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ABSTRACT: Nanoporous SrTiO; photocatalysts were fab-
ricated via a novel technique, the nanotemplate assisted sol—
gel hydrothermal reaction. In the alkaline-environment
hydrothermal reaction, the SiO, nanotemplate not only served
as pore generator but also worked on adjusting the local
reaction environment around the SrTiO; nanocrystals. This
contributed to a continuous modulation between the surface
area and the crystallinity of the photocatalyst. The photo-
catalytic activities of the nanoporous SrTiO; samples were
evaluated by the degradation of gaseous isopropyl alcohol
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(IPA). Due to an optimal equilibrium between surface area and crystallinity, a SrTiO; sample synthesized via adding 40%
template (STO-Si0,-40%) showed the highest activity, which achieves 40 and 8 times of enhancement of CO, evolution in
comparison with the sample prepared without template and a commercial nano-SrTiO;, respectively. The photodegradation
mechanism of IPA over this sample was also investigated in detail. This synthetic technique is also available to prepare the other
nanoporous titanates, such as doped SrTiO; samples and alkali-metal titanates.
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B INTRODUCTION

Semiconductor photocatalysis driven contaminant elimination,
hydrogen production, and CO, reduction is a potential and
promising technology for humans’ sustainable development
based on solar energy.l_6 Besides traditional TiO,, ZnO, and
their modified materials,” "' most of the newly developed
photocatalysts are multimetal oxides, such as Ag-based, Bi-
based, Ti-based, and Ta-based materials,">™*® because the
multimetal components offer a wider choice for further
modifications on the basis of energy-band and surface-
chemistry engineerings to enhance the photocatalytic efficiency.
It is well-known that the surface area of a catalyst greatly affects
its catalytic efficiency.'® Thus, fabricating porous-structured
multimetal oxides with high surface areas has drawn extensive
attention.”*~>*

However, the surface areas of multimetal-oxide photo-
catalysts synthesized by present techniques are mostly limited
at around 100 mz/g.20,22—24 Furthermore, most of the
successful examples are based on the evaporation-induced
self-assembly (EISA) method, which usually needs a further
sintering at 350—550 °C for several hours to remove organic
compositions.”*">* Recently, we have developed a low-
temperature ion-exchange route to prepare porous Ga- and
Ge-based photocatalysts, but nevertheless, the NaGaO, and
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Na,GeOj; precursors were obtained by a solid-state reaction at
850—900 °C.**** Thereby, a low-temperature synthetic
technique to fabricate porous multimetal-oxide photocatalysts
is still a big challenge. Besides the surface area, the crystallinity
is another important factor for photocatalyst, because the poor
crystallinity terribly increases the recombination of electrons
and holes and thus suppresses the photocatalytic efficiency;*>*°
however, most of the newly exploited synthetic methods have
ignored this issue.

The titanates, such as SrTiO;, alkali-metal tita-
nates,’*™* and their doped materials,”***** are a class of
photocatalysts that are well-known for their high efficiency,
durable stability, and low cost. The facile hydrothermal reaction
has been widely adopted to prepare these titanates,”**>® and
the alkaline concentration of reaction environment plays a
significant role on the crystallinity of product.’”** The hard-
template assisted synthesis is also a conventional approach to
fabricate porous material and the template removal requires a
post-treatment of alkaline-solution cleaning or calcination.>”*°
If the hard template is introduced into the alkaline-environment
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hydrothermal reaction to produce the above-mention titanates,
the hard template could be corroded in the alkaline
environment and then the porous structure will be generated;
meanwhile, the alkaline concentration in synthesis will be
changed because of the retroaction of hard-template removal,
which will affect the crystallinity. This strategy will achieve a
bifunctional application of the template in synthesis. Herein, we
designed the conversion of SiO, nanotemplate to Na,SiO; into
the hydrothermal reaction for synthesizing SrTiO; photo-
catalyst (detailed synthesis and characterizations are introduced
in the Experimental Methods and Supporting Information, SI-
1). At a synthesis temperature as low as 150 °C, the surface
areas of the SrTiO; samples could be enlarged from 17 to 432
m?/g and, meanwhile, the crystallinity could be significantly
reduced; this continuous modulation between surface area and
crystallinity contributes to a significant enhancement of
photocatalytic activity of isopropyl alcohol (IPA) degradation
over SrTiO;. Furthermore, the universality of this synthetic
method was verified via preparing the other nanoporous
titanates, such as doped SrTiO; samples and alkali-metal
titanates (as reported in Tables S1, SI-8, and SI-9 in the
Supporting Information).

B RESULTS AND DISCUSSION

The adopted SiO, nanotemplate is a commercially available and
very cheap chemical (No.192-09071, Wako, Japan; details of
this material are shown in the Supporting Information, SI-2). It
is an amorphous phase and consists of irregular fine particles
with an average size of 10—20 nm (Supporting Information,
Figure S2a,b). It possesses good dispersion and a large surface
area of 389 m*/g (Supporting Information, Figure S2b,c,d).
Under the SiO, nanotemplate assistant, the nanoporous
structure is facile to be generated in the SrTiO; photocatalyst.
Taking the STO-Si0,-40% as an example, as exhibited in
Figure 1a, the typical Type-IV isotherm and its hysteresis loop
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Figure 1. Microstructure characterizations of STO-5i0,-40% sample.
(a) Nitrogen adsorption—desorption isotherms and pore distribution
analyzed by DFT (density functional theory) simulation (inset);
HPW, half pore width. (b,c) TEM and HRTEM (c, inset) images.

indicates that the sample contains a porous structure. The half
pore width (HPW) of major pores is smaller than S nm and a
small amount of micropore is also observed (HPW < 1 nm).
From transmission electron microscopy (TEM) images (Figure
1b,c), the average size of particles is estimated to be around 200
nm and the porous structure can be clearly observed. The high-
resolution transmission electron microscopy (HRTEM) image
of a typical particle edge (Figure lc, inset) presents two-
dimension crystal lattice stripes with lattice spacing of 2.758 A
and a 60° interfacial angle, which corresponds to (101) and
(110) crystal planes of SrTiO;. The above-mentioned results
indicate the sample is crystallized SrTiO; with a nanoporous
structure.

The template-amount-dependent morphology, pore-feature,
and chemical composition variations were further systematically
studied. According to observation from TEM images (Figure
2), the particle sizes of as-prepared SrTiO; samples obviously

STO-Si0,-50% STO-Si0,-30% STO-Si0,-10% STO-Si0,-0%

STO-Si0,-70%

Figure 2. TEM and HRTEM images of STO-SiO,-0%, STO-SiO,-
10%, STO-Si0,-30%, STO-Si0,-50%, and STO-Si0,-70% samples.
(a—e) TEM images; (f—j) TEM images to show pore structures; (k—
n) HRTEM images.

decrease when the nanotemplate amount exceeds 50% (Figure
2a—e). The shapes of particles change from cube-like to
spherical and then to sphere-like figures when the nano-
template amount increases from 0% to 30%, but it is difficult to
keep the sphere-like shape as the nanotemplate amount exceeds
50% because of the loose structure (Figure 2f—j). When the
nanotemplate amount increases to 70%, poor crystallinity
results in that the crystal lattice stripe is difficult to be observed.
The pore distributions analyzed via DFT (density functional
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theory) and HK (Horvath—Kawazoe) simulations reveal the
change of pore features (Figure 3). Both the micropore and
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Figure 3. (a) Pore distribution and cumulative pore volume analyzed
by DFT (density functional theory) simulation. (b) Micropore
distribution analyzed by HK (Horvath—Kawazoe) simulation; HPW,
half pore width; CPV, cumulative pore volume. STO-SiO,-90%, red
curves; STO-Si0,-70%, dark green curves; STO-SiO,-50%, blue
curves; STO-SiO,-30%, magenta curves; STO-SiO,-10%, dark gray
curves.

mesopore volumes increase with adding more nanotemplate.
We calculated the pore distribution percentages for as-prepared
SrTiO; samples, which indicate that the relatively uniform pore
distribution (the percentage of 1 nm < HPW < 10 nm exceeds
70%) is easy to be attained when the used nanotemplate
amount is between 30% and 80% (Supporting Information, SI-
3, Table S2). The chemical compositions of nanoporous
SrTiO; samples were measured via inductively coupled plasma
optical emission spectroscopy (ICP-OES). The ratios of Sr to
Ti closely equal to 1.0 to 1.0 with a 0.7% maximum deviation;
the Si impurity gradually increases with adding more nano-
template (Supporting Information, SI-3, Table S3).
Interestingly, the amount of SiO, nanotemplate not only
influences the surface area but also affects the crystallinity of as-
prepared samples, although the synthetic conditions (hydro-
thermal temperature and alkaline concentration) were kept the
same. As presented in Figure 4, the X-ray diffraction (XRD)
patterns of the SrTiO; samples indicate that they crystallize in a
typical perovskite structure of the cubic symmetry; with
increasing the SiO, template amount, the crystallinities of
samples decrease. We introduce the full width at half-maximum
(FWHM) of the XRD pattern as a semiquantitative index of the
crystallinity; a small value of FWHM implies a high crystallinity
of sample. The strongest peak corresponding to (110) crystal

110
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Figure 4. Template-amount-dependent variations of XRD patterns of
as-prepared SrTiO; samples; dash lines are the baselines of each
samples, where absolute intensities = 0.

plane was used to calculate the FWHM (see the detailed
calculation method in the Supporting Information, SI-4). As the
nanotemplate amount increases, the values of FWHM gradually
increase from 0.18 to 1.84° (Table 1), indicating a significant
reduction of the crystallinity.

How does the SiO, nanotemplate affect the crystallinity of
SrTiO; sample in synthesis? A contrast study of the reaction-
time-dependent crystallinity variation between the STO-SiO,-
0% and STO-Si0,-90% samples was carried out (Supporting
Information, SI-S, Figure S4 and Table S4). Furthermore, the
reaction-time-dependent conversion of SiO, to Na,SiO; in the
synthesis of STO-Si0,-90% sample was studied via ICP-OES
measurement (Supporting Information, SI-S, Table SS). It was
found that the slow release of Na,SiO; derived from SiO,
influenced the local reaction environment and subsequently
controlled the crystal growing condition, which finally affected
the crystallinity.

Based on the above analysis, the formation mechanism of
SrTiO; with controllable surface area and crystallinity via
bifunctional-nanotemplate assisted sol—gel hydrothermal tech-
nique is proposed, as depicted in Scheme 1. The SiO,/SrTiO;
precursor goes through a state of suspension (Scheme 1a) to a
form of gel under drying treatment (Scheme 1b). During
alkaline-environment hydrothermal reaction, the SiO, nano-
templates inserted in the surface and inner of SrTiO; particle
are corroded and dissolved by NaOH solution to generate
porous structure, SiO, + NaOH — Na,SiO; + H,0 (Scheme
1c(i)); however, the desorption and dispersion of Na,SiO;
products undergo a very slow process, lending to an interlayer
(includes SiO,, Na,SiO;, and NaOH) leaving between the
surface of SrTiO; crystal and the NaOH aqueous solution
(Scheme 1c(ii)). This interlayer possesses relatively lower
alkaline concentration than the outer NaOH solution, which
can control the crystallization moderately. Therefore, the
amount of SiO, nanotemplate determines the generated pore
volume and meanwhile the interlayer composition, namely local
reaction environment, which modulates both the surface area
and the crystallinity of as-prepared sample.

Next, the IPA photodegradation was adopted to verify the
validity of continuous adjustment between the crystallinity and
the surface area over the SrTiO; photocatalyst. The IPA
photodegradation is a classical model reaction. The photo-
oxidization of IPA to acetone is a one-electron process; after
that, the acetone could be further oxidized into CO, through a
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Table 1. Crystallinities, Surface Areas, and Photocatalytic Activities of SrTiO; Samples

STO-Si0,-x% 0% 10% 30%
surface area, m* g~ 17.1 30.3 159.3
crystallinity, FWHM, deg 0.18 023 0.72
R(acetone) in IPA P.D.? 1.9 53 65.9
R(CO,) in IPA P.D.? 013 035 4.90

40% 50% 70% 90% C-Nano-STO
195.9 212.0 325.6 431.6 20.1
1.07 1.53 1.68 1.84 0.18
72.5 48.7 18.5 5.3 15.1
5.39 3.58 195 0.32 0.57

“Acetone evolution rate in IPA photodegradation, ygmol h™". bCO, evolution rate in IPA photodegradation, ymol h™".

Scheme 1. Formation Mechanism of Porous SrTiO; with Bifunctional SiO, Nanotemplate®

a) Si0,/SrTiO; precursor
suspension

(i) Si0, + NaOH — Na,Si0; + H,0 ey,
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c) Pore formation and crystallization of SrTiO;
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23
- ’é}ﬁ&*

©

o
~ I3e i, LS
X | : PN
et S
® \r ' ' 5 X r’%,/
SE/ K ' B8 & €
. - i -]
8 B S
B4 ; | g . Si
A g E o, 3 SIOZ‘
e )T Na,SiO,+NaOH
(ii) Slow dispersion of Na,SiO; L. Interlayer structure SITiO,

“(a) Preparing SiO,/SrTiO; precursor suspension; (b) generating gel of SiO,/SrTiO; precursor; (c) pore formation and crystallization of SrTiOs;

(d) final product of porous SrTiOs.

multielectron oxidization process. The variation tendencies of
acetone and CO, evolution rates (during first 60 min) over as-
prepared SrTiO; samples keep the same, as presented in Figure
Sa. When the template amount is lower than 40%, the increase
of surface areas dominates the enhancement of photoactivity; as
the template amount is higher than 40%, the decrease of
crystallinities suppresses the photoactivity. Because of opti-
mization between surface area and crystallinity, the STO-SiO,-
40% attains the highest photocatalytic activity among these
SrTiO; samples (Figure Sa and Table 1). The acetone/CO,
evolution rate over this sample achieves 37/40 and 13/16 times
of enhancement in comparison with the STO-Si0,-0% and
STO-Si0,-90%, respectively. As aforementioned about the
chemical compositions of the nanoporous SrTiO; samples, the
Si impurity gradually increases with adding more nanotemplate
(Supporting Information, SI-3, Table S3). The SiO, template
residual could enrich reactant around the surface of photo-
catalyst, which will probably enhance the photoactivity.
However, the change tendency of photocatalytic efficiency
over the SrTiO; samples did not follow a continuous
enhancement with the template residual increasing. Therefore,
the overall effect of surface area and crystallinity but not the
influence of SiO, template residual is the main reason to result
in the present variation tendency of photoactivity. Additionally,
the photocatalytic activity of the STO-SiO,-40% was compared
with a commercial Nano-SrTiO; (C-Nano-STO, detailed
characterizations of this material are listed in the Supporting
Information, SI-6). The former achieves a 3.8 and 8.4 times
enhancement for acetone and CO, evolution rates, respectively
(as shown in Figure Sb). Therefore, it can be seen that this
strategy of continuous optimization between the surface area
and the crystallinity over photocatalyst is highly effectual.

A long-term experiment over STO-Si0,-40% was carried out
to study the IPA photodegradation process (as shown in Figure
6). At the initial stage (irradiation time = 0—20 min), most of
the IPA molecules were photo-oxidized into acetone
accompanied with partially completed degradation to CO,.
After all the IPA was photo-oxidized into acetone (irradiation
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Figure S. (a) Acetone (M) and CO, (O) evolution rates of IPA
photodegradation over the SrTiO; samples with different amounts of
SiO, as template. (b) Acetone and CO, evolution amounts of IPA
photodegradation over STO-SiO,-40% and commercial available
nano-SrTiO; samples under UV—visible light irradiation as a function
of irradiation time. Catalyst, 100 mg; light source, full-arc Xe lamp (4 >
300 nm, light intensity = 66.9 mW/cm?).
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Figure 6. Long-term experiment of IPA photodegradation over STO-
Si0,-40%. Catalyst, SO mg; light source, full-arc Xe lamp (4 > 300 nm,
light intensity = 66.9 mW/cm?).

time = around 30 min), the acetone degradation began to
dominate in the photocatalytic reaction; it could be found the
gradual acetone elimination and the continuous CO, evolution.
This period lasted for long time until the acetone in the gas
phase completely disappeared (irradiation time = around 180
min). To explore the stability of photoactivity, the cycle
experiment with an irradiation period of 180 min was
performed (see the Supporting Information, SI-7). For all
three cycles, the IPA was totally degraded in 30 min and the
acetone was completely removed in 180 min. Because of a little
difference of initial IPA concentration, the evolution amounts
of CO, in the three cycles showed slight disparity. These results
indicate that the photoactivity of the as-prepared nanoporous
SrTiO; is relatively stable.

The reactive species in the photodegradation process is one
of the most concerning issues for researchers. However, most of
the previous studies on the reactive species were focused on the
photodegradation in the aqueous-solution phase;*'™** few
works have reported the results about the reactive species in the
gas-phase photodegradation. Herein, we studied the active
species of SrTiO; for the gaseous IPA photodegradation via a
method of introducing scavengers. The -OH, h*, and -O, are
the main reactive species in the IPA photodegradation.%’46 The
t-butyl alcohol (tBA), ammonium oxalate (AO), and p-
benzoquinone (pBQ) were adopted and served as the
scavengers for -OH, h', and -O,”, respectively. The AO and
pBQ_ were coated on the surface of sample with a mass
percentage of 5% and the tBA were mixed into IPA gas with a
volume percentage of 5%. To avoid the mineralization of the
scavengers to release CO, that interfered in the measurements
for IPA photodegradation, the light intensity of the studies on
reactive species was decreased. As exhibited in Figure 7a, after
introducing tBA, AO, and pBQ, the photoactivity for oxidizing
IPA to acetone reduced by about 46%, 41%, and 87%,
respectively, indicating that all of the active species, -OH, h,
and -O,”, participated in the initial oxidization of IPA (IPA to
acetone) but the -O,” dominated this reaction. On the other
hand, as presented in Figure 7b, the introduced AO and tBA
could obviously reduce the photoactivity of completed
mineralization of IPA (IPA to CO,) while the influence of
pBQ was negligible, which implies that the completed
photodegradation of IPA was induced by h* and its derivate
active species -OH.
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Figure 7. IPA photodegradations over STO-SiO,-40% with different
reactive-species scavengers. (a) Acetone evolution amounts; (b) CO,
evolution amounts. Catalyst, SO mg; light source, full-arc Xe lamp (4 >
300 nm, light intensity = 7.4 mW/cm?).

More importantly, this nanotemplate assisted sol—gel
hydrothermal technique is proved to be a relatively universal
approach. The synthetic technique introduced herein is
available to fabricate the nanoporous doped SrTiO; materials,
such as Cr doped SrTiO; and La, Cr codoped SrTiO;
(Supporting Information, SI-1, SI-8). It also succeeds in
synthesizing the porous alkali-metal titanates, such as
Li,TiO;, Na,Ti;O; and K,Ti,O, (Supporting Information,
SI-1, SI-9). Furthermore, it is also expected to be applicable for
a series of alkali-metal and alkali-earth-metal niobates,
tantalates, and their modified forms as doping and solid
solution, which are worthy to be further attempted.

B CONCLUSIONS

In conclusion, a relatively universal route to fabricate
nanoporous titanates, the nanotemplate assisted sol—gel
hydrothermal technique, is developed in this study. The
nanotemplate plays bifunctional roles in generating pores and
controlling the local reaction environment. Thus, as exemplified
by the SrTiO; the present synthetic process continuously
optimizes the balance between the surface area and the
crystallinity of this material, which helps to attain a great
enhancement of its photocatalytic efficiency for eliminating
gaseous IPA. This study reveals that the advanced synthetic
technique which involves the nanotemplate and the interface
chemistry supplies maturing skill for optimizing photocatalyst,
which therefore remarkably improves photocatalytic perform-
ance.
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B EXPERIMENTAL METHODS

Sample Synthesis. In a typical procedure, about S mmol titanium
tetra-n-butoxide and S mmol strontium acetate hemihydrate served as
precursors and were dissolved in ethanol and glacial acetic acid,
respectively. Then, these two solutions were mixed with each other
slowly. After that, a certain amount of SiO, nanotemplate was added
into the mixed solution, and then the solution was ultrasonically
treated for 1 h to make SiO, nanotemplate disperse uniformly.
Followed with a sol—gel hydrothermal procedure as shown in the
flowchart (Supporting Information, SI-1, Figure S1), the porous
StTiO; could be generated. The products usually contained some
SrCO; impurity. It could be removed by dispersing the sample into an
extremely dilute acetic acid solution and stirring for 5 h; in the whole
process, the pH value was kept at 4—6 by dripping into acetic acid.
After that, the sample was cleaned by ultrapure water and centrifugally
separated until the solution pH value became 7. After the material was
dried at 70 °C overnight, the final product was obtained. The samples
were entitled as STO-SiO,-x%, in which x% indicates the mass
percentage of the SiO, nanotemplate to the theoretical yield of STO
product. This synthetic technique is also available for the doped
SrTiO; and other alkali-metal titanates. The details of synthesis are
introduced in the Supporting Information, SI-1, Table S1.

Characterization. Crystal structures of the samples were
determined using powder X-ray diffraction (X'Pert Pro; PANalytical
Corp.) with Cu Ka, radiation. Chemical compositions of the samples
were analyzed by inductively coupling plasma-optical emissive
spectrum (IRIS Advantage; Nippon Jarrell-Ash Co., Japan). The
Brunauer—Emmett—Teller (BET) surface areas and pore features were
measured via nitrogen physisorption (Autosorb-iQ,-MP; Quantach-
rome Corp., U.S.A.). Morphology observation was performed using a
field-emission transmission electron microscope (JEM 2100F; JEOL
Corp., Japan; operated at 200 kV). The diffuse reflectance spectra of
the samples were recorded on a UV—visible spectrophotometer (UV-
2600; Shimadzu Corp., Japan) with barium sulfate as the reference.
Then the absorption spectra were obtained from the reflectance
spectra by means of Kubelka—Munk transformations.

Photocatalytic Evaluation. (7). Isopropyl Alcohol Photo-
degradation. A 300 W Xe arc lamp (21 A output current, focused
through a 45 X 45 mm shutter window) was employed as the light
source for the photocatalytic reaction. A water filter was set between
the lamp and the reactor to remove the infrared ray irradiation. The
reactor volume was 500 mL; it was equipped with a Pyrex-glass lid as a
window. Under such conditions, the wavelength range and intensity of
incident light were 4 > 300 nm and 66.9 mW/ cm?, respectively. The
light intensities in the photocatalytic reaction were measured using a
spectroradiometer (USR-40; Ushio Inc., Japan). The light intensity
data were collected from 200 to 800 nm. The 100 mg of sample was
spread uniformly in an 8.5 cm? plate that was placed in the bottom of
the reactor. Then the reactor was pretreated by artificial air
[V(N,):V(O,) = 4:1] for S min to remove adsorbed gaseous
impurities. The isopropyl alcohol (IPA) was injected into the reactor
to reach saturated adsorption over the samples and, meanwhile,
produced a surplus amount of 90—100 gmol in the gas phase. Before
irradiation, the reactor was kept in the dark overnight (at least 8 h)
until ensuring an adsorption—desorption equilibrium of gaseous
reactants on the sample. The concentrations of IPA, acetone, and
CO, were detected on a gas chromatograph (GC-2014; Shimadzu
Corp., Japan) with a flame ionization detector (Details: Porapak Q and
TSG-1 columns; temperatures—injector, 120 °C; column, 60 °C;
detector, 200 °C).

(2). Photodegradation Mechanism Study. To study the reactive
species in the IPA photodegradation, the t-butyl alcohol (tBA),
ammonium oxalate (AO), and p-benzoquinone (pBQ) served as the
scavengers for -OH, h*, and -O,7, respectively. For loading the AO and
pBQ scavengers on the sample surface, 100 mg of nanoporous SrTiO;
sample was dispersed in 30 mL of ultrapure water in a beaker, and then
S wt % of scavenger was added. After that, the suspension solution was
mixed by 10 min of ultrasonic treatment. Finally, the sample was dried
in an oven at 80 °C overnight and then was ready for further

22731

photodegradation mechanism study. For introducing the tBA
scavenger, the liquid tBA and IPA (molar ratio = 5:95) were mixed
well; then, the artificial air was pumped into the mixed organic liquid
to bring out the mixed tBA and IPA vapor which was collected into a
closed gas bag. In the test of studying the influence of the tBA
scavenger, the mixed tBA and IPA gas was injected into the reactor.
The evaluation conditions for the photodegradation mechanism study
were similar to the above-mentioned common measurement, except
that the light intensity was decreased to be 7.4 mW/cm?* (Xe lamp, 7 A
output current, 4 > 300 nm) and the used catalyst was reduced to SO
mg.
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