CHAPTER IV
RESULTS AND DISCUSSION

4.1 Photocatalyst Characterizations

411 TG-DTA Results

In order to determine the suitable calcination temperature and the
thermal decomposition behavior of the synthesized SrTiXZri«03 photocatalysts, the
TG-DTA analysis is a powerful technique normally used. The TG-DTA
thermograms of the dried SrTiCh, SrTio.sZr0.103, and SrZrCss gels exhibit quite a
similar thermal behavior, as shown in Figure 4.1, Two exothermic peaks and one
endothermic peak are shown in the DTA curves which can be divided into three
regions. The details of the peak regions' and their corresponding weight losses are
summarized in Table 4.1. The first region .is ascribed to the removal of physisorbed
water molecules, whereas the burnout process of the LAHC surfactant and the
residual solvent take place in the second region. The third region is possibly
attributed to the removal of remnant carbons and chemisorbed water, as well as the
crystallization process of the photocatalysts and the decomposition of the remaining
solvents that are tightly bound in the molecular level with Sr, Ti, and Zr metals in the
gel network (Puangpetch et al., 2008). However, the temperature ranges of these
regions of the SrTiXZrixos photocatalysts with various Ti-to-Zr molar ratios are
somewhat different because the interactions of Sr, Ti, and Zr species with the others
in gel network may be different. From the TG curves, the weight loss of all the
synthesized SrTiXZrivo3 photocatalysts terminated at approximately 600°c,
indicating that this temperature used for the calcination is sufficient for both the
complete surfactant removal and the photocatalyst crystallization. Therefore, the
calcination temperature in the range of 600 to 800°c was used to investigate its
effect on the physicochemical properties and the consequent photocatalytic dye
degradation activity.



Table 4.1 Thermal decomposition behavior of the dried synthesized SrTiC>3,
SrTio.gZro 103 and SrZros photocatalysts from TG-DTA analysis

Exothermic peak Endothermic peak
. . - . Total
Position W eight loss Position ~ Weight loss weight
Photocatalyst (°C) (%) (°C) (%) loss
1% 2 . o Mg Mg (%)
region region region region region region
SrTiCh 25-200  200-520 1.66 19.20 520-630 26;.50 47.36
SrTio.¢Zro 103 25-190 190-525 3.40 23.00 525-630 21.05 47.45
SrZrC=8 25-180  180-550 4.85 25.40 550-630 16.12 46.37
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Figure 4.1 TG-DTA curves of the dried synthesized (a) SrTiC>3, (b) SrTio.eZro.103
and (c) SrzrUsphotocatalysts.
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Figure 4.1 (Continued) TG-DTA curves of the dried synthesized (a) SITi(>3, (b)
STiogZro 103, and (c) SrZrCss photocatalysts.
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4.1.2 N? Adsorption-Desorption Results

The N2 adsorption-desorption analysis is an important approach
normally used to verify the mesoporosity of any studied materials. The characteristic
behavior of the structure of powder, which is composed of an assembly of particles
with large open packing, can be observed from the shape of the isotherms. Figure 4.2
depicts the exemplified N2 adsorption-desorption isotherms and pore size
distributions (insets) of the synthesized SITIC>, SrTiosZro.103, and SrZrCs
photocatalysts calcined at 700°c, and the synthesized 1.0 wt% Pt-loaded
mesoporous-assembled SrTio.0Zro 103 photocatalyst calcined at 850°c. The isotherms
of all the synthesized photocatalysts, except SrZrC>s, exhibited an IUPAC type IV-
like pattern, indicating the existence of mesopores (mesoporous size between 2 and
50 nm) in their assembled frameworks, according to the classification of IUPAC
(Rouquerol et al., 1999). A sharp increase in adsorption volume of N2 could be
observed at high relative pressure (P/Po). This sharp increase can be imputable to the
capillary condensation of N2 inside the mesopores, indicating the good homogeneity
of the sample and fairly small pore size since the P/Po position of the inflection point
is directly related to the pore dimension (Sreethawong et al, 2005). However, the
isotherms of the synthesized SrZr(>3 photocatalyst showed an IUPAC type IlI-like
pattern due to the absence of a clear step increase in the amount of absorbed N2 in the
P/Po range of 0-0.05, indicating that its principal pore structure is not a mesopore.
For the synthesized 1.0 wt% Pt-loaded mesoporous-assembled SrTiosZro.io3
photocatalyst calcined at 850°c, which provided the highest photocatalytic
performance for AB degradation as discussed later, its isotherms also exhibited an
IUPAC type IV-like pattern. This implies that the Pt loading by the SSSG method
did not significantly affect the mesoporous structure of the photocatalyst. Therefore,
its mesoporous structure could be maintained. The pore size distributions of the
synthesized photocatalysts as exemplified in the insets of Figure 4.2 reveal that all of
the synthesized photocatalysts, except SrZrC>s, possessed narrow pore size
distributions in the mesoporous region, confirming a good quality of the samples.
Whereas, the pore size distribution of the synthesized SrZrCss photocatalyst tended to
exist mainly in the microporous region (microporous size less than 2 nm). This may
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be a possible explanation for the absence of a step increase in the absorbed N2
amount at the low P/Po range due to the pore size obstruction.

The experimental results of the textural properties obtained from N2
adsorption-desorption isotherms, including BET surface area, mean mesopore
diameter, and total pore volume, of all the synthesized without and with Pt-loaded
photocatalysts are summarized in Tables 4.2 and 4.3, respectively. For the
synthesized mesoporous-assembled SrTixZrixos photocatalysts, the surface area,
mean mesopore diameter, and total pore volume tended to initially increase with
increasing Zr content to 10% (SrTiogZro 103) and then gradually decreased with
further increasing Zr content (Table 4.2). Then, the synthesized SrTio.sZr0.103
photocatalyst was selected to further investigate the effects of calcination
temperature, as compared to the synthesized SrTiUs photocatalyst, and calcination
time. As clearly seen, the surface area, mean mesopore diameter, and total pore
volume of the synthesized SrTi0.9Zr0.103 photocatalysts tended to slightly increase
with increasing calcination temperature until 700°c and then decreased with further
increasing calcination temperature, whereas those of the synthesized SrTios
photocatalysts tended to adversely decrease, except that the total pore volume
remained almost unchanged. However, it was found that the calcination time did not
significantly affect all of the textural properties. These results indicated a more
dominant effect of the calcination temperature on the textural properties of the
resulting products in this present work. It can be observed that the synthesized
photocatalysts had a narrow range of mean mesopore diameter located between 3 to
16 nm, identifying a controlled pore size of the samples. For the synthesized Pt-
loaded mesoporous-assembled SrTio.sZro.103 photocatalysts with various Pt loadings
(Table 4.3), at any given calcination temperature, the increase in Pt loading did not
significantly change the surface area and total pore volume, possibly due to its low
loadings in the investigated range of 0-1.5 wt.%. However, the mean mesopore
diameter shifted to lower value in the loading range of 1.2-1.5 wt.% at calcination
temperatures lower than 800°c, whereas the mean mesopore diameter remained
almost unchanged at all loadings at 800°c.
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Figure 4.2 N2 adsorption-desorption isotherms and pore size distributions (insets) of
the synthesized (a) SITIC>3, (b) SITio.gZro 103, (c) SrZrCss photocatalysts calcined at
700° for 4 h, and (d) the synthesized 1.0 wt% Pt-loaded SrTio.sZr0.103
photocatalyst calcined at 850°c for 4 h,
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Figure 42 (Continued) N2 adsorption-desorption isotherms and pore size
distributions (insets) of the synthesized (a) SITi(D3, (b) SrTiociZo |03, (c) SrZr03
photocatalyst calcined at 700°c for 4 h, and (d) the synthesized 1.0 wt.% Pt-loaded
SrTio¢Zro 03 photocatalyst calcined at 850°c for 4 h,



Table 4.2 Summary of N2 adsorption-desorption results of the synthesized
mesoporous-assembled SrTixZri-o3 photocatalysts

Calcination Calcination BET Mean Total pore

Photocatalyst  temperature time surface Mesopore volume

(°C) (h) area(mzg') dl?me)ter (cm3g ')

600 16.0 8.8 0.044

650 13.0 8.8 0.043

SrTiOs 700 4 9.9 3.6 0.043
750 8.0 3.6 0.048

800 7.0 3.6 0.053

SrTi0952r0.0503 12.2 154 0.050
SrTi0.9Zr0.103 22.2 15.6 0.105
SrTi0.852r0.1503 8.9 15.4 0.052
SrTi0.8Zr0.203 700 4 10.6 15.7 0.051
SrTiojZrojCh 8.0 8.7 0.028
SrTiosZro 503 4.1 4.6 0.012
SrZr03 30 @ @
600 17.4 8.7 0.074

650 17.7 8.8 0.074

700 4 22.2 15.6 0.105

750 13.0 15.6 0.072

800 11.2 3.6 0.075

SrTio.oZro 03 2 20.9 15.5 0.092
3 18.6 15.6 0.086

700 4 22.2 15.6 0.105

5 15.6 155 0.075
6 23.5 15.6 0.102
8 20.4 15.9 0.101

@ N2 adsorption-desorption isotherms correspond to an [UPAC type Ill-like pattern.



Table 4.3 summary of N2adsorption-desorption results of the synthesized Pt-loaded
mesoporous-assembled SrTio.aZE0.10 3photocatalysts with various Pt loading contents
calcined at different calcination temperatures for 4 h

- ok Mean

Photocatalyst P}}(')%?gh?g t%?r!glenrgtthorg surfEcEeTarea flraek nga}{]r%oere
(Wt.%) (°C) (mV) (nm) (cmd )

0.0 700 ¢ 222 15.6 0.105

700 182 159 0.079

05 750 113 158 0.066

800 12.8 3.0 0.080

700 1 147 157 0.062

0.7 750 154 15.7 0.075

800 138 3.0 0.080

. 700 16.1 15.7 0.073

Sz 0: 750 185 59 00%

1,0 800 142 3.0 0.082

850 12.0 36 0.086

900 19 3.0 0.050

L 750 188 2.3 0.091

' 800 138 3.6 0.084

5 750 171 3.6 0.087

800 137 36 0.078
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4.1.3 XRD Results

The X-ray analysis was used to identify the crystalline phases and
purity of the synthesized photocatalysts. The XRD patterns of the synthesized
mesoporous-assembled SrTixZri-xos photocatalysts calcined at 700°C are shown in
Figure 4.3, The dominant peaks at 29 of about 32.4, 39.9, 46.4, 57.8, 67.8, and 77.2°,
which represent the indices of (110), (111), (200), (211), (220), and (310) planes,
respectively, could be indexed to the SITiCss with a cubic perovskite structure
(JCPDS card no. 35-0734) (Smith, 1960). The diffraction peaks of the SITIC>3, as the
most clearly seen for the (110) plane, gradually shifted to a lower angle with
increasing Zr content, which could confirm the existence of zirconium in the form of
solid solution in the synthesized SrTixZri-xo3 photocatalysts. The synthesized SrZrCs
photocatalyst could be identified as an orthorhombic structure from the appearance
of the dominant peaks at 20 of about 30.2, 30.9, 44.2, 504, and 55.0°, which
represent the indices of (200), (121), (202), (301), and (321) planes, respectively
(JCPDS card no. 44-0161) (Smith, 1960). The diffraction peak at 25.2°, which
represents the index of SrCCss (111) plane, showed the presence of SrCCs impurity,
which unavoidably coexisted in the resulting photocatalysts during the synthesis and
calcination processes. It can be seen that a higher amount of SrCCss impurity was
observed with increasing Zr content, indicating that the carbon atoms in the Zr
precursor (ZRB) was difficult to remove from the gel network and tended to form the
SrCos compound. As seen in Figure 4.4, an increase in the calcination temperature
caused an increase in both the purity and crystallinity of the synthesized SrTiCxsand
SrTio.sZro.103 photocatalysts (Puangpetch et al, 2008). However, from Figure 4.5,
when the Pt co-catalyst with various loadings was deposited on the mesoporous-
assembled SrTiooZro 103 photocatalyst, the presence of the Pt phase was not clearly
observed by the XRD analysis, which is probably due to its low contents with a high
dispersion degree throughout the mesoporous-assembled network (Puangpetch et al,
2009). It can also be found that the SrCCss impurity tended to more coexist in the

synthesized Pt-loaded SrTiogZro 103 photocatalysts calcined at temperatures lower
than 800°c.
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The crystallite sizes of all the synthesized photocatalysts were
estimated from the line broadening of the correlative X-ray diffraction peak of each
crystalline phase by using the Sherrer equation (Cullity, 1978) (Eq. 4.1):

= 3cI6)§($)
where L is the crystallite size, k is the Sherrer constant usually taken as 0.89, A is the
wavelength of the X-ray radiation (0.15418 nm for Cu Ka), p is the full width at

half maximum (FWHM) of the diffraction peak measured at 26, and 0 is the
diffraction angle. The results summarized in Table 4.4 reveal that the crystallite sizes
of the synthesized SrTiXZri.xo3 photocatalysts significantly decreased from 26 to
nm with increasing Zr content. In addition, it was observed that the crystallite sizes
of the synthesized STiCss and SrTiosZro.io3 photocatalysts slightly increased with
increasing calcination temperature, whereas a significant change of the crystallite
sizes with increasing calcination time was not observed. From Table 4.5, the XRD
results point out that the addition of Pt in the investigated range only slightly affected
the crystallite size of the synthesized SrTiogZro 103 photocatalyst.

(4.1)
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Figure 43 XRD patterns of the synthesized mesoporous-assembled SrTixZrixo3
photocatalysts calcined at 700°c for 4 h,
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Figure 45 XRD patterns of the synthesized Pt-loaded mesoporous-assembled
SITi09Zro103  photocatalysts with various Pt loadings calcined at various

temperatures for 4 h,
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Table 44 Summary of XRD analysis of the synthesized mesoporous-assembled
SITixZrixo3 photocatalysts calcined at various conditions

Calcination ~ Calcination Phase from Crystallite

Photocatalyst ~ temperature  time XRD Size

(°C) (h) pattern (nm)

600 205

650 234

SITi03 700 4 Cubic 26.4

750 21.7

800 315

SrTi0952r0.0503 24.8

SITio 9Zro 103 224

SITi085Zr0 1503 Cubic 199

SrTiosZro203 149

SITio7Zrojo3 700 4 12.6

SrTio6Zro403 9.2
_ Cubic

STi0.52r0.503 o 6.4

Orthorhombic

SrZr03 Orthorhombic 5.6

600 205

650 215

700 4 224

750 234

800 244

SITio9Zro 103 2 Cubic 201

3 224

700 4 224

5 20.5

b 20.0

B 215
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Table 45 Summary of XRD analysis of the synthesized Pt-loaded mesoporous-
assembled SrTio.gZro |Cs photocatalysts with various Pt loadings calcined at various
temperatures

Pt loading  Calcination ~ Calcination Phase from  Crystallite

Photocatalyst ~ content™ temperature  time XRD Size
(wt.%) (°C) (h) pattern (nm)

0.0 100 9294

700 18.6

0.5 750 205

800 205

700 17.6

0.1 750 188

800 19.7

STiogZro.iC 0 4 Cubic 186
750 195

L0 800 18.2

850 19.7

900 20.5

» 750 19.0

800 20.0

5 750 20.0

800 20.5
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4.14 UV-Visible Spectroscopy Results

UV-visible spectroscopy was used to examine the light absorption
ability of all synthesized photocatalysts. The UV-visible spectra of the synthesized
mesoporous-assembled SrTixZrixos calcined at 700°c, SrTiCh calcined at 600-
800°c, SrTiogZro 103 calcined at 600-800°C, and Pt-loaded SrTio.¢Zro 103 calcined at
800°c are shown in Figure 4.6. The results of absorption onset wavelength and
corresponding band gap energy of all photocatalysts without and with Pt loading are
summarized in Tables 4.6 and 4.7, respectively. It was observed that the absorption
band of the synthesized SrTiXZrixo3 photocatalysts was mainly in the uv light range
of 200-400 nm, and the absorption onset wavelength shifted to shorter value with
increasing Zr content and located hetween the absorption onset wavelengths of the
SITiCsand SrZrCss photocatalysts. The band gap energy (£g, eV) of the mesoporous-
assembled SrTiXZrixo3 photocatalysts was in the range of 3.12-3.35 eV, which were
obtained from extrapolating the onset of the rising part to x-axis (tg, nm) of the plots,
as shown by dotted lines in Figure 4.6(a), and calculated by Eq. (4.2).

2 1240 (t2)
where 29 is the wavelength (nm) of the exciting light. It can be seen that the band gap
energies of the synthesized SrTiosZroios and SrTiCss photocatalysts calcined in the
temperature range of 600-800°C slightly decreased with increasing calcination
temperature, whereas the calcination time did not affect the band gap energy of the
STi09Zr0.103 photocatalysts. For the Pt-loaded SrTiosZro.103 photocatalysts, the Pt
loading slightly increased the absorption onset wavelength of the SrTio.9Zr0.103
photocatalyst, leading to a gradual decrease in the band gap energy from 3.18 to 3.10
eV. These may be possibly because the presence of Pt on the SrTio.0Zro 103
photocatalyst surface results in the formation of a Schottky barrier at Pt-
SrTiosZro.io3 interface, which reduces the energy position of the SrTiosZroiUs
conduction hand to its minimum potential level, leading to an observed decrease in
the band gap energy of the synthesized SrTio.oZro 103 photocatalyst (Puangpetch et al,
2009).
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Figure 4.6 UV-visible spectra of the mesoporous-assembled photocatalysts: (a)
SITixZrxo3 calcined at 700°c, (b) SrTiCss calcined at 600-800°C, (c) SrTio.eZr0.103
calcined at 600-800°C, and (d) Pt-loaded mesoporous-assembled SrTio.9Zro 103
calcined at 800°c.
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Figure 4.6 (Continued) UV-visible spectra of the mesoporous-assembled
photocatalysts: (a) SrTixZri.xCs calcined at 700°c, (b) SrTiCss calcined at 600-800°C,
() SrTioaZro.ws calcined at 600-800°C, and (d) Pt-loaded mesoporous-assembled
SrTiogZroios calcined at 800°c.



Table 4.6 Summary of onset absorption wavelength and hand gap energy obtained
from UV-visible spectra of the synthesized mesoporous-assembled SrTixZri.xCa
photocatalysts calcined at various conditions

Calcination ~ Calcination ~ Absorption Band gap
Photocatalyst ~ temperature time wavelength, xa ~ energy

R )

600 384 323

650 386 321

SrTi03 700 5 301 317
750 396 313

800 403 3.08

SrTi095Zr00803 391 317
SrT10.92r0.103 390 3.18
SrT10.852r0.1503 389 3.19
SrTi0.82r0.203 700 4 389 3.19
SrT10.72r0.303 388 3.20
SITio6Zro4U3 386 321
SrTi0 sZro 503 384 3.23
SrZr03 368 3.37
600 387 3.20

650 389 3.19

700 4 390 3.18

750 394 3.15

800 396 313

SrTioeZro 103

100 390 3.18

o o o1 B~ o



Table 4.7 Summary of absorption onset wavelength and band gap energy obtained
from UV-visible spectra of .the synthesized Pt-loaded mesoporous-assembled
SrTio.eZro.10s  photocatalysts with various Pt loadings calcined at various
temperatures

Pt Calcination Calcination ~Absorption onset  Band gap
Photocatalyst Ioadm? emperature  time wavelen%th,ﬁg energy

W% (C) 00 (nm (€
700 390 3.18
700 390 318
05 750 392 o
7 303 316
s 392 316
07 750 33 o
i 304 315
s 39 316
St 1109210 103 ke 4 303 3.16
1.0 800 3% 314
850 398 3.2
900 401 309
. 750 395 314
' 800 398 3.12
v e 399 311

800 400 3.10
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415 SEM-EDX Results

The SEM images of the synthesized SrTiogZroiCb and 1.0 wt.% Pt-
loaded SrTiovZro.iCh photocatalysts are shown in Figures 4.7(2) and 4.8(),
respectively. The SEM images show that the quite uniform-size particles were
observed in the form of aggregated clusters consisting of many nanoparticles. This
nanoparticle aggregation can be possibly the cause of the mesoporous-assembled
structure formation in the synthesized photocatalysts. The elemental distribution of
the samples was investigated by the EDX mappings, as also shown in Figures 4.7(h)
and 4.8(b). The white dots in each elemental mapping image show the existence and
the distribution of all the investigated components (Sr, Ti, Zr, 0, and Pt) in the
photocatalyst samples. It can be clearly seen that all elements of the SrTio.eZr0.103
and Pt-loaded SrTiovZro.iCb were well dispersed. The results imply that the
photocatalyst preparation by the single-step sol-gel method provided a high
distribution of the cocatalyst throughout the support (Sreethawong et al, 2005). A
quantity of each element in the synthesized photocatalysts was also obtained by an
analysis of the EDX elemental mapping, as summarized in Table 4.8. The results
show that the number of mole of all components based on 1 mol of Sr in the
photocatalyst molecular structure was nearly the same as that in its theoretical
chemical formula. For the loaded Pt cocatalyst, the actual weight percentage of Pt
loading in the 10 wt% (nominal) Pt-loaded SrTio.gZro 103 was founded to be
approximately 1.35.
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Figure 4.7 SEM image (a) and EDX area mappings (b) of the synthesized
mesoporous-assembled SrTio.Zro.O: photocatalyst calcined at 700°c for 4 h,
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Figure 4.8 SEM image (a) and EDX area mappings (b) of the synthesized 1.0 wt.%
Pt-loaded mesoporous-assembled SrTio.gZro:03 photocatalyst calcined at 800°c for
4h,



Table 4.8 EDX elemental mapping of the mesoporous-assembled SrTi0.Zr0..0-
photocatalyst calcined at 700°c and 1.0 wt% Pt-loaded mesoporous-assembled
SrTio %r0 .0- photocatalyst calcined at 800°c

Weight Molar Number of

Photocatalyst  Element percenta%e (%) percentage (%)  mole@)
Sr 42 .89 17.26 1.00
SyTiosZr0 103 Ti 19.52 1438 0.83
VAl 553 2.14 0.12
0 30.06 66.23 3.84
Pt 1.35 0.24 0.01
Lo W% St 40,85 16.04 100
Pt-loaded Ti 20.86 15.00 093
SrTio %r0 103 71 605 298 014

0. 30.89 66.44 4.14
(4 Based on 1mo of Sr in the photocatalyst molecular structure
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4.1.6 TEM-EDX Results

The morphologies and particle sizes of the synthesized photocatalysts,
le. the SITICs calcined at 700°c, the SrZrCs calcined at 700°c, and the
SrTiosZroiCxs calcined at 650-750°C, were investigated by the TEM analysis, as
illustrated in Figure 4.9. The morphologies of the SITICs and SrTio.sZr0.103
photocatalysts are the cubic shape, whereas that of the SrZrUs is the layer-like shape.
The average particle sizes of the SrTios and SrTio%ro 103 photocatalysts are in the
range of 20-35 and 20-30 nm, respectively. However, the average particle size of the
SrZro3 photocatalyst cannot be exactly given, due to its layered structure, and only
its thickness range of 5-10 nm should be reported. These results showed that the
particle sizes of the crystalline photocatalysts are similar to the crystallite sizes
calculated from the XRD patterns by the Scherrer equation, indicating a single
crystalline characteristic. Besides, the TEM and EDX mapping analyses of the
synthesized 1.0 wt.% Pt-loaded mesoporous-assembled SrTio.gZro 103 photocatalyst
calcined at 800°c was also performed. As shown in Figure 4.10, the existence of the
Pt nanoparticles on the SrTiovZro.CE photocatalyst was clearly observed, as
confirmed by the EDX result. The average particle size of the Pt nanoparticles is
approximately 15-20 nm.
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Figure 4.9 TEM images of the synthesized (a) SrTiCh calcined at 700°c, (b) SrZrCss
calcined at 700°c, and (c,d,e) SrTio.¢Zro 103 photocatalysts calcined at 650, 700,
750°c, respectively.
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Figure 4.10 TEM images and EDX elemental point mapping of the 1.0 wt.% Pt-
loaded mesoporous-assembled SrTio9Zro 103 photocatalyst calcined at 800°c.
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4.1.7 TPR Results

The TPR analysis was carried out to study the reducibility of the
loaced Pt species, as well as the interaction between support and loaded Pt. The TPR
profiles of the SrTiogZro iCh support without and with different Pt loadings and
calcined at different temperatures, i.e. SrTiogZroioq calcined at 700°c, 0.7 wt%
Pt-loaded SrTio.gZro 103 calcined at 700°c, and 1.0 wt.% Pt-loaded SrTio.gZro 103
calcined between 750 and 900°c, are illustrated in Figure 4.11. It was clearly seen
that the SrTiogZro 103 support showed no reduction peak at temperatures lower than
350°c (the peaks at high temperatures can be assigned to the support reduction),
whereas the Pt-loaded SrTiogZro.iCo exhibited a main reduction peak hetween .200
and 300°c. The reduction peak of the 0.7 wt.% Pt-loaded SrTio.eZr0.103 calcined at
700°c was observed at about 235°c, which can be assigned to the reduction of Pt
to Pt°, as also observed by Gonzalez et al. (2010) for the reduction of Pt in Pt/Ceo2
catalyst. Regardless of the Pt loading content in the calcination rage of 700-800°C,
the position of the reduction peak gradually shifted to a higher temperature. It can
also be observed that the reduction peak became broader with less intensity for the
sample prepared at a higher temperature, even though a higher optimum Pt content
was used (1.0 wt.%) at 750 and 800°c as compared to a lower optimum Pt content of
0.7 wt.% used for the sample prepared at a lower temperature of 700°c. The results
imply the significant effect of calcination temperature on the phase of deposited Pt
nanoparticles. It can be reasonably believed that at the calcination temperature of
800°c, only a very small portion of the loaded Pt was in the non-metallic form (Pt2+),
whereas a large portion was in the metallic form (Pt*). With increasing calcination
temperature from 700 to 750 and 800°c, the metallic portion gradually increased due
to the smallr reduction peak of the Pt-loaded sample calcined at a higher temperature.
As it was proposed that with using a sol-gel method, the loaded metal oxides can be
reduced by some thermally decomposed species generated during the calcination of
organic precursors (Aristizabal et al, 2004), this corresponds well with the observed
results in this work (where the examples of thermally decomposed species were co
and NHa) that the calcination at a higher temperature of 800°c yielded a higher
portion of metallic Pt, which in turn, results in a higher interaction with the support.
However, when the calcination temperature further increased from 800 to 850°c, a
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small portion of Pt nanoparticles may be re-oxidized to be the non-metallic form,
resulting in an observed higher .intensity of the reduction peak at about 235°c. The
result suggests that the organic precursors used for the investigated sol-gel method
released the thermally decomposed species when increasing calcination temperature
up to only 800°c, and there were no such species released at a higher temperature
due to their complete decomposition at 800°c. This resulted in a higher possibility of
some surface Pt fractions to be re-oxidized. Interestingly, when further increasing
calcination temperature to 900°c, the reduction peak again became broader with less
intensity, observed at a temperature a little bit lower than 235°c. A possible reason is
that at this too high calcination temperature, the significant agglomeration of Pt
nanoparticles occurred, also with less interaction of the agglomerated Pt with the
support. This can be clearly confirmed by the Pt dispersion result as shown in the
next section.

N

TCD signal (a.u.)

5 10 %0 B0 450 550 6%
Temperature (°C)

Figure 411 TPR profiles of (a) the synthesized SrTio.9Zr0.103 calcined at 700°c, (b)
0.7 wt.% Pt-loaded SrTiooZroios calcined at 700°c, (c,d,e,f) 1.0 wt% Pt-loaded
SrTi0.9Zr0.103 calcined at 750°c, 800°c, 850°c, and 900°c.
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4.1.8 H? Chemisorption Results

The 2 chemisorption analysis was used to determine the Pt
dispersion, as well as the agglomeration of the Pt nanoparticles. The results of Pt
dispersion of all Pt-loaded photocatalysts are summarized in Table 4.9. It can be seen
that the Pt dispersion at all Pt loadings in the range of 0.5-1.0 wt% tended to
increase with increasing calcination temperature from 700 to 800°c. However, the
substantial decrease in the Pt dispersion of the 1.0 wt.% Pt-loaded SrTioeZroio3
photocatalyst calcined at temperatures higher than 800°c (i.e. 850 and 900°C) was
observed, possibly because of the Pt nanoparticle agglomeration at too high
calcination temperatures, as above mentioned.

Table 4.9 Summary of Pt dispersion results of the synthesized Pt-loaded
mesoporous-assembled SrTio.gZro 103 photocatalysts with various Pt loadings
calcined at various temperatures

Photocatalyst Pt Ioa?vlvr%% /Oc)ontent 1 n?paelrcell?t?r%o(n 0 D|sg)/e033|on
700 13.86
0.5 750 23.62
800 24.85
700 17.06
0.7 750 26.57
800 35.14
700 20.85
SrTi0.92r0.103 750 31.39
1.0 800 41.25
850 28.88
900 16.63
L 750 16.58
' 800 21.89
15 750 16.68

800 21.48
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4.2 Photocatalytic AB Degradation Results

UV-visible spectroscopy was used to investigate the AB dye degradation
performance of the synthesized mesoporous-assembled SrTixZrixo3 photocatalysts.
The UV-visible spectrum of AB solution revealed the maximum absorbance
wavelength (Xme) value at 619 nm, as shown in Figure 4.12. This absorbance can be
attributed to the  — * transition related to the azo group (-N=N-), which
represents the color of the AB dye (et al, 2007). Therefore, the decrease in this
Xrax value was used to evaluate the AB dye degradation performance in terms of
decolorization.

0.16

)wm=6l9_nm
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rigure 4.12 UV-visible spectrum of AB dye solution.
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4.2.1 Effect of Ti-to-Zr Molar Ratio

In this study, the. mesoporous-assembled SrTixZrixo3 photocatalysts
synthesized at various Ti-to-Zr molar ratios (as expressed by x in the SrTixZryxo3
where x = 0-1) and calcined at 700°c were used to investigate the photocatalytic AB
degradation performance in order to find the suitable Ti-to-Zr molar ratio. It must be
first noted that experiments performed without either any photocatalyst or light
irradiation showed no change in the AB dye absorbance, indicating that the AB
degradation did not occur. The results of photocatalytic AB degradation at various
Ti-to-Zr molar ratios the terms of reaction rate constant (k) are shown in Figure 4.13.
It can be clearly seen that the synthesized SrTiosZro.ios (with 90 mol% Ti and 10
mol% Zr) photocatalyst provided the higher reaction rate constant than the other
synthesized SrTixZrix03 photocatalysts. The.observed photocatalytic activity results
can be possibly explained by the BET surface area results (Table 4.2), showing the
highest value for the SrTiogZroiCh pho.tocatalyst. This indicated that this
photocatalyst possessed higher surface active reaction sites and lower probability of
matual e"/h+ recombination than the others, leading to its higher photocatalytic
activity. However, it was clearly observed that the reaction rate constant significantly
decreased with further increasing Zr content (decreasing x in the SrTixZri-w3) to
become closed to SrZrC>s. These results may be possibly because the Zr-rich
SITixZri-x03 photocatalysts had a too wide band gap energy (Table 4.6), leading to a
more difficult electron excitation to the conduction band and accordingly causing a
decreased photocatalytic activity. From the XRD results (Table 4.4), it can be also
noticed that more Zr addition over 10 mol% (x < 0.9) led to smaller crystallite sizes
of the photocatalysts, resulting in higher probability of matual e'/h+recombination at
both surface and bulk traps (Sreethawong ea ai, 2005). In addition, the lack of
mesoporous structure in the synthesized SrZrCss is believed to provide less reactant
accessibility to its surface for the photocatalytic reaction. In contrast, the synthesized
STi0.9Zr0.103 with a uniform pore size and a high crystallinity could decrease the
number of lattice defects and then facilitate the electron and hole transport for
reacting with water and/or oxygen molecules adsorbed on its surface along the
mesoporous structure to create many active species, such as OH* and 02" (Jantawasu
et ai, 2009). Therefore, the synthesized SrTio 0Zr0 103 photocatalyst was selected for
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further experiments to investigate the effects of calcination temperature and
calcination time.
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rigure 4.13 Effect of Ti-to-Zr molar ratio of the synthesized mesoporous-assembled
SITiXZrixo3 photocatalyst calcined at 700°c on the AB degradation performance in
terms of reaction rate constant (Photocatalyst, 0.5 g; total volume, 100 ml; initial AB
concentration 15 mg/L; irradiation time, 4 h).

4.2.2 Effect of Calcination Temperature

The effect of calcination temperature of the synthesized mesoporous-
assembled SrTio.cZro 103 photocatalyst on the photocatalytic AB degradation was
next investigated. The photocatalytic activity results of the SrTiosZroios
photocatalyst as compared to the SITiCs photocatalyst calcined at various
temperatures between 600 and 800°c are shown in Figure 4.14(). It was found that
the reaction rate constant of the AB dye over the SrTiosZro.ios photocatalyst
increased substantially and reached a maximum value at 700°C; however, when the
calcination temperature exceeded 700°c, the reaction rate constant decreased. The
similar trend was also observed for the SrTiCss photocatalyst. These results indicated
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that the calcination temperature strongly affected the photocatalytic activity of AB
degradation. These can be explained by using both the BET surface area and the
crystallinity, which were directly governed by the calcination temperature, as clearly
seen in Table 4.2 and Figure 4.4, respectively, where the explanation for this
observation can be divided into two regions of the calcination temperature. Firstly,
for the calcination temperature in the range of 600 to 700°c, the increase in the
temperature led to increases in both the crystallinity and specific surface area, which
resulted in increasing the photocatalytic activity of both the photocatalysts, where the
increase in the photocatalytic activity resulted from the positive effect of the
increased crystallinity (less number of lattice defects) might exceed the negative
effect of the decreased specific surface area. Secondly, for the calcination
temperature in the range of 700 to 800°c, the increase in the temperature led to a
slight increase in the crystallinity but to a significant decrease in the specific surface
area. Therefore, the decrease in the photocatalytic activity of both the photocatalysts
in this temperature range possibly resulted from the drastic reduction of the specific
surface area (Puangpetch et al, 2008). From the comparative photocatalytic activity
tests, the synthesized SrTio.eZr0.103 photocatalyst provided much significantly higher
AB degradation performance than the synthesized SrTios photocatalyst over the
entire range of investigated calcination temperature. When considering the reaction
rate constant enhancement (Figure 4.14(b)), which was calculated from the Eq. (4.3):

Reaction rate constant enhancement (%) = sr'ﬁmZ&l ----- 703 XI00 (43)

The results showed that the reaction rate constant enhancement of the SrTio.gZro 103
as compared to the SrTios increased with increasing calcination temperature and
reached the maximum value around 252% at the calcination temperature of 750°c.
Although the reaction rate constant enhancement showed the maximum value at
750°c (but only slightly higher than at 700°C), the photocatalytic activity at this
temperature (750°C) was moderately lower than that at 700°c. Therefore, the
calcination temperature of 700°c was considered as the optimum value to be used in
further experiments.
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Figure 4.14 Effect of calcination temperature of the synthesized mesoporous-

assembled SrTio9Zro103 and SrTiUs photocatalysts calcined for 4 h on (a) the AB

degradation performance in terms of reaction rate constant and (b) reaction rate

constant enhancement (Photocatalyst, 0.5 ¢; total volume, 100 ml; initial AB
concentration 15 mg/L,; irradiation time, 4 h),
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4.2.3 Effect of Calcination Time

From literature review, it was found that the photocatalytic activity of
a photocatalyst also depends on the calcination time. Thus, in this work, various
calcination times ranging from 2 to s h were used for the photocatalytic investigation
in order to obtain the optimum value for calcining the synthesized mesoporous-
assembled SrTiogZro 103 photocatalyst. The photocatalytic AB degradation results of
the SrTi0.9Zr0.103 photocatalyst calcined at 700°c for different calcination times are
shown in Figure 4.15. It was clearly observed that the SrTio.gZroj03 photocatalyst
calcined for 4 h provided a much higher AB degradation than that calcined for other
times. This can be explained in that, in case of the calcination times shorter than 4 h
(i.e. 2 and. 3 h), an increase in the calcination time led to a smaller specific surface
area of the photocatalyst, whereas a higher crystallinity was conversely observed.
The incrément of photocatalytic activity in this range of calcination time may be
resulted from the superior effect of an increased crystallinity in facilitating the
induced charge transfer. However, in case of increasing calcination time over 4 h, the
photocatalytic activity abruptly decreased. This may be attributed to the dominant
negative effect of the decrease in surface area, which accordingly resulted in the less
number of active surface reaction sites and subsequently less reactant accessibility
for the photocatalytic reaction (Sreethawong et al, 2005). Therefore, the calcination
time of 4 h was selected for further use in the photocatalytic activity improvement.
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Figure 4.15 Effect of calcination time of the synthesized mesoporous-assembled
STio9Zro.iCss photocatalyst calcined at 700°c on the AB degradation performance in
terms of reaction rate constant (Photocatalyst, 0.5 g; total volume, 100 ml; initial AB
concentration 15 mg/L.; irradiation time, 4 h).

4.2.4 Effect of Pt Loading

The synthesized mesoporous-assembled SrTio.gZro|( 3 photocatalyst
was used for further investigation on the effect of Pt co-catalyst loading in the range
of 05-15 wt% prepared by the single-step sol-gel (SSSG) method on the
photocatalytic AB degradation, while the Pt-loaded SrTiosZro.os photocatalysts
were calcined at various temperatures. The results of the photocatalytic AB
degradation in terms of reaction rate constant of the Pt-loaded SrTio.sZro.103
photocatalysts calcined at different temperatures are shown in Figure 4.16. It was
clearly found that the Pt loading on the SrTio.sZr0.10s photocatalyst could enhance
the photocatalytic activity. This may be because the Pt nanoparticles loaded on the
SrTiogZro iCs surface can both help accelerate the electron transfer and act as an
electron sink after band gap excitation in order to prevent the recombination between
the photogenerated electron-hole pairs. The electrons can accumulate on the Pt
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nanoparticles and then quickly react with O2 molecules dissolved in the reaction
solution, while the holes can react effectively with H20 molecules. These suggested
that the redox reactions to generate several active species, e.g. 02*, OH’, and OH2’,
can occur more easily, resulting in an observed enhancement of the photocatalytic
activity. In the case of various Pt loadings at the calcination temperature of 700°c,
the reaction rate constant slightly increased with increasing Pt loading up to 0.7 wt.%,
and then it adversely decreased with further increasing Pt loading, whereas at the
calcination temperatures of 750 and 800°c, the reaction rate constant also showed
the same trend as that at calcination temperature of 700°c, but the highest reaction
rate constant was found at the Pt loading of 1.0 wt.%. Since the highest reaction rate
constant of 2.38 h1 was observed for the 10 wt% Pt-loaded SrTio.eZr0.103
photocatalyst calcined at 800°c, the optimum Pt loading for the present investigated
system was considered in overall to be 1.0 wt.%. For an excessive Pt loading (higher
than 1.0 wt.%), the observed decrease in the photocatalytic activity can be explained
in that too much Pt addition resulted in a higher probability of the Pt nanoparticles to
undesirably behave as recombination centers, and this consequently led to a marked
increase in the recombination frequency hetween the photogenerated electrons and
holes because the average distance hetween trapping sites decreases by increasing the
number of Pt nanoparticles confined within a photocatalyst particle (Sreethawong et
al, 2006). As clearly seen in Figure 4.16(a), when increasing calcination temperature
from 700 to 750 and 800°c, the photocatalytic activity at each corresponding
optimum Pt loading (0.7 wt% for 700°c and 1.0 wt% for 750 and 800°C)
significantly increased probably because a larger content of metallic Pt (Pt°) and a
higher Pt dispersion were attained at a higher calcination temperature, as explained
above in the TPR and Ha chemisorption results. Therefore, the photocatalyst with an
optimum Pt loading of 1.0 wt.% was selected to study the effect of calcination
temperature, especially higher than 800°c. The photocatalyst activity results shown
in Figure 4.16(h) indicated that the calcination temperature of 850°c provided the
highest reaction rate constant at about 3 h'L Although the Pt dispersion of the 1.0
wt.% Pt-loaded sample calcined at 850°c was less than that at 800°c (Table 4.9), the
observed higher photocatalytic activity at 850°c may be because of higher
interaction between the loaded Pt and SrTio.sZro.103 support at this calcination
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temperature, possibly resulted from the complete removal of the thermally
decomposed species from the photocatalyst surface, as mentioned in the TPR results.
Conclusively, it has to be emphasized that under the optimum Pt
loading of 10 wt% at the suitable calcination temperature of 850°c, the
photocatalytic degradation rate constant of the mesoporous-assembled SrTiovZro.iCh
photocatalyst was significantly enhanced from 1.05 (without Pt loading) to 3.00 h'L
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Figure 4.16 AB degradation performance in terms of reaction rate constant: (a) the
effect of Pt loading for the synthesized Pt-loaded mesoporous-assembled
SrTio.eZr0.103 photocatalysts calcined at various temperatures and (b) the effect of
calcination temperature for the 1.0 wt% Pt-loaded SrTio.aZro103 photocatalysts
(Photocatalyst, 0.5 ¢; total volume, 100 ml; initial AB concentration 15 mg/l,;
irradiation time, 4 h).
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