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Hexagonally patterned porous titania is synthesized from a titanium isopropoxide precursor using a
viscous surfactant template separating nanoscopic bicontinuous channels of water and isooctane. Subsequent
salt reduction in the aqueous nanochannels decorates the pore surfaces with well-separated platinum (Pt)
nanoparticles. Because of the decreased mass transfer resistance provided by the patterned and
interconnected macropores that persist throughout the support, these nanocomposites exhibit a significantly
higher carbon monoxide oxidation efficiency than that obtained with a commercial support that has a
fourfold larger specific surface area. This simple templated synthesis strategy for creating highly organized
composites has wide applications beyond the one reported here, including photocatalysis, photonic crystals,
sensors, and solar cell assemblies.

Introduction

Nanoporous titania (TiO2) has several important optical
and electronic properties that make it useful for various
applications such as pigments in paints, catalyst support,1

sensors, porcelain enamels, cosmetics, sunscreens, photocata-
lyst,2–5 photovoltaic devices,2,4–7 semiconductors,8 and ul-
trahydrophobic or self-cleaning glass.9 Anatase-based nano-
composites have been used to photocatalytically purify air

and water10,11 and obtain photonic crystals with tunable band
gaps2,12,13 and enhanced light emission.2,14 Noble metal
nanoparticles loaded on nanoporous TiO2 supports are
attractive for catalyzing reactions germane to energy genera-
tion and environmental preservation, for example, photo-
catalytic generation of hydrogen from water1,2 and carbon
monoxide (CO) oxidation.15 The efficiency of TiO2 supported
catalysts is increased through electronic-structure-level in-
teractions at the support-catalyst interface.16–19 For example,
the amount of CO converted to CO2 per unit mass of Pt
catalyst per unit time (referred to as the turnover frequency,
TOF) is hundredfold higher with a TiO2 support than with a
SiO2 support over a temperature range of 150 to 550 °C.20–24
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Clearly, the catalyst and support chemistries, the support
structure, and the catalyst particle distribution within the
pores are important parameters that must be controlled to
achieve a high TOF.

Several techniques have been devised to synthesize
catalyst-support composites, such as impregnation,25–27

sol-gel based processes,28 flame spray synthesis,29 elec-
trodeposition,30 laser pyrolysis,31 sonochemistry,32 and UV
irradiation.33 In all of these processes, the support material
(usually disordered) is prepared first, followed by the transfer
to, or formation of, catalyst particles within the pores. Such
sequential approaches entail disadvantages such as pore
plugging, insufficient control of catalyst distribution within
the pores, and high costs due to production complexity.
Disordered and disconnected pores in the support lead to
increased mass transfer resistance. Hence, there is a need to
devise simpler synthesis strategies that allow the formation
of patterned and interconnected porous supports with nano-
particles of controllable size distributed throughout the
support structure.

Here, we demonstrate a soft-templating technique for the
synthesis of highly organized nanoporous anatase loaded with
a uniform dispersion of Pt nanoparticles. To the best of our
knowledge, this is the first report of a loaded catalyst
composite where both the support and the catalyst are
synthesized using the same soft template, at room temper-
ature. The key feature of our approach is the ability to
distribute the nanoparticles uniformly throughout the support
with minimal agglomeration and pore blocking. We have
characterized the catalytic activity our samples using the
oxidation of CO to CO2 and shown that the conversion
efficiency of our nanocomposites for this reaction is signifi-
cantly better than a commercial catalyst material with a 4-fold
higher surface area. The higher efficacy of our nanocomposite
is attributed to the structure of pore patterning which extends
throughout the powder particles and their interconnectivity,
which provides improved mass transfer34,35 of reactants to
and products from the catalyst surfaces in the pores.

Materials and Methods

Isooctane, dioctyl sulfosuccinate sodium salt (AOT), titanium
isopropoxide (TIP), platinum chloride (PtCl4),and sodium borohy-
dride (NaBH4) are obtained from Sigma Aldrich. Lecithin (L-R

phosphatidylcholine, 95% plant Soy) is used as received from
Avanti Polar Lipids.

Our synthesis scheme exploits the organization provided by a
special surfactant template system. Addition of water to the
isooctane/AOT/Lecithin microemulsion produces a highly viscous
bicontinuous “gel” phase with nearly equal proportions of isooctane
and water distributed as nanochannels.36 The high viscosity of our
template phase is important for immobilizing the support structure
and the precipitated catalyst nanoparticles. In our experiments, TIP
is dissolved in the organic solvent mixture prior to addition of the
aqueous phase. Anatase titania is formed by the hydrolysis and
condensation of TIP. Since TIP is organic-soluble and has limited
solubility in water, the TiO2 forms at the oil/water interfaces. The
role of the surfactants is to organize the template but not partic-
ipate in the reaction. Thus, the template remains intact and enables
the TiO2 to inherit the underlying template microstructure. For the
synthesis of Pt-loaded TiO2 composites, PtCl4, a water-soluble salt
precursor, is reduced using sodium borohydride to form Pt
nanoparticles. The even distribution of the Pt4+ ions throughout
the gel and its high viscosity enhance the ability of this method to
produce well-distributed nanoparticles.

Porous Titania Synthesis. TIP is added in a 1:1 volume ratio
with isooctane to the solution of isooctane/AOT (0.8 M)/Lecithin
(0.4 M). A calculated amount of water, corresponding to the desired
W0 (the ratio of moles of water to AOT), is added to this solution
and mixed using a vortex mixer. Immediately after water addition,
a white precipitate is observed indicating TiO2 formation. The
samples are dried at 60 °C for 24 h and calcined by ramping the
temperature in increments of 50 °C every 30 min, starting at 400
°C and going to 550 °C. The sample is left at 550 °C for 4.5 h to
obtain a white powder. The calcination step eliminates the trace
amounts of surfactants left after solvent removal.

Pt-Loaded Titania Nanocomposite Synthesis. An aqueous
solution (0.015 M) of PtCl4 is added to the TIP/isooctane/AOT/
Lecithin to reach a desired W0. Then a 0.1 M NaBH4 solution is
used to reduce the PtCl4. Excess reducing agent is used to ensure
complete reduction of the Pt4+ ions. The sample undergoes a color
change from a light yellow to black, indicating the reduction of
Pt4+ ions to Pt metal. The drying and calcination steps remain the
same as those used for the support synthesis. One of the products
of the synthesis strategy is small quantities of sodium chloride
(NaCl) coming from the sodium ions associated with the reducing
agent and the chloride ions associated with the platinum salt. The
presence of NaCl within the pores blocks some active sites on the
catalyst. Thus we have prepared some samples where we have
removed this NaCl by washing with distilled deionized water five
times after calcination.

Microanalytical Characterization. A Hitachi S-4800 Field
Emission scanning electron microscope is used to characterize the
support microstructure and nanoparticle dispersions. An Oxford
INCA system is used for the EDS elemental analysis. Thin sections
of samples for TEM measurements are prepared using a MT2-B
DuPont Ultramicrotome by embedding the powder particles into
an epoxy resin, curing overnight, and cutting 70-90 nm thick slices
using a diamond knife. TEM images are obtained in a JEOL 1200
EX instrument operated at 120 kV. A Bruker D8 Advanced X-ray
diffractometer is used for phase identification. Core-level spectra
from the samples are obtained by XPS using a PHI 5400 instrument
with a Mg KR source. The spectra are collected using a pass energy
of 23.5 eV and corrected for charging by using the adventitious
carbon 1s peak at 285 eV. Hydrogen chemisorption on a Micro-
metrics AutoChem 2910 is used to obtain the active metal surface
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area and dispersion of Pt. Hydrogen reduction is first used to prepare
the samples. Approximately 0.5 g of sample is loaded for each
experiment and reduced in situ in a 10% H2/90% He mix at 300
°C for 1 h. The flow is then stopped and the sample allowed to
degas for 3 h at 300 °C and then brought to room temperature.
The sample is then introduced to Ar carrier at 50 mL/min, and the
temperature is ramped to 50 at 5 °C/min to purge any reduction
products. For the pulse chemisorption experiment, H2 is introduced
using a 10% H2/90% argon (Ar) mixture with 100% Ar as the
background carrier gas. An amount of 100 µL of the mixture is
dosed every 3 min until no further hydrogen was chemisorbed, and
the amount of adsorbed H2 is calculated. The Pt specific surface
area (surface area of Pt/gm of Pt) and dispersion are calculated
assuming a H2/Pt stoichiometry of 2.

Catalyst ActiVity. We have characterized the catalytic activity
of our samples for the CO to CO2 oxidation reaction using the
steady state conversion in a fixed bed reactor (eight-channel fixed-
bed reactor, Celero). For the unwashed samples, 0.15 g of the
nanocomposite are placed in a 3 mm reaction well. The gas mixture
comprised of 1100 ppm CO, 5% O2, and the remaining N2 is
delivered via mass flow controllers at a GHSV of 50 000 h-1. For
the washed samples, the conversion increased quite dramatically.
To capture the details of the conversion efficiency versus temper-
ature for those samples, we had to reduce the amount of nanocom-
posite to 0.05 g and use a space velocity of 300 000 h-1. The gases
are passed through a preheater before contacting the catalyst bed.
Upon reaching the required temperature, the reaction is allowed to
achieve steady state and is held at that temperature for 1 h prior to
sampling. The product gases are analyzed using a gas chromato-
graph equipped with a methanizer and field ionization detector

(Shimadzu GC-17A). The conversion is calculated based upon the
CO/CO2 ratios in the inlet and product streams.

Results and Discussion

TiO2 supports synthesized from the soft-template using
isooctane, AOT, Lecithin, TIP, and water yield a white
powder. This powder consists of particles with pore diameters
between 20 and 250 nm (macropores), organized with
hexagonal symmetry similar to the template.36 Figure 1a
shows a SEM micrograph of a powder particle from the
sample prepared using a template that had W0 ) 70. The
average macropore diameter, obtained from the distribution,
shown in the inset in Figure 1a, is ∼100 nm. Due to the
inheritance of the underlying bicontinuous surfactant template
morphology, the macropores are interconnected through the
regions marked by the arrows in Figure 1b. A higher
magnification image, shown in Figure 1c, reveals the
mesopores (see arrows). The average size of the mesopores
determined from the SEM images is ∼5 nm. BET pore
diameter distribution for the same support obtained from a
55 point analysis shows the pore diameter has essentially a
bimodal distribution with maxima at 3 nm and 5.5 nm,
consistent with the mesopore diameter measured using SEM.
Such hierarchical interconnected porous structures with a
biomodal pore diameter distribution are conducive for
improved access to the surfaces inside the support for both
the reactants and products.

Figure 1. SEM images showing (a) cross-section and (b) longitudinal views of the pore topography for titania support obtained with W0 ) 70. Inset in (a)
shows the macropore diameter distribution. (c) A high magnification image revealing the mesopore structure within the macropore walls; inset shows the
mesopore diameter distribution. Thin section TEM images of TiO2 supports synthesized with W0 ) 70 showing (d) a transverse section capturing the
honeycomb microstructure, (e) a longitudinal section showing the interconnections between macropores (see arrows), and (f) macropores formed by the
assembly of TiO2 nanoparticles. (g) X-ray diffractogram of the TiO2. The peaks correspond to the anatase phase; the small peaks marked in blue are due to
Na2SO4, coming from the surfactant (h) a cryo-SEM image from a titania sample obtained using W0 ) 70, prior to solvent and surfactant removal. Inset
shows the pore diameter distribution determined from the SEM images.
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Thin-section transmission electron microscope (TEM)
images of the sample from lateral and axial cross-sections,
shown in Figure 1d,e, confirm that the TiO2 inherits the
hexagonal template morphology.36–39 Solvent removal and
calcination breaks the long-range crystalline symmetry that
exists in the original surfactant template, but the essentially
hexagonal patterning is maintained. Images taken from a
range of thin-sections taken from different portions of our
samples always show this structure, and are therefore
assumed to persist throughout. The breaks in the pore walls
shown by the arrows in Figure 1e confirm macropore
interconnectivity inside the support. Higher magnification
TEM images reported in Figure 1f show that the macropore
walls are comprised of an assembly of fused TiO2 nanopar-
ticles. Similar hierarchal microstructures, but with 10-fold
larger pore diameters, have been obtained previously,35 albeit
by a completely different route.

Energy dispersive X-ray spectroscopy (see Supporting
Information) shows prominent Ti and O peaks corresponding
to a TiO1.76 stoichiometry. Only trace amounts (<1.8 atomic
%) of P, S, and Na from the surfactants are observed,
suggesting that contamination of the pores from residual
surfactants is negligible. The powder X-ray diffractogram,
shown in Figure 1g, reveals that the TiO2 in our samples is
anatase, in agreement with earlier work showing that anatase
is preferred at temperatures below 550 °C.35 The peaks are
broad, indicating that the crystallite size is in the support is

small. The very small peaks,, marked in blue, at 2θ ∼ 30°
are due to the presence of trace quantities Na2SO4, remnant
from the AOT after the calcination procedure. These elements
were also identified in the EDS spectra.

The characteristic macropore diameters in our TiO2

supports are about 10-fold larger than that of the template
water channels determined using small angle neutron scat-
tering (SANS)36 in the bicontinuous surfactant templates that
contained no TIP. Cryogenic scanning electron microscope
(cryo-SEM) images of TiO2 samples prior to solvent removal
shown in Figure 1h reveals macropore diameters between
20 and 150 nm, which are intermediate between the template
feature sizes obtained by SANS and pore diameters of the
calcined TiO2 support measured by SEM and TEM. This
observation implies that one major contributing factor to the
pore diameter increase is solvent evaporation, which con-
solidates the TiO2 nanoparticles into the walls by capillary
forces. The solubility of AOT in TIP is 0.4 g/mL. The
preferential dissolution of AOT into the TIP/isooctane
solution leaves excess Lecithin at the aqueous/organic
interfaces. Since Lecithin alone forms water pools of larger
diameter in water-in-oil microemulsions,40 an additional
factor for the observed pore diameter is this selective loss
of AOT from the isooctane/water interface. Examination of
microstructures prior to and after calcination reveals only a
3% increase in macropore diameter, which is small compared
to the solvent evaporation and surfactant dissolution effects.

The mean pore diameter in these support structures can
be tuned without altering the qualitative features of the TiO2

microstructure by adjusting the water content. For example,
increasing the water content from W0 ) 70 to 200, shown

(37) Liu, L.; Li, S.; Simmons, B.; Singh, M.; John, V. T.; McPherson,
G. L.; Agarwal, V.; Johnson, P.; Bose, A.; Balsara, N. J. Dispers.
Sci. Technol. 2002, 23, 441–452.
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Figure 2. SEM images of TiO2 supports prepared with (a) W0 ) 70, (b) W0 ) 100, (c) W0 ) 130, (d) W0 ) 150, (e) W0 ) 170, and (f) W0 ) 200, showing
increase in the macropore diameters with increasing water content, and (g) longitudinal SEM image of a W0 ) 200 sample. Thin section TEM images of a
W0 ) 200 sample (h) hexagonally organized pores. (i) A high magnification image showing individual particles.
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in Figure 2, results in an increase in pore diameter from 100
to 185 nm. The internal macropore structure remains
unaffected with increasing W0. The macropore wall thickness
increases with increasing W0, primarily because additional
water drives the TIP hydrolysis to completion. The BET
surface area of the supports also increases marginally as the
water content is enhanced, giving 24.4, 34.2, 37.6, and 41.9
m2/g for W0 ) 70,100, 150, and 200, respectively.

When the titania support synthesis is carried out in the
presence of a platinum salt (PtCl4) solution, reduced in a
subsequent step by adding sodium borohydride, we obtain
TiO2 supports decorated with 3-5 nm diameter Pt nanopar-
ticles that are well-separated and uniformly distributed on
the pore surfaces, as seen in Figure 3. The high viscosity
(zero shear viscosity of ∼105 poise) of the underlying
template immobilizes the Pt nanoparticles inside the aqueous
nanochannels. We note that the hexagonal patterning of the
pores is preserved, indicating that the Pt salt reduction does
not disrupt pore organization in the support. EDS spectra
from the nanocomposite samples show prominent Ti, O, and
Pt peaks, along with trace amounts (<1.8%) of P and S from
the surfactants (data not shown). The specific surface areas
for the nanocomposites are 22.3, 26.9, and 36.9 m2/g for
samples of W0 ) 70, 100, and 200 respectively. The surface
area of the support is essentially unaffected by the addition
of Pt in the support. X-ray photoelectron spectroscopy (XPS)
scans in the vicinity of the Ti 2p and Pt 4f core-level bands
are shown in Figure 2c,d. The Ti 2p3/2 band at 458.5 eV
corresponds to the Ti4+ state,41 while the Pt 4f7/2 band at
71.1 eV is in good agreement with the Pt0 state.18 The
reaction products are thus titania and metallic platinum.

The steady state conversion for carbon monoxide oxidation
to carbon dioxide using unwashed Pt/TiO2 nanocomposites
was measured for samples with varying W0 (70, 150, and
200), and are shown in Figure 4a. These samples had a Pt
loading of 0.5%, 1.5%, and 1.8% by weight, respectively.
CO oxidation was examined over a temperature range of
70-250 °C. The conversion reached a maximum at ∼150

(41) Marco, J. F.; Cuesta, A.; Gracia, M.; Gancedo, J. R.; Panjan, P.; Hanzel,
D. Thin Solid Films 2005, 492, 158–165.

Figure 3. (a) SEM micrograph showing the surface topography and Pt nanoparticle distribution inside the titania pores for the W0 ) 200 nanocomposite. (b)
Thin section TEM image of a W0 ) 200 sample showing the distribution of the ∼3-5nm Pt nanoparticles (dark spots) around the surface of the macropores
with no noticeable agglomeration. Core-level spectra measured by XPS showing (c) the presence of Ti4+ and (d) metallic platinum Pt0.

Figure 4. (a) Carbon monoxide to carbon dioxide conversion efficiency
characteristics for TiO2/Pt nanocomposites with Pt contents (wt %) of 0.5%
(O), 1.5% (0), and 1.8% (∆), respectively. (b) Activity at similar Pt loading
on supports with varying W0 from 70 to 200 showing negligible effect on
catalysis. (c) Comparison of the conversion characteristics of our organized
unwashed nanocomposite (0) and washed nanocomposite (O) with that of
the commercial (XT 25376 from St. Gobain-Norpro) sample (∆) with
equivalent Pt loadings of 1.8 wt %. SEM images from the commercial
sample XT 25376 from St. Gobain-Norpro show a highly disorganized pore
structure, in contrast to the highly organized pores in our sample. (c)
Comparison of the specific surface areas of our organized titania samples
with that of the St. Gobain sample shows a fourfold lower surface area in
the samples prepared by our method.
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°C, and the extent of conversion increased with increased
Pt loading as expected.

Figure 4b shows that increasing aqueous content, which
increases the specific surface area of the support, does not
have a very significant effect on the activity of the composites
(all the composites had an overall Pt loading of 1.7%, and
for these experiments, were washed). We conclude that for
our highly interconnected, patterned samples, the doubling
in specific surface area does not expose additional catalyst
to the reactants.

The catalytic activity of our structured nanocomposites is
compared to that of a commercially available TiO2 support
XT 25376 (St. Gobain-Norpro) impregnated to an equivalent
Pt loading of 1.8%, using wet impregnation (refer to
Supporting Information for the wet impregnation method
used). Our unwashed material performed equivalently despite
our nanocomposites having a fourfold lower specific surface
area than the commercial samples (see Figure 4c).

There is a marked difference in the performance of the
catalysts between washed and unwashed samples, both with
Pt loading of 1.8%. This is also shown in Figure 4c. The
conversion versus temperature curve shifts noticeably toward
lower temperatures, reaching a maximum conversion at 100
°C for the washed sample compared to 150 °C for the
unwashed one. This is a clear indication of the effectiveness
of our preparation method.

These results can be understood further by examining data
from the chemisorption study. The active catalyst surface
area for the commercial sample is 102.20 m2/g Pt with a
41.37% metal dispersion. When unwashed, our composite
had an active catalyst surface area of 58.97 m2/gm Pt with
a 23.87% metal dispersion whereas our washed sample had
an active surface of 134.76 m2/g with a 54.56% metal
dispersion. We believe that our synthesis method naturally
produces well-distributed and small Pt nanoparticles. The
NaCl produced as a byproduct in one of the reaction steps
tends to block some of the active sites on Pt. Washing helps
to remove that NaCl, thus allowing a higher active surface
area and a better Pt dispersion.

We propose that the higher efficacy in our samples is also
due to lower mass transfer resistance for the reactants as
well as the products in the highly organized interconnected
macro- and micropores and the presence of well-separated

Pt nanoparticles. This explanation is supported by prior work
showing increased effective mass diffusivity through a
patterned highly connected porous network when compared
with a random one.42 Therefore, even the unwashed sample
shows an advantage over the commercial sample. Washing
improves the active catalytic surface area significantly
making our nanocomposite a much better choice than its
commercial counterpart.

Conclusions

We have demonstrated a new and versatile surfactant
template route to synthesize highly organized nanostructured
TiO2 supports loaded with Pt nanoparticles. The TiO2 support
has a hexagonally organized porous structure with a bimodal
pore diameter distribution of mesopores (∼3-14 nm) and
macropores (∼20-250 nm). The organization of the solid
mimics the underlying structure of the surfactant template.
The Pt nanoparticles are well-dispersed on the surfaces of
the TiO2 support. Even though our nanocomposites have a
low specific surface area, they exhibit a catalytic activity
much better than that of a commercial catalyst for the carbon
monoxide oxidation reaction. We attribute this to the lower
mass transfer resistance and more available active sites on
the catalyst because of the well-organized and interconnected
pore structure. Apart from catalysis, such highly organized
structures could be useful semiconductor material for pho-
tovoltaics and sensors.
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