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Crystalline anatase TiO2 with nanosponge-like mesoporous morphologies was solvothermally synthesized following the recently reported route using random copolymer (4-vinylphenol and methyl
methacrylate) as structure-directing agent. In particular, the synthesis conditions were varied over a
wide range of synthesis gel compositions. Crystallinity of the titania products was checked with X-ray
powder diffraction. Mesopore diameters, pore volume and speciﬁc surface area were analyzed using
nitrogen adsorption. The result provided proper synthesis domains for highly mesoporous titania materials. The mesoporous materials were evaluated as supports for catalytic Pt nanoparticles to apply for
alcohol-to-aldehyde partial oxidation reactions.
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1. Introduction
Crystalline mesoporous titania (TiO2) has attracted considerable
attention because of its high-potential applications in sensors [1,2],
dye-sensitized solar cells [3,4], lithium-ion battery technologies
[5,6], and photocatalysis [7e9]. Mesoporous TiO2 has also been
widely used as a support for noble metal nanoparticles owing to its
strong metal-support interaction [10]. This allows a high metal
dispersion, and therefore also a high density of catalytic sites.
Various noble metals supported on TiO2 materials are widely used
as catalysts in a number of partial oxidation reactions, such as the
transformation of alcohol to aldehyde [11,12]. The versatile applicability of mesoporous titania is attributed to its high surface area,
large pore volume, and uniform mesopores, which promote a facile
diffusion of reactants and products as well as an increase of active
accessible sites through the mesopores [13]. In recent years, many
researchers have synthesized nanocrystalline anatase TiO2 in the
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form of nanosheets [14,15], nanotubes [16], nanosponges [17], and
nanoparticles [18,19] using various processes such as solegel
method [20,21], solvothermal synthesis [22e24], and sonochemical
treatment [25,26].
Conventionally, nanocrystalline mesoporous titania has been
synthesized by using amphiphilic organic compounds such as
surfactants and block copolymers as structure-directing agents
(SDAs) [19,27e30]. In the surfactant-directed synthesis, a large
number of surfactant molecules are assembled into micelles,
forming a mesostructure. The hydrophilic head group in the surfactants is chosen to bind the inorganic source, similarly to the case
of the mesoporous silica synthesis (e.g., MCM-41 and SBA-15)
[31,32]. The binding afﬁnity is often van der Waals interactions,
hydrogen bonding, coordination bonding, or covalent bonding.
Compared to the mesoporous silica synthesis, however, the surfactanteTi interaction is often unstable. The interaction is easily
lost due to rapid hydrolysis of the titania precursor during the
mesostructure formation, leading to the agglomeration of TiO2 into
large particles (i.e., >20 nm diameter) [28,33]. Further particle
sintering can also occur during a high-temperature treatment
(>350  C) to remove the organic SDA after synthesis, or to convert
the amorphous TiO2 framework to crystalline anatase [33]. The
excessive framework sintering is prone to lead to a loss of mesopore
volume.
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To overcome the sintering problem, mesoporous crystalline
titania is synthesized by the nanocasting method using mesoporous silica as a hard template [34]. The nanocasting method requires inﬁltration of the template mesopores with a suitable TiO2
precursor. However, even in the case of full inﬁltration of the entire
volume, the titania yield is quite low as the conversion of the titania
precursor to crystalline TiO2 occurs with a large volume contraction. Thus, it is desirable to develop more advanced strategies to
obtain nanocrystalline titania having large surface area.
Recently, Jo et al. reported on the synthesis of mesoporous
inorganic materials of various compositions and framework
structures, such as aluminosilicate zeolites, aluminophosphates,
titania, zirconia, and tin oxide, using linear copolymers of
randomly distributed functional groups as SDAs [35]. The mesoporous materials typically had morphologies similar to a nanosponge possessing uniform mesopores. The formation of the
nanosponge was explained with a random-graft polymer-directed
crystallization mechanism, in which the polymers were equipped
with functional groups that could strongly bind to an inorganic
precursor. Details of the nanosponge synthesis process indicated
that the polymers were gelated through binding with inorganic
species, prior to the formation of the crystalline nanosponge.
Based on this observation, Jo et al. explained the formation of
nanosponges by tight binding of the polymer functional groups to
the inorganic species. The binding was thought to be maintained
during the course of the inorganic crystallization, so that the
neighboring polymer backbones could restrict the crystal growth
to a thickness of only a few nanometers. This phenomenon was
regarded as a TiO2-polymer phase separation in nanoscale. In the
work of Jo et al., the synthesis of titania nanosponge was brieﬂy
presented as an example of inorganic nanosponge synthesis. The
synthesis principle for TiO2 was well established, but nevertheless, there still remained a signiﬁcant amount of investigation to
do regarding the synthesis phase domain to obtain highly mesoporous and crystalline TiO2.
In this study, therefore, we tried to improve the synthesis
method for the anatase nanosponges using random copolymers of
4-vinylphenol and methyl methacrylatedi.e., poly(4-vinylphenolco-methyl meth-acrylate), ‘PVP-co-PMMA’ for brevitydas the SDA.
The synthesis conditions were systematically investigated by
varying the molar ratios of H2O/Ti and Ti/PVP-co-PMMA in the gel
composition. The resultant products were characterized by using
powder X-ray diffraction (XRD), transmission electron microscopy
(TEM), N2 adsorption, diffuse reﬂectance Fourier transform infrared
spectroscopy (DR-FTIR), X-ray photoelectron spectroscopy (XPS),
UVevis diffuse reﬂectance spectroscopy (UV-DRS), and Raman
spectroscopy. From the result, we obtained every possible synthesis
composition that could potentially generate the anatase nanosponges. In particular, the present synthesis condition was acidic as
compared to the previous work. This could promote crystallization
of TiO2 frameworks as synthesized, rapidly at low temperature.
Furthermore, we investigated the pore textural properties and
thermal stability of the resultant TiO2 nanosponges, in relation to
its applicability as a support for Pt nanoparticles with high
dispersion.
2. Experimental
2.1. Materials
Titanium(IV) chloride (TiCl4, 99,9% trace metals basis) and PVPco-PMMA were purchased from SigmaeAldrich Co. Dimethylformamide (DMF) was purchased from Junsei Chemical Co. Ltd.
The distilled water was used in the course of the preparation of the
synthetic gel for titania materials.

2.2. Synthesis of TiO2 nanosponges
The TiO2 nanosponge was synthesized based on a previously
reported method [35]. First, poly(4-vinylphenol-co-methyl methacrylate) (PVP-co-PMMA, 0.236 g, 1 mol) was dissolved in dimethylformamide (DMF, 20 mL) with magnetic stirring. Titanium(IV)
chloride (0.22 mL, 2 mol) was then added dropwise to the solution,
followed by reﬂux for 18 h. After cooling to room temperature,
distilled water (0.73 mL, 40 mol) was added to the solution dropwise with continuous stirring. The resulting red-brown transparent
solution was placed in an oil bath at 130  C for 6 h. The gel
composition was 1TiCl4/xH2O/yPVP-co-PMMA in molar ratio,
where x and y were varied over the ranges 1.5  x  60 and
0.1  y  1.65, respectively. The precipitated product was ﬁltered,
washed with ethanol thoroughly, and dried in a convection oven at
60  C. A calcination treatment was done in O2 or ozone ﬂow at the
desired temperature for 3 h, unless otherwise mentioned. The
ozone was generated by an ozone generator (LAB-II, Ozonetech,
Korea) where the ozone concentration and ﬂow rate were set to
30% and 200 mL/min, respectively. After the treatment, the reactor
was thoroughly purged out with pure oxygen gas, and the resulting
product was collected.
2.3. Platinum loading on TiO2
Samples of Pt supported on either TiO2 nanosponge or commercial TiO2 (Aeroxide® P25, SigmaeAldrich) were prepared by an
incipient-wetness impregnation method using an aqueous solution
of chloroplatinic acid hexahydrate (H2PtCl6$6H2O, SigmaeAldrich).
In a typical synthesis, 1 g of calcined TiO2 material was impregnated
with the aqueous solution containing 27 mg of H2PtCl6$6H2O by
rubbing the mixture with a Teﬂon-coated spatula. After drying
these Pt-impregnated TiO2 samples at 100  C, they were then
heated in Pyrex tubing with a fritted disk at 300  C (ramping rate:
1.3  C min1) for 2 h under a 50 mL min1 ﬂow of air. The resulting
activated samples were then reduced under a 40 mL min1 H2 ﬂow
with linear heating to 300  C for 4 h and holding for 2 h. Finally, the
samples were purged with He (40 mL min1) at 300  C for 1 h to
remove any chemisorbed H2.
2.4. Characterization
High-resolution synchrotron X-ray powder diffraction patterns
were collected over a 2q range of 0.4 e5 at 9B beamline at PLS-II.
The incident X-rays were vertically collimated by a mirror, and
monochromatized to the wavelength of 1.5463(1) Å using a doublecrystal Si(111) monochromator. The detector arm of the vertical
scan diffractometer is composed of Soller slits, a ﬂat Ge(111) crystal
analyzer, anti-scatter bafﬂe, and scintillation detector. XRD patterns
were obtained at KAIST with a Rigaku Multiﬂex diffractometer
using Cu Ka radiation (l ¼ 0.1541 nm) at 30 kV, 40 mA (1.2 kW). The
crystallite sizes were calculated with the Scherrer equation: d ¼ Kl/
bcosq, where d is the average crystallite size, K is the shape factor,
usually equal to 0.89, l is the wavelength of the X-ray radiation
(0.1541 nm), b is the full width at half-maximum (FWHM) intensity,
and q is the diffraction angle of the (101) peak for anatase
(2q ¼ 25.3 ). High-resolution TEM (HR-TEM), selected area electron
diffraction (SAED), and elemental mapping images were taken with
a FEI Tecnai G2 F30 microscope at an acceleration voltage of 300 kV.
Scanning transmission electron microscopy (STEM) images were
obtained using a Tiatan cubed G2 60-300 instrument operated at
300 kV and equipped with a spherical aberration corrector. For TEM
and STEM imaging, the powder samples were suspended in acetone
by sonication and the solution was dropped on a holey carbon grid.
The N2 adsorptionedesorption isotherms were measured
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was 10 mW, and the laser excitation was 514 nm. Scans were taken
on an extended range (200e2000 cm1).
2.5. Catalytic reaction measurement
To measure the catalytic reaction of benzyl alcohol oxidation, a
mixture of benzyl alcohol (0.05 mL) and toluene (8 mL) was fed
under air bubbling conditions (ﬂow rate: 20 mL min1) into a twonecked round-bottom ﬂask equipped with a reﬂux condenser. Next,
0.2 g of 1 wt% Pt/TiO2 sample was mixed with 6.9 mg of K2CO3 and
added to the ﬂask, which was then heated to 70  C for 10 h while
stirring continuously. After cooling to room temperature, a 0.2 mL
aliquot was collected from the reaction mixture and ﬁltered
through a syringe-ﬁlter to remove the solid catalyst. This liquid
sample was then analyzed by a gas chromatograph (GC, Younglin
Acme-6000) equipped with a ﬂame-ionization detector (FID) and
DB-5 capillary column (30 m  0.32 mm  1.5 mm, J&W).
3. Results and discussion
3.1. Formation of crystalline titania nanosponges

Fig. 1. (A) Small-angle and (B) wide-angle XRD patterns, and (C) low- and (D) highmagniﬁcation TEM images of the as-synthesized TiO2 nanosponge. The corresponding SAED pattern is shown in the inset of (C). The TiO2 nanosponge was synthesized in
the gel composition of 1TiCl4:20H2O:0.5PVP-co-PMMA.

at 196  C with a Micromeritics Tristar II volumetric adsorption
analyzer. For adsorption measurements, as-synthesized and
calcined samples were degassed in vacuum at 200  C and 300  C,
respectively, for 4 h. The surface area was calculated from the
adsorption branch in the P/P0 range between 0.05 and 0.20 using
the BrunauereEmmetteTeller (BET) equation. Approximate pore
size distributions were calculated from the entire adsorption
branch according to the BarretteJoynereHalenda (BJH) algorithm.
Thermogravimetric analysis (TGA) was carried out using a TGA Q50
(Thermal Analysis Instruments Inc.). The temperature was
increased to 800  C at a constant ramping rate of 10  C min1 under
air ﬂow (60 mL min1). The contents of hydrocarbon residues were
estimated by elemental analysis (EA) using a FLASH 2000 series
instrument (Thermo Scientiﬁc Co.). The Pt content was determined
by inductively coupled plasma-optical emission spectrometry (ICPOES) using an iCAP 6300 Duo instrument (Thermo Scientiﬁc Co.,
UK). XPS measurements were taken using a VG Sigma Probe with a
Mg Ka source. Spectra were obtained in high-resolution for C1s,
O1s, and Ti2p, and binding energies for high-resolution spectra
were calibrated by setting C1s to 284.8 eV. UV-DRS spectra were
recorded in a diffuse reﬂectance mode on a V-570/Jasco spectrometer (Japan). Raman spectra were collected on a ARAMIS
(Horiba Jobin Yvon, France) spectrometer. The power of the laser

Fig. 1A and B show XRD patterns of a TiO2 sample as synthesized (i.e., polymer-containing) from the reactant composition of
1TiCl4: 20H2O: 0.5PVP-co-PMMA. The small-angle XRD pattern in
Fig. 1A exhibits a broad peak at about 2q ¼ 1.0 , which is characteristic of a disordered mesoporous material with narrow distribution of mesopore diameters. The wide-angle XRD pattern
displays a set of well-deﬁned peaks that can be indexed to the
(101), (004), (200), (211), and (204) reﬂections corresponding to
the anatase structure. The most intense (101) reﬂection was
selected for the calculation of the TiO2 crystallite thickness using
the DebyeeScherrer equation, with the assumption of spherical
morphology [36]. The crystal thickness obtained in this manner
was 3.6 nm. Fig. 1C and D are representative TEM images taken
from the as-synthesized TiO2 sample. The low-magniﬁcation image in Fig. 1C indicates that the sample has a nanosponge-like
morphology. The corresponding SAED pattern (Fig. 1C inset) has
four diffraction rings, conﬁrming that the as-synthesized TiO2
nanosponge is a highly crystalline anatase phase. The highmagniﬁcation TEM image shown in Fig. 1D clariﬁes the polycrystalline characteristics of the TiO2 frameworks. The TiO2
nanosponge exhibited a very small N2 adsorption at 77 K (Fig. S1),
which indicates that the interspace between the TiO2 nanocrystals
is almost completely ﬁlled with the polymer. The polymer content
was approximately 30 wt%, according to the TGA analysis. The Ti
elemental mapping in Fig. S2 indicates that the polymer exists
within the titania networks.
The polymer could be completely removed by ozone treatment
at 300  C. The temperature was selected as low as possible to
minimize the thermal sintering of TiO2. Thereby, the TiO2 intercrystal space could be fully opened. Compared with the ozone

Table 1
Textural properties of the mesoporous TiO2 samples obtained after calcination in O2 or ozone ﬂow.
Samplesa

SBET (m2 g1)b

Vmeso (cm3 g1)c

Dmeso (nm)d

Average crystal size (nm)e

mTiO2-400-O2
mTiO2-500-O2
mTiO2-300-ozone

179
45
360

0.18
0.05
0.38

3.8
3.7
4.2

5.2
12
4.2

a
b
c
d
e

The sample name represents mesoporous TiO2-calcination temperature ( C)-calcination atmosphere.
BET surface area calculated by the BET method.
Mesopore volume calculated by the BJH method.
The mode value of the mesopore diameter derived from the adsorption branch of N2 adsorption using BJH method.
Estimated with the Scherrer equation.
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Fig. 2. (A) Small-angle and (B) wide-angle XRD patterns, (C) TEM images, and (D) N2
adsorptionedesorption isotherm of the calcined TiO2 nanosponges. The inset of (C) is a
representative HR-TEM image. The pore size distribution of the calcined sample is
shown in the inset of (D). The TiO2 nanosponge was synthesized in the gel composition
of 1TiCl4:20H2O:0.5PVP-co-PMMA and calcined at 300  C in ozone ﬂow.

treatment, the calcination in O2 required a higher temperature to
achieve a complete removal of the polymer. According to the
elemental analysis, approximately 8 wt% of the carbonaceous residues remained after O2 treatment at 300  C. A temperature of at
least 400  C was necessary to remove the polymer completely. At
400  C, however, the TiO2 frameworks underwent thermal sintering to the thickness of 5.2 nm. As a result, the TiO2 sample exhibited
signiﬁcant decreases of the BET surface area and mesopore volume
(see Table 1 for textural properties after calcination under various
conditions).
Fig. 2A and B show XRD patterns of the ozone-calcined TiO2
sample. A very sharp peak at about 2q ¼ 1.0 appeared in the small
angle region, indicating that mesoporous morphology of the TiO2
sample was retained after ozone calcination. As compared to the assynthesized TiO2 sample, the small-angle peak intensity was
conspicuously increased. The increasing peak intensity could be

interpreted as due to the removal of polymer from the interframework space by ozone treatment. In the case of wide-angle
region, the ozone-calcined TiO2 sample exhibited XRD pattern,
which was apparently very similar to that of the as-synthesized
sample shown in Fig. 1B. All the XRD reﬂections correspond to
the anatase structure; however, a small decrease in the width of
each reﬂection peak is observed. This result indicates that the
calcination at 300  C caused no changes of the anatase TiO2
structure, but there was a small sintering effect in the TiO2
framework thickness. The framework thickness could be estimated
by applying the DebyeeScherrer equation using the peak width of
the (101) reﬂection. This estimation gave an increase of crystal
thickness from 3.6 to 4.2 nm. Such a crude estimation (with the
assumption of spherical particles) is not accurate; nevertheless, the
calculated data may be interpreted to conﬁrm that the sintering
effect by the ozone treatment at 300  C was very small. Two TEM
images of the calcined nanosponge shown in Fig. 2C also veriﬁed
that sintering of TiO2 material was very small by ozone calcination.
From the XRD pattern and TEM images, when the organic polymer
was completely removed in ozone ﬂow at 300  C, the TiO2 nanosponge became a highly mesoporous material, in which approximately 4 nm-thick TiO2 crystallites were irregularly
interconnected.
The porous texture of the calcined TiO2 nanosponge was
analyzed by N2 adsorption measurements (Fig. 2D). The results
exhibited a typical type IV isotherm with a sharp increase at the
relative pressure range of 0.5 < P/P0 < 0.8, indicating that the
sample was a mesoporous material with a narrow distribution of
pore diameters. The pore size distribution, analyzed using the BJH
algorithm, exhibited a narrow peak centered at ca. 4 nm (Fig. 2D
inset). Further analysis of the adsorption isotherm gave a BET
speciﬁc surface area of 360 m2 g1 and mesopore volume of
0.38 cm3 g1 (Table 1).
The thermal stability of the mesopore system was investigated
under oxidative conditions. For this investigation, the ozonecalcined TiO2 sample was placed in quartz tubing, and oxygen
was ﬂowed at the rate of 80 mL min1. The oxygen ﬂow was
maintained at each temperature for 4 h while increasing the temperature from 400 to 500 and 600  C. The sample was characterized
by XRD and N2 adsorption after heating at each temperature, in
order to assess the thermal stability. The experimental results are
presented in Fig. 3 and Fig. S3. The XRD results showed that the
small-angle peak was lost during heating at 400  C or above
(Fig. S3). The peak disappearance indicates that either or both of the
framework thickness and pore diameters became heterogeneous as
a result of the thermal sintering effect generated by the heating. In

Fig. 3. (A) N2 adsorptionedesorption isotherms, (B) pore size distributions, and (C) wide-angle XRD patterns of TiO2 samples annealed at (a) 400  C, (b) 500  C, and (c) 600  C in O2
ﬂow. The TiO2 nanosponge was synthesized at the gel composition of 1TiCl4:20H2O:0.5PVP-co-PMMA and calcined under ozone ﬂow at 300  C.
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Table 2
Textural properties of the TiO2 samples obtained after heat treatment under oxygen ﬂow.
Samplesa

SBET (m2 g1)b

Vmeso (cm3 g1)c

Dmeso (nm)d

Average crystal size (nm)e

mTiO2-400
mTiO2-500
mTiO2-600

168
97
53

0.22
0.17
0.14

4.5
7.3
12

5.8
8.8
16

a
b
c
d
e

The sample name represents mesoporous TiO2-heating temperature ( C).
BET surface area calculated by the BET method.
Mesopore volume calculated by the BJH method.
The mode value of the mesopore diameter derived from the adsorption branch of N2 adsorption using BJH method.
Estimated with the Scherrer equation.

mode value in the pore-size distribution increased from 4.5 to
12 nm as the temperature increased (Fig. 3B). Moreover, the heating
caused progressive increases in the TiO2 framework thickness, as
suggested by the corresponding change of the XRD line width
(Fig. 3C and Table 2). All these changes are attributed to the effects
of thermal sintering on the TiO2 nanocrystallites [37,38].
3.2. Effects of the synthetic gel composition

Fig. 4. (A) XRD patterns and (B) DR-FTIR spectra of TiO2 samples as-synthesized in the
gel composition of 1TiCl4:xH2O:0.5PVP-co-PMMA with (a) x ¼ 1.5, (b) x ¼ 20, and (c)
x ¼ 60. (C) Representative TEM images and (D) N2 adsorptionedesorption isotherm of
TiO2 synthesized with x ¼ 60 in the gel composition. The speciﬁc surface area and the
mesopore volume of the as-synthesized TiO2 nanoparticles are determined as
190 m2 g1 and 0.16 cm3 g1, respectively.

good agreement with this phenomenon, the pore-size distribution
peak became progressively broader with increasing the treatment
temperature (Fig. 3). The BET surface area and mesopore volume
decreased against the increase of the temperature (Table 2). The

In this section, we investigate the effects of the synthetic gel
composition on the framework structure and porous texture of
TiO2. For this purpose, the framework structure and porous texture
of the TiO2 products were characterized while the molar ratios of
H2O/Ti and Ti/PVP-co-PMMA were varied in the synthetic gel
composition. Fig. 4A shows the XRD patterns of the TiO2 products
(as-synthesized), for which the H2O/Ti ratio was changed from 1.5
to 20 and 60 while Ti/PVP-co-PMMA was ﬁxed at 2. As these results
show, the as-synthesized TiO2 framework is not crystalline at H2O/
Ti ¼ 1.5. On the other hand, highly crystalline TiO2 with an anatase
structure was synthesized at H2O/Ti ¼ 20 or 60. Thus, the H2O
content is an important factor controlling the TiO2 crystallinity. The
effect of H2O can be explained by hydrolysis and subsequent
polymerization of the TiO2 precursor [39,40]. The hydrolysis has to
be controlled to form an optimum amount of oxo and hydroxyl
groups around the Ti atoms while the polymer-Ti interactions are
maintained. At the same time, a sufﬁciently large amount of H2O is
required to polymerize the hydrolyzed Ti species into the crystalline TiO2 frameworks. The ratio of H2O/Ti ¼ 1.5 is insufﬁcient for the
TiO2 crystallization. As mentioned in Section 3.1, highly crystalline
and highly mesoporous TiO2 is obtained at H2O/Ti ¼ 20. On the
other hand, the crystal size at H2O/Ti ¼ 60 increased to 5e7 nm
(Fig. 4C), and the as-synthesized product contained a relatively
small amount of organic polymer as compared with the sample
obtained at H2O/Ti ¼ 20 (Fig. S4). The as-synthesized sample at

Fig. 5. N2 adsorption isotherms and pore size distributions (inset of the isotherm plot) of the TiO2 samples synthesized at different ratios of Ti/PVP-co-PMMA in the gel composition
including (A) 0.6, (B) 5, and (C) 10. The analyses were carried out with the samples calcined at 300  C in ozone ﬂow.
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Fig. 6. Physical status of mesoporous TiO2 synthesized at different molar ratios of H2O/
Ti and Ti/PVP-co-PMMA.

H2O/Ti ¼ 60 exhibited mesoporous characteristics in the N2
adsorption and desorption isotherms (Fig. 4D), which were not
detected in the case of H2O/Ti ¼ 20 (Fig. S1). This mesoporosity
before calcination may be attributed to the presence of void spaces
between TiO2 crystals of increased size that are partially ﬁlled with
the polymer.
FTIR investigations were performed to gain better insights into
the bond formation between the polymer functional groups and Ti
species. Fig. 4B displays a set of FTIR spectra obtained from the assynthesized samples at H2O/Ti ¼ 1.5, 20, and 60. All the IR spectra
exhibit an intense and broad band ranging over 600e1000 cm1,
which is characteristic of the TieO and TieOeTi bonds. The spectra
also exhibit another low-intensity peak centered at ca. 1260 cm1.
This peak can be assigned to the CeOeTi bond between the polymer phenyl and the Ti atom. The peak intensity decreased as the
H2O/Ti ratio increased, and disappeared eventually at H2O/Ti ¼ 60.
This phenomenon can be correlated to the TiO2 crystal growth

(Fig. 4C). The excess amount of H2O seems to cause signiﬁcant bond
dissociation between polymer and Ti. Therefore, it is likely that the
polymer functional groups cannot interact with the Ti precursors
strongly.
The effects of the Ti/PVP-co-PMMA ratio on the structure of TiO2
were also investigated using XRD and N2 adsorption analyses
(Fig. 5). For this purpose, the Ti/polymer ratio was varied over a
range of 0.6e10, while H2O/Ti was ﬁxed at 20. The framework
structure and porous texture of the resultant TiO2 products were
characterized, as mentioned above in this section, after removing
the polymer in ozone at 300  C. The synthesis result obtained at Ti/
PVP-co-PMMA ¼ 0.6 was a TiO2 nanosponge with an anatase
framework. The mesopore volume of this titania sample was
merely 0.12 cm3 g1, and the mode value of the pore diameters was
only 2 nm (Fig. 5A and Table S1). When the Ti/polymer ratio was
changed to 2.0, the mesopore volume increased to 0.38 cm3 g1 and
the mode value of the mesopore diameters increased to 4.2 nm
(Table 1). We explain the difference between the ratios of Ti/
polymer ¼ 0.6 and 2.0 by the formation of tiny TiO2 nanocrystals
that would be separated (not interconnected) by the surrounding
polymer in the case of the exceedingly low Ti/polymer ratio of 0.6.
Such nanocrystals could aggregate when the polymer was removed
by ozone calcination, resulting in a marked decrease of the intercrystalline spaces. This explanation could be supported by the TEM
images of the as-synthesized sample, which show tiny crystallite
domains scattered among a large amount of polymer (Fig. S5A).
When the Ti/polymer ratio was further increased to 5 and then
10, the resulting TiO2 samples exhibited progressive increases of
the mode value of the mesopore diameters to 8.8 and 11 nm,
respectively (Fig. 5B and C). The pore size distribution became
broader with increasing the mode value. The TEM images of these
samples show aggregated nanoparticle morphologies, rather than
nanosponges (Fig. S5B and C). The nanoparticle diameters
increased with the increase in the Ti/polymer ratio, while the BET
surface area decreased. We therefore believe that the mesoporous
characteristics in the cases of Ti/polymer ¼ 5 and 10 were due to

Scheme 1. Synthesis of mesostructured TiO2 using random copolymer of 4-vinylphenol and methyl methacrylate, based on the random-graft polymer-directed synthesis
mechanism.
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Fig. 7. STEM images captured with Cs correction and in HAADF mode of: (A) 1 wt% Pt/
TiO2 nanosponge and (B) 1 wt% Pt/P25.

interparticle void spaces between irregularly aggregated TiO2
nanoparticles. The detailed properties of the mesoporous texture
are summarized in Table S1.
3.3. Nanosponge synthesis domain
The structural properties of the resulting TiO2 nanostructures
synthesized at various molar ratios of Ti/PVP-co-PMMA and H2O/Ti
have been summarized in Fig. 6. The synthesis phase diagram
shows that crystalline anatase TiO2 nanosponges can be synthesized under a wide range of domains. The wide range is a great
advantage of the random copolymer-directed route over the conventional surfactant-directed synthesis of mesoporous TiO2. In the
case of the polymer-directed synthesis, the mesoporous morphologies are concomitantly generated with the crystallization of TiO2
(Scheme 1) [35]. The TiO2 crystallization occurs while the titania
surfaces are bonded to the polymer functional groups, which causes a nano-phase separation between the TiO2 and polymer backbones. Due to the entropic effect under this situation, the TiO2
nanocrystals become interconnected to form a sponge-like disordered mesostructure. In this manner, the generation of mesoporous
morphologies can be directed by functionalized polymers.
Furthermore, the TiO2 crystallization can be achieved under a wide
range of reaction conditions (i.e., H2O/Ti > 1.5, Ti/PVP-coPMMA > 0.6). This is the reason why the synthesis domain is quite
wide in the case of the polymer-directed synthesis.
On the other hand, in the surfactant-directed synthesis, mesopores are templated by soft surfactant micelles. The surfactant
micelle is assembled by aggregation of many molecules through
weak intermolecular interactions between the surfactant tails, e.g.,
van der Waals force and hydrogen bonding. Micelles with such
weak interactions can be easily disassembled under the TiO2
crystallization conditions, or separated from the crystals. A common strategy to prevent this problem is to synthesize mesoporous
TiO2 with an amorphous framework. The as-synthesized material is
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then ﬁltered from the synthesis solution, and heated carefully to
induce the titania crystallization in the presence of the surfactant
template. Alternatively, mesoporous titania with crystalline
frameworks can be directly synthesized by the assembly of tiny
nanocrystals using a surfactant as a soft template. However, these
processes require careful controls under limited conditions. The
TiO2 nanoparticles can easily sinter during the crystallization process, leading to the formation of large particles (e.g., >20 nm
diameter). Therefore, it is required for the surfactant-templated
synthesis to ﬁnd mild crystallization conditions (e.g., weak acidic
or basic condition, low solvothermal temperature, etc.), so that the
particle sintering can be minimized. This is why the synthesis
domain for crystalline mesoporous TiO2 using surfactant is limited
as compared to the present polymer-directed synthesis.
3.4. TiO2 nanosponges supporting Pt as catalysts for partial
oxidation
As described in Section 2.3, Pt nanoparticles were supported on
TiO2 following an incipient-wetness impregnation method using an
aqueous solution of chloroplatinic acid [41]. The Pt loading on TiO2
was set as 1 wt%, and the Pt content was conﬁrmed by ICP-OES
analysis. The Pt supporting effect of TiO2 was then evaluated by
the Pt particle diameters which were measured by Digital Micrograph software distributed by Gatan, using STEM images. For the
evaluation, two TiO2 samples were compared to each other. The
ﬁrst sample was the anatase TiO2 nanosponge presented in Fig. 2
(BET surface area ¼ 360 m2 g1). The other sample was a commercial TiO2 (P25) (BET area ¼ 51 m2 g1). As shown in the STEM
images in Fig. 7 and the particle size distribution histograms in
Fig. S6, the TiO2 nanosponge exhibited much smaller Pt nanoparticles. The distribution of Pt particle diameters peaked quite
narrowly at ~1.3 nm over a range of 0.7e1.8 nm in the case of the Pt/
TiO2 nanosponges. On the other hand, the Pt/P25 sample exhibited
a relatively broad distribution ranging from 2 to 8 nm, centered at
3.8 nm.
The two Pt/TiO2 samples were compared as catalysts for the
partial oxidation of benzyl alcohol to benzaldehyde. The experimental details are described in Section 2.4. The result of the catalytic reaction measurements is summarized in Table 3. As the result
shows, both catalysts exhibited 100% selectivity to benzaldehyde
during reaction for 10 h. However, there was a signiﬁcant difference
in the catalytic conversion. The Pt/TiO2 nanosponge catalyst
reached to the conversion of 50% in 10 h. During the same period,
the Pt/P25 catalyst gave 33% conversion.
4. Conclusions
In this work, we obtained synthesis compositional diagrams
that allowed highly mesoporous TiO2 nanosponge with crystalline
anatase frameworks. The mesoporous TiO2 synthesized in this

Table 3
Catalytic results for partial oxidation of alcohol to aldehyde with Pt supported on TiO2.
Benzyl alcohol oxidationa

Catalyst

Conversionb (%)

Selectivityc (%)

1 wt% Pt/TiO2 nanosponge
1 wt% Pt/P25

50
33

100
100

a
Reaction conditions: 0.5 mmol benzyl alcohol, 8 mL toluene, 0.15 g catalyst, 0.05 mmol K2CO3 at 70  C, under air ﬂow of 20 mL min1 (atmospheric pressure), with stirring
at 400 rpm, and for 10 h.
b
Conversion of benzyl alcohol.
c
Selectivity of benzaldehyde.
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manner exhibited a sharp distribution of mesopore diameters, and
the pore diameter could be systematically controlled by changing
the Ti/polymer ratio in the synthetic gel composition. The mesoporous TiO2 nanosponge-supported Pt catalyst exhibited a high
catalytic activity in the partial oxidation of benzyl alcohol owing to
the high dispersion of metal nanoparticles on the nanosponge. We
believe that the highly mesoporous texture with crystalline
framework over wide range of synthesis domains would be a merit
of the solvothermal synthesis route using PVP/PMMA random
copolymer as a structure-directing agent.
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