9 pm.

The oxidation state of the loaded Pt was analyzed by an X-ray
photoelectron spectroscope (XPS) (Physical Electronics, PHI 5800 ESCA). A
monochromatic Al Ka source emitting an X-ray energy of 1,486.6 eV was used as
the X-ray source. The relative surface charging of the samples was removed by
referencing all the energies to the Cls level as an internal standard at 284.8 eV

5.2.4 Photocatalytic Water Splitting Experiments
The photocatalytic activity of the synthesized and commercial SrTiCs
photocatalysts for the water splitting reaction was investigated by using the average
hydrogen production rate during the first 5 h irradiation period as an indicator. The
photocatalytic water splitting experiment was performed in an outer-irradiation and
air-tight Pyrex glass reactor (750 ml), connected to a water-cooling system. A set of
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176 Hg lamps (16 lamps, TUV 11 PL-S, Phillip), which emitted light of more
than 95% with a wavelength of 254 nm with total irradiance of 2.3 mW ¢m'2 and a
300 Xe lamp (KXL-300, Wacom Electric) combined with au v cutoff filter (ATG,
B-485), which allowed only the visible light with wavelengths longer than 400 nm to
pass with total irradiance of 2.6 mW cm'2, were employed as uv and visible light
sources, respectively. In a typical experiment, a constant photocatalyst dosage of
1X103 g cm'3was suspended in an aqueous solution with different hole scavengers
by using a magnetic stirrer. Prior to the reaction testing, the suspension was left in
the dark while simultaneously being thoroughly deaerated by purging with Ar gas for
20 min, and then the suspension was irradiated by turning on the lamps for 5 h. For
the UV irradiation, the reaction temperature was controlled at three levels: 15, 30,
and 45°c. For the visible light irradiation, the reaction was performed at room
temperature of 27°c. A gas sample in the headspace of the studied reactor was
periodically withdrawn at 1 h intervals and analyzed for its hydrogen, oxygen,
carbon dioxide, and carbon monoxide concentrations by using a gas chromatograph
(Hayesep D100/120, PERKIN ELMER) equipped with a thermal conductivity
detector (TCD). The average hydrogen production rate during the first 5 h irradiation
period was used to determine the quantum efficiency (QE) of the studied systems.
The quantum efficiency (QE) was calculated by using the following equation:

QE = Combustion energy of produced hydrogen
Irradiating photon energy

QE = HGH (JrnoFY) XHydrogen production rate (mol-h) X 100%
Total irradiance (J h™'-cm'2) Xlrradiated area (cm?2)

where HGH is the heat of combustion of hydrogen gas (JmoF).

Moreover, the dependence data of the initial rate of hydrogen production
for the first 0.5 h irradiation time of the system operated at different MeOH
concentrations and reaction temperatures were used to determine the apparent

activation energy (Ea, kJ mol') of the photocatalytic water splitting reaction based
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on two reaction termperature ranges: a low temperature range of 15 to 30°c (varying
from 15, 20, 25, 10 30°C) and a high terrperature range of 3) 0.45° (varying from
), 35, 40, to 45°C). The Eavalues of all systems were calculated based on the

Arrhenits equation. The Eavalue wes determined from the slope of the retural log

of the Initial rate of hydrogen production & a function of the reciprocal of the
termperature, with the square of correlation coefficient (R2 in the range of 097 to

0.99. The Eavalue s then caloulated by using the following equation:
Ea- (1) x (lopexR)
where Ris the ges constart, 8.314 Jmof: K'

5.3 Results and Discussion

531 Photocatalyst Characterization Resuits

The XRD pattes of the pristine STICs, the 05 W% Pt-loackd
STCs, and the commercidl STICh are shown in Fgure 5.1 Al investigated
photocatalysts showed the single STIGs phase, which IS a cubic perovskite-type
structure (JOPDS card No. 35-0734) [37], with high purity. The presence of the Pt
co-catalyst phase was not doserved by the XRD analysis. This is possibly due to the
low loacling and the high dlispersion cegree with small particle sizes of Pt throughout
the mesoporous-assemoled network. The crystallite sizes of all the photocatalysts,
calculated from their XRD patterms, are 35, 35, and 33 nm for the pristine ITIC, the
05 wt% Pt-loaced STICE, and the commercial STIC, respectively (Table 5.1).
Table 51 presents a comparison of the physical and textural properties of the
synthesized STIGs and the commercial STICs. The XRD results suggest thet the
adkition of Pt coes not affect the crystallite size of STIC. Inaddition, the estimated
particle sizes, from their TEM imeges (Figures 5.2(a)-5.2(c)), are 20-40 nm for both
the pristine STICE and the 05 wt% Pt-loaced STIC, and 20-200 nm for the
comnercial STICs. From the resuits of the size analysis from those two methods,
the estimeted particle size of the synthesized SITIGs dbtained from the TEM analysis
Was close to the crystallite size calculated from the XRD pattem, indicating thet the
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synthesized STiCs photocatalysts have a single crystal structure, while this wes not
the case for the commercial SrTios.

ConmeruaJ SrTi03 I I I I I I

05 Wt%_l_Pt Ioaded

o0 L A,il.. A_A A
0 20 3 H D €0 10 &
2 Theta (cegree)
Figure 5.1 XRD patterms of the STIGs photocatalysts.

Table 5.1 Physical and textural properties of all investigated photocatalysts

Photocatalyst Pt Actual  Crystallite BET Mean Total pore g
loading Pt size(hm) surfacearea  mesopore volume  (eV)

(wt.%)  loading (mVY) diameter (mmV)

(wt.%) (nm)
m]e 5 s 4648 N8 3B
0.1 0.1 3 8-12 4.5-48 40-85 3.16
Pt-loaded 05 043 3% 8-12 45-48 40-85 3.16
SrTi03 10 091 3% 8-12 4.4-48 40-85 3.16
15 152 3 8-12 4347 40-85 3.16
Commercial

SITIOj 3 28-32 12-14 180-20 338
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Figure 5.2 TEM images of the STICE photocatalysts: (a) commercial STICE, (b)
pristine STICE, (¢) 05 t9%Pt-loaded STICs, and HRTEM imeges of the 05 £%

Pt-loaced SrTios to show () d spacing of STIGs (110) and (€) d spacing of P
(111)
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It can be seen for the TEM imeges thet the synthesized SITIGs
photocatalysts have a much more uniform particle size then thet of the commercial
one and clearly exhibit the mesoporous structure (pore cliameter between 2 and 50
nm) formed between the STIGs nanocrystals e to their assembly, as marked by a
crcle in Fgures 52(b) and 5.2(C); these are inportant characteristics of the
synthesized STIGs photocatalyst for the enhancement of the photocatalytic activity
[23]. The porous structure of the synthesized STIGs can be identified by the No
acsorption-eesorption isothers (Figures 5.3(a) and 5.3(k)) as thelr isatherms show
atype IV 1UPAC pettem with a hysteresis loop, implying tht they mainly consist of
Well-ceveloped mesopores in their assenbled framework [38], Both mesoporous-
assembled SrTilk photocatalysts (the pristine SrTi0s and the Pt-loaced SITICK)
exnibit high pore uniformity, accordling to their very narrow pore size distributions,
& shown In Fures 5.3(a) and 5.3(0). Incontrast, the commercial STICA hes a non-
uniform particle size (Figures 5.2(8), 5.3(c), and 5.4) with an average particle size
much larger then its crystallite size (Table 5.1 and Fgure 54). From the adsorption-
cesorption isotherm resuits, the commercial STIGs shows atype Il IUPAC pettem
without & hysteresis loop with a very broadl pore size distribution, mainly in the
Mecropore region (pore dlameter > 50 nim) (Hgure 5.3(C)). However, the BET
surface area of the commercial STiCs photocatalyst I higher than those of bath the
pristine STIGs and the Pt-loaced STIGs photocatalysts, & shown in Table 5.1

From the results, the acdition of Pt to the synthesized SITICH did not
significantly affect the purity, the specific surface area, the pore characteristics, the
crystallite size, and the aggregated particle size (Table 51 and Fgure 5.4). The high-
resolution TEM (HRTEM) images (Figures 5.2(d) and 5.2(g)) show the oriented and
orcered lattice fringes for STICs photocatalyst and Pt nanaparticle, respectively. The
d spacing values indicate thet the loackd Pt exists & the metal form with the d
spacing value of 0.23 nm corresponaing to the cubic P (L11) lattice parareter [39]
and likely exists as a separate phase on the SITIGs surface because the d spacing
value of the STICH dose not change with the value of 0.39 nm corresponding to the
cubic perovskite STICs (110) lattice parameter [20, 40,
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Figure 5.3 N asorption-cesorption isotherm and pore size distribution (inset) of (a)
the pristine mesoporous-assembled SrTik photocatalyss, (0) the 05 t%Pt-loadkd
SrTios, and (c) the commercial STIC.

The metallic form of the loaced Pt wes confirmed by the
ceconvoluted Pe4f XPS spectra of the 05 wt% Pt-loaded STTiCs photocatalyst, &
shown In Hgure 5.5. The spectra shows doublet peaks appeared at 725 and 75.6 eV,
which can be attributed to the Pafe and Plafsz levels of Pt oxication state,
respectively [41]. This suggests thet the loaded Pt on the STTICs photocatalyst wes in
the metallic form
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Figure 5.4 Aggregated particle size distnbutions of the commercial STiChand the
mesoporous-assembled SrTios photocatalysts: pristine STIGs and 05 wt9% Pt
loackd SrTios.
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Figure 5.5 Deconvoluted Ptdf XPS spectra of the 05 wt% Pt-loaced STIGs
photocatalyst.
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Accoraiing to the reflectance spectra results, 1.e. the Kubelka-Munk
function plots of the pristine and the 05 Wt% Pt-loaded SrTios - photocatalysts
(Figure 5.6), they clearly inclicate thet the addition of Pt on the SrTios surface can
enhance the visible-light harvesting ability and increase the band cap wevelength
(A of the synthesized STIGs photocatalyst, leading to the decrease in the band ggp
energy from3.23 10 3.16 6V (Table 5.1). The presence of a Pt metal a the surface of
STICGs possibly results in the formation of a Schottky barmier a the PESITICH
Interface, which decreases the energy position of the STICE conduction band to its
minimum potential level, leading to a cecrease in the band gap energy of the
synthesized SITICs photocatalyst [42, 43].

e
=

\
{
!
‘V
¢
3
-

P
AN
\\4— Pristine SrTiO;

5

F(r)

Pristine SITiOs - 5 ;
e ‘ Commercial SrTiO;

0.5 wt.% Pt-loaded SrTiO;|

] b b
—_ N WL WL R WL

Commercial SrTiO; <4— 0.5 wt.% Pt-loaded SrTiO;

0.5

O T — T B T p— — ’(’ 0 T

200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 5.6 Plot of (3) reflectance and (b) Hr) & a function of wavelength of the
commercial STICs and the mesoporous-assembled SrTios photocatalysts: pristine
STICs and 05 Wt %Pt-loaded TIC.

532 Effects of Type and Congentration of Hole Scavenger
Tre effects of type and concentration of hole scavengers on the
photocatalytic hydrogen procuction activity over the 05 W% Pt-loackd
mesoporous-assembled  STiGs  nanocrystal - photocatalyst were studied.  The
enhancerment of the photocatalytic activity of the studied photocatalyst by adcing
different hole scavengers was found in the following order: MeOH > EtOH > D-
Olucose > 2-PrOH> 2 o3 (Fgure 5.7). Inthe case of NexSCs, Co Clz Wes aocked s
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a catalyst to aocelerate the rate of the reaction between NexSGs and : to form

2 04, Iesulting In the suppression of the backward reaction. The use of MeCH
proviced the highest photocatalytic ennancement aility (the ability to increase the
photocatalytic hyarogen procuction activity), as conpared to the other studied hole
scavengers, possibly because it hes the highest aility to donate electrons to scavenge
the valence bendl holes to preventing photo-generated charge recombination [44, 49),
Ina conparison among alcohols, the photocatalytic activity tended to increase with
Increasing alconol concentration. For MeOH as the hole scavenger, the hydrogen
procuction rate significantly increased in the MeOH concentration range of 0-20
vol.% beyond this range, it only Slightly Increased. Because the MeOH hed the
highest photocatalytic enhancement ability, it wes selected as the hole scavenger in
further investigations.
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Figure 5.7 Dependence of H proclction rate over the 0.5 wt% Pt-loaded SrTios
photocatalyst under uv irraddiation on type and concentration of hole scavengers
(tudlied conditions: 5 h irraddiation time, 500 n1 of aqueous solution, 05 g of
photocatalyst, reaction temperature of 15°C)

The results of the set of preliminary experiments performed to
cktermine the effects of MeOH concentration, the presence of the 0.5 wt % Pt-loackd
SrTils photocatalyst, and temperature on the: photocatalytic activity in hycrogen
procction are shown in Houre 58, For all studied systems, no hydrogen wes
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procuced Uncer cark condlitions, In the case of no photocatalyst acdition under light
Ivaclation at two reaction teperatures of 15 and 45°c, hydrogen was procuced
from the pure MeOH system and the 50 vol.% MeOH agueous solution system, but
Wes ot oserved fromthe pure HO system (Figure 5.8), indlicating that MeOH itself
can be decomposed by Qe photolysis into hyarogen. However, in the presence of
the 05 Wt% Pt-loaced mesoporous-assermoled SrTios nanocrystal photocatalyst,
hydrogen procluction by the photocatalysis wes much higher then that by the
photolysis. Moreover, it I clear that the Investigated photocatalyst had lower
photocatalytic activity In the pure HO system, as compared with the pure MeOH
system and the 50 vol. % MeOH agueous solution system

6 5wt Prloaded SiTio3 45°%

7 Ko photocatalyst additon, 45°C
o photocatalyst addition, 15°C

ho T

MeOHﬂo-rlzo_";c‘éﬁ\ »

Figure 5.8 Effects of the reactant system, the presence of a photocatalyst, and the
reaction temperature on Hz proctuction (the overall rate of reaction at 5 b 500 ml of
solution, 05 g of 05 wt. %Pt-loaced STiCh photocatalyst, and uv irvadiation)
Note; the units of the H production rate is pmol hra or pmol ha g in the case of
o photocatalyst acdition and in the case of photocatalyst acliition, respectively.
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These experimental results confirm that the use of MeOH s a hole
scavenger can greatly enhance the photocatalytic hydrogen production activity of the
studied photocatalyst. The results show thet the photocatalytic activity in hydrogen
procuction increased With Increasing tenperature from 15 to 45°c, and te
termperature affected the pure HO system (without MeOH as the hole scavenger)
more then the MeOH-HA) systens,

533 Effect of Pt Loacing

In this expenmental part, the photocatalytic activity of the pristine
mesoporous-assembled SrTios - photocatalyst for hydrogen production via the
photocatalytic weter splitting Using methanol as the hole scavenger wes first
comparatively investigated with thet  of two  nor-mesoporous-assembled
photocatalysts: the commercial STIGs and the reported highly active conmercial
Ti02 (P-25, specific surface area of 51.6 me '] crystallite sizes of 20 and 30 rm for
the anatase and rutile phases (mixed phase), respectively). The results show thet the
synthesized mesoporous-assembled STICs photocatalyst exhibited  significantly
higher photocatalytic activity under u v Irraciation than both the commercial STICE
and Ti02 pnotocatalysts (the hydrogen prootiction rates of 156, 46, and 37 prol s
('], for mesoporous-assembled STIGs commercial STIC, and commercial Ti0z
(P-25), respectively), even if the synthesized photocatalyst hed lower specific surface
areas Wwhen compared with the commercial photocatalysts (Table 5.1). This is
possibly because the reactants and all procucts of this water splitting reaction have
small molecular sizes, which can easily diffuse through either mesopore or
mecropore, hut the mesoporous structure more efficiently provices the active site
accessibility on the photocatalyst surface for the reactants, as compared to the
mecroporous one. Therefore, mesoporous-assembled structure of the nanocrystals
with a high pore uniformity of the STIGs photocatalyst plays asignificant role inthe
enhancement of the photocatalytic activity for hydrogen proouction via the
photocatalytic weter splitting,

The synthesized mesoporous-assemoled STIGs photocatalyst wes
used for the further investigation on the PX co-catalyst loading effect on the
photocatalytic activity in hydrogen production to determine the optimum anourt of
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Pt to ke incorporated into the mesoporous-assembled  STIGs  nanoc
photocatalyst. Hure 5.9 illustrates the H. procluction rate under uv andv|5|ble ligrt
Iracition of the mesoporous-assebled SrTilk nanocrystal photocatalysts with
various Pt loadlings.
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Figure 5.9 H production rate uncer u v and visible light irvadiation as a function of
Pt loading over the synthesized (s (tudied conditions: 5 h irradiation tine, 500
m of 50 vol% MeOH aqueous solution, 05 ¢ of photocatalyst, reaction
termperatures of 45°C foru v irraddiation and 30°c for visible light irvaciation)

The comparative results of the photocatalytic activity of the pritine
STiCs and the Pt-loaded S'TiCs incicate thet the presence of Pt on the STICs
photocatalyst surface can enhance the photocatalytic activity of the synthesized
SITICs photocatalyst under bothu v and visible light irracliation. This is possibly de
to the roles of Pt metal in creating a Schottky barmier with the conduction band of the
SITICs photocatalyst to recuce the band gap energy (42, 43, resuting in ennancing
the visible light harvesting ability, faclitating the interfacial electron trarsfe,
aocelerating the charge separation, and therefore acting & the photocatalytic active
Site [46, 47]. The hydrogen prodlction rete increased markedly with incressing Pt
loacing;, but beyond the Pt optirmum loagiing of 0.5 wt% it cecreased slightly with
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Increasing P loading for both u v and visible light irvadiation. These results can ke
explained in thet the Pt hes both a positive effect (as aforementioned) and a negative
effect on the photocatalytic activity. The negative effect is thet a a very high loading
of P, it can behave as a recombination center between the photo-generated electrons
and holes, resuiting in the decrease In the photocatalytic activity 28], From the
present results, it can be concluced thet an excess amount of Pt (beyond the optinum
loacling of 0.5 wt. %4 increases the probability of a recombination reaction, leading to
a cecrease Inthe hydrogen procluction rate

534 Effect of MeOH Volume Fraction and Reaction Tenperature
A set of H procliction experiments ner the conditions of a 500 n
of IVEOH agueous solution, 05  of the 0.5 wt% Pt-loackd SrTils photocatalyst,
uncer u v irraciation, and with various MeOH concentrations (0, 5, 20, 40, 50, 60, %,
and 100 vol.% and reaction termperatures (15, 30, and 45°C) were performed to
ohserve the effects of MeOH concentration and reaction tenperature on the H
proclction benavior of the studied systens to determine the most suitable conditions
for hydrogen production from the photocatalytic water splitting using MeOH as the
hole scavenger. The depencences of the 2 production rate and the H production
enhancement by MeOH on the MeOH concentration a different reaction
termperatures are shown in Hgures 5.10(@) and 5.10(t), respectively, while the H
proclction enhancenment by MeOH wes calculated by the following eguation:
The hydrogen prootiction enhancement by MeOH
= (The hyorogen production rate from the agueous MeOH
solution system) - (The hydrogen production rate from pure
Wiater system)
The dependeence of the initial hydrogen production rate on the reaction
temperature are used to calculate the apparent activation energy (Ea, KJ mol']) besed

on two reaction teperature ranges: a low termerature range of 15 to J0°C and a
high teperature range of 30 to 45°c. The dependence of the apparent activation
energy on the MeOH concentration is shown in Hgure 5.10(c). Additionally, in orcer
o elucicate the hydrogen proclction behavior of the studiied systems, the seven main
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sets of possible reactions [48-51] for hydrogen production are neeced to be

consickred
First, photo-generated electrons and holes are produced by the photo-
excited reaction’

STIQ +hu—»e“+ht (.])
Second, the H-species can be procluced by three reactions:

- HA) 15 dissociated to procce Ht:

HO->H ++0F T (52)
adHD +h+-»Ht+ CH (53
- MeOH reacts with HD andl o proctioe H:

CHOH+HA +sh+—»C02+6Ht (54)
Third, He is fonmed by a regliction reaction:

JHH+ 2~ > H (55)
Fourth, the OH' species can be proouced by the photo-generated

holes reacted with the OH' species:

OH +ht-» OHf (56)
Fifth, 02 procluction aocurs by the photo-generated holes:

20H" +2h+—>02+2H+ (5.7)
Sixth, HD) re-production occurs via a backward reaction:

02+4H++4~ - 2HD (58)

As shown In Foure 5.10(a), an increase In either the MeOH
concentration or the reaction terperature results in an increase in the He production
rte. For the pure HAD) systems, H is produced from the weter cecomposition
reactions (Ecuations 5.2 and 5.3) and the subseguent recluction reaction of the Ht
Species (Equation 5.5). 02 I procuced from the reaction between the generated CH
(formed by Equations 5.3 and 5.6) and the photo-generated hole (h4) (Equation 5.7).
For the VeOH agueous solution systerrs, the H species is produced from both the
HA) decomyosition (Eguations 5.2 and 5.3) and MeOH-H0-h+ reaction (Equiation
5.4), resulting in the higher amount of Hspecies in the solution, which are possibly
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further reduced to H, as conpared to thet of the pure HO system Moreover, the
MeOHTEOQ reaction scavenges Six photo-generatecholes () per one mole of
MeCH, resuiting in the decrease in the G procuction as well & the backward
reaction. Therefore, the MeOH agueous solution systems show the higher hyarogen
procuction rate then the pure water systems. Gx and COz are also possibly procuced
acoordiing to Eguations 5.7 and 5.4, respectively. However, both C» and CO: cannot
e cetected under any given studied conditions. This IS possibly because both G: and
O are completely dissolved in the solution, clue to their much higher water
solubility values as conpared to tht of H (the solubility values of CQz, Ce, and H
invater & 1atmand 45°c are 800, 38, and 1.3 myL, respectively [52]). The effect
of the MeOH concentration on H procuction ennancement by MeOH a both
reaction temperatures of 15 and30°c (Fgure 5.10()) exhibited the similar trend; H
procuction enhanceent - increases with Increasing MeOH ' concentration Ll
reaching a platéau after the 20 vol % MeOH concentration. In contrast, under the
reaction temperature of 45°c (Figure 5.10(b)), the H prootiction ennancerment
continuously increases with increasing MeOH concentration, especially much more
significantly & the MeOH concentrations higher than 50 vol.% \Ahen consicering
the cepencence of the H proclction enhancenvent by MBCH on the reaction
termperature, the H production enhancement by MeOH cecreased with Increasing
reaction temperature from 15 to 45°c, except for the stuclied conditions of 45°
uncer high MeOH concentration (of about more than 75 vol.% MeOH fraction)
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Figure 5.10 Dependences of . procuction rate (a), - procuction enhancement by
MEOH (0), and apparent activation energy (Ea) of the photocatalytic water splitting
reaction (C) on the IVBOH concentration and reaction tenperature (tuclied
conditions: 5 h irragiation time, 500 m of solution, 05 g of 05 wt% Pt-loackd
SrTios photocatalyst, and uv irvadiation)
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The dependence of the Ez on the MEOH conoentration at the two
reaction temperature ranges 1S shown In Houre 5.10(c). For the low reaction
termerature range of 1510 J0°C, the Esvalue significantly decreased with increasing

MeCH concentration from 5 to 20 vol.% and reached a plateau a all MeOH
concentrations higher than 20 vol. % For the high reaction tenperature range of 0o

45°c, the Eavalue also significantly cecreased with increasing IMeOH concertration
from s to 20 vol % but reached a plateaul only in the MeOH concentration range of
20 10 60 vol.% At the MeOH concentrations higher then 60 vol% the Esvelue
significantly Increases with increasing MeOH concentration. The dvious changes in
both the Hb production enhancerrent by MeOH and the Esvalue & a high MeOH

concentration (Qreater than 75 vol.%) uncer a high reaction tenperature of 45°¢
Inply thet the MeOH-HZ) reaction rate is possibly much improved,

535 Protocatalyst Durallity and Reuse

The time course of H: production uncr the best conalitions over tre
05 Wt% Pt-loaced SrTios photocatalyst under UV irvackation both in tems of the
accumulative H procluction and the instantaneous H procuction rate is illustrated in
Figure 5.11. The H formation wes observed after a short irraciation time of about 3)
min, proving tht the synthesized photocatalysts require a short induction period for
hyalrogen procuction, 8s shown in Fgure 5.11(a). The total Hb procuction increases
With increasing Irraciation time, but a cecrease in the instantaneous H production
rate wes simultaneously observed, as shown in Hgure 5.11(). The instantaneous H:
procuction rate dropped significantly at initiation, and the cecreased trend in the
Instantaneous He procuction rate slowed with increasing irradiation time. Tre big
initial crop of the H proouction rate is possibly due to the adsorption of various
Interediate species, which are abruptly procced on the photocatalyst surface,
leadiing to such a raoid cecrease in avallable active sites of the photocatalyst. After 5
hof irradiation, the light wes turmed off, and the system was left in the cark for a few
hours; then the light wes tumed on to resue the reaction.
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Figure 5.11 Time course of (a) accuulative 2 procuuction and (o) instantaneous
procuction rate over the 05 wt% Pt-loaded STICh photocatalyst under uv
Irvacition (stuciied conaittions: 500 ml of 50 vol. % MeCH agueous solution, 05 g of
photocatalyst, and a reaction tanperature of 45°C).
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Figure 5,12 Time course of . prociction over the fresh and spent 0.5 Wt % Pt-
loaced STiOs photocatalyst under u v irvaddation (studied conditions: 500 ml of 50
vol.% MeOH aqueous solution, 0.5 ¢ of pnotocatalyst, and a reaction tanperature of
45°C).

Fure 5.11 snows thet both the accumulative H: production and the
Initial instantaneous H proouiction rate of the second irradiation period were & high
& those of the first irracliation period, and their profiles looked similar to those of the
first irvaciation period (Figure 5.11). These results inclicate thet the photocatalyst
loses some active sites ouring the reaction by the adsorption of intermecliate Species.
However, when the iraciation is halted and the system is kept in the dark for a few
hours, the active sites are possibly recovered by desorption andlor a further reaction
of the intenmediate species. In acdition, the spent photocatalyst wes re-tested for its
photocatalytic activity performance (Hgure 5.12). The spent photocatalyst showed
the same photocatalytic Hx production ahility as the fresh photocatalyst.  The XRD
resuts of the fresh and the spent photocatalysts indlicate that there i no phase change
of the spert photocatalyst curing the reaction. Therefore, the durahlity of the
photocatalyst IS highly acceptable, potentially providing the benefit of the
photocatalyst reuse.



107

54 Conclusions

Pritie and  Pt-loaded  mesoporous-assermbled STICh - nanocrystal
photocatalysts were sticcessfully synthesized via the sol-gel method with the aid of a
structure-dlirecting surfactant under mild conditions. According to the photocatalytic
H production results, the photocatalyst structure, in the form of a mesoporous
assembly of STiChnanocrystals, wes found to e responsible for the enhancement of
the photocatalytic hydrogen production activity. The mesoporous-assembled STICs
nanocrystal photocatalysts exhibited much higher photocatalytic activity then two
nonHmesoporous-assermbled  commercial - photocatalysts: commercial STIGs and
commercial Ti0z (Degussa P-25). Pt co-catalyst loading wes found to ennance the
photocatalytic hyarogen proctiction activity of the pristine mesoporous-assembled
STiCs nanocrystal photocatalysts. Pt co-catalyst loading cecreases the band gap
energy of the STIGs potocatalysts, resulting in an increase In the visible light
harvesting ability and leading to photocatalytic activity enhancement. However,
excessive Pt co-catalyst loacing wes found fo have a negative effect on the
photocatalytic activity, and an optimum P loading of 0.5 Wt %owes required to attain
the highest photocatalytic enhancement ability. MeOH exhibited the highest
photocatalytic hydrogen procuction enhanceent ahility, as compared to the other
studied hole scavengers. MeOH behaves as hoth a hole scavenger to ennance H
procuction and a reactant for proviing the Ht species to form H2, depending upon
the system conaiitions. The most suitable system condlitions for H: production from
Wiater splitting in this work were a 0.5 wt % Pt-loaded mesoporous-assembled STios
nanocrystal photocatalyst, a 50 vol.% MeOH agueous solution, and @ 45°¢ reaction
termperature. This system proviced the average hydrogen production rates of 276 and
183 pmol hi g with the quantum efficiencies of 19 and 0.9 % uncer uv and

visible light irragiation, respectively.
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