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Mesoporous titania and niobia molecular sieves were prepared by a ligand-assisted
templating method. For comparison, titania samples were also prepared by simple hydrolysis
and condensation of Ti alkoxide in the absence of templating agents. All materials were
thoroughly characterized by UV-vis reflectance spectroscopy, N2 adsorption, and X-ray
diffraction. The UV absorption thresholds, and thus the optical band gaps, of as-synthesized
mesoporous titania and niobia were similar to those of bulk phase, crystalline reference
materials. Adsorption of N2 showed that extremely high surface area materials were
synthesized by the templating method as long as thermal treatments were moderate. Higher
temperature caused loss in surface area and partial crystallization of the sample. Elemental
analysis revealed that neither high-temperature calcination nor solvent extraction removed
the phosphorus component of the template used in the synthesis of mesoporous titania.
However, solvent extraction of the template was effective for the mesoporous niobia sample.
The transition metal oxides were tested as photocatalysts in the liquid-phase oxidative
dehydrogenation of 2-propanol to acetone. The observed quantum yield of the reaction was
0.45 over Degussa P25, a standard titania catalyst. However, mesoporous titania converted
2-propanol with a very low quantum yield of 0.0026. Amorphous titania synthesized by
alkoxide hydrolysis also exhibited a very low photocatalytic activity for the reaction. The
quantum yield increased as the amorphous titania was crystallized to greater extents. A
very low quantum yield was also found for the mesoporous niobia sample compared to a
crystalline standard. Apparently, the surface reactivities of the poorly crystallized samples
were suppressed by defects that act as electron-hole traps.

Introduction

Semiconducting transition metal oxides participate in
a variety of photocatalytic reactions including oxidative
degradation of organics,1-5 reduction of metal ions,6
evolution of dihydrogen from water,7-12 and fixation of
carbon dioxide.13-17 Due to its low cost, ease of han-
dling, and high resistance to photoinduced corrosion,

titanium dioxide is one of the most studied semiconduc-
tors for these photocatalytic reactions. Titania is a wide
band gap semiconductor that absorbs photons in the
near-UV region, thus limiting its use in solar-based
applications. Nevertheless, photocatalytic systems uti-
lizing titania with artificial UV sources have been
applied to the remediation of contaminated water
sources.
The effectiveness of titania as a photocatalyst depends

on its crystal phase, particle size, and crystallinity.
Among the common crystalline forms of titania, anatase
is generally recognized to be the most active phase. With
regard to particle size, smaller particles are usually
better photocatalysts due to their high surface area-to-
volume ratios. However, the band gap is a strong
function of titania particle size for diameters less than
10 nm, which can be attributed to the well-known
quantum size effect.18-20 Particles in this size range
have extremely high surface areas, but the blue shift
in usable photon energies with decreasing size limits
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their usefulness. Clearly, an optimum particle size
balances the appropriate band gap with the high surface
area needed for adsorption of molecules. The influence
of degree of crystallinity on photocatalytic activity is
much less understood.
Very recently, Ohtani et al. performed an elegant set

of photocatalytic experiments on partially crystallized
titania samples.21 In that study, amorphous titania
powders were calcined at various temperatures to
accomplish fractional crystallization. Anatase was the
only ordered phase of titania detected by X-ray diffrac-
tion. Since crystallization was accompanied by a very
small change in overall surface area, the resulting set
of titania samples was used to determine directly how
the degree of crystallinity affects photocatalytic activity.
Their results unambiguously showed that photocatalytic
activity of amorphous titania was negligible compared
to that of crystalline anatase particles of similar size.
Low activity was attributed to the recombination of e-

and h+ at surface and bulk traps, which are presumably
lattice defects. The authors also suggested that recom-
bination reactions in the bulk traps were probably
predominant in their amorphous samples; however, a
quantitative analysis had not been performed.
Experiments with extremely high surface area titania

samples are needed to clarify the role of surface traps
in photocatalysis. Unfortunately, dense titania particles
with extremely high surface areas also exhibit quantum
size effects, which complicates the interpretation of
reactivity experiments. Therefore, new forms of titania
having high surface areas and similar band gaps need
to be investigated.
High surface area titania and niobia mesoporous

molecular sieves were recently synthesized by a ligand-
assisted templating method.22,23 In that procedure,
organometallic precursors hydrolyze, condense, and self-
assemble in the presence of surfactant molecules to form
well-ordered mesoscopic solid structures. The method
is similar to that developed by researchers at Mobil for
the liquid crystal templating of MCM-41 mesoporous
aluminosilicates,24,25 but involves a strong interaction
of the surfactant headgroup with the inorganic phase.
Antonelli and Ying claim that removal of the surfactant
molecules from the transition metal oxides results in
very high surface area molecular sieves having unidi-
mensional, hexagonally arranged mesopores. Even
though their pore structures are well-ordered, these
materials are considered amorphous, since no well-
defined oxide crystal structures are detected by X-ray
diffraction.
To the best of our knowledge, the photon absorption

characteristics and photoactivities of these new materi-
als have not been evaluated. This report describes the
synthesis, characterization, and photocatalytic activity

of high surface area titania and niobia mesoporous
molecular sieves.

Experimental Methods

Materials Synthesis. The preparation of titania mesopo-
rous molecular sieves was adapted from the procedure reported
by Antonelli and Ying.22 Due to its availability, the surfactant
dodecyl phosphate was used in our work instead of tetradecyl
phosphate used by Antonelli and Ying. Mono-dodecyl phos-
phate was purchased from Alfa-Aesar, while all other chemi-
cals were obtained from Aldrich and used without modification.
Potassium hydroxide (0.49 g) was dissolved in deionized,

distilled water (25 mL), and the pH was adjusted to 5.0 with
HCl. The dodecyl phosphate (3.75 g) was then dissolved in
this solution, mixed for at least 4-5 h, and aged quiescently
for 6 h.
Titanium isopropoxide precursor (5.0 g) was mixed with

acetylacetone (0.9 mL) in a separate flask and immediately
added to the surfactant solution. The resulting slurry was
placed into a Teflon-lined autoclave and heated to 353 K for
at least 5 days without agitation. The product was isolated
by vacuum filtration and washed three times with deionized,
distilled water. After air-drying overnight at 393 K, the
powder was examined by X-ray diffraction performed on a
Scintag XDS 2000 diffractometer equipped with a with Cu KR
radiation source.
We used two different procedures to remove the surfactant

from the pores of the materials. The first method was
calcination for 1 h in flowing dry air after heating with a ramp
rate of 1 K min-1. The second method was a liquid-phase
extraction of the surfactant. This procedure was based on that
of Antonelli and Ying as described in their paper on synthesis
of mesoporous niobia.23 An as-synthesized mesoporous mate-
rial was added to a solution of nitric acid in ethanol (25 mL,
approximately 1 M in ethanol), mixed, and then filtered. This
was repeated before the material was washed with deionized,
distilled water. Some samples were exposed to additional
extraction solutions, as noted.
As a control, titania was also synthesized by hydrolysis and

condensation of the titanium precursor in the absence of
surfactant, denoted as ns-TiO2. Titanium isopropoxide was
simply added dropwise to deionized distilled water. The
resulting white powder was collected by vacuum filtration and
dried in air at 393 K overnight.
Mesoporous niobia was also synthesized according to the

methods of Antonelli and Ying.23 In this case, the surfactant
tetradecylamine was mixed with niobium ethoxide (5.0 g)
without prior complexation. Ethanol (5 mL) and deionized,
distilled water (15 mL) were quickly added, and the resulting
slurry was transferred into a Teflon-lined autoclave. The
autoclave was heated without agitation to 353, 373, and 453
K for 1, 1, and 7 days, respectively. The product was recovered
by vacuum filtration; washed three times each with water,
ethanol, and ether; and subsequently dried in air at 393 K
overnight. The extraction method used for surfactant removal
was similar to that described above, but diethyl ether was
added to the washing solutions. The acid strength, however,
remained the same.
Dinitrogen adsorption isotherms were recorded on a Coulter

Omnisorb 100CX automated sorption apparatus.
A Varian Cary 3E system equipped with a Labsphere diffuse

reflectance accessory was used to obtain the reflectance spectra
of the materials over a range of 190-800 nm. Labsphere
USRS-099-020 was employed as a reflectance standard. Direct
band gaps of these materials were determined by plotting
(Rhν)2 versus excitation energy (where R is the absorption
coefficient, determined from the Kubelka-Munk function) and
extrapolating the linear part of the curve to (Rhν)2 ) 0.26-28
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Photocatalytic Reaction. The reactor was a round-
bottom, 50-mL Pyrex flask with a ground glass neck and a
single port on the side of the vessel used for sample with-
drawal. The top of the reactor was connected to a condenser
to prevent losses of reactant and product. The reaction slurry
was well-stirred by a magnetic stir bar and continuously
sparged with dioxygen (Airco Gases) flowing at a rate of 2 mL
min-1. The light source was an ILC Technology model R 150-9
150-W xenon arc lamp. The light first passed through a
copper(II) sulfate solution to absorb long wavelengths. Optical
filters were placed after the copper sulfate to select a peak
transmitted wavelength of about 360 nm. Ferrioxalate acti-
nometry was used to measure the number of photons entering
the reactor, which was 3.36 × 1016 photons per second.29 The
apparent quantum yield reported here is based on the number
of acetone molecules formed per incident photon.
The conditions used for the reaction were based on earlier

studies in our laboratory.30 Approximately equal volumes of
2-propanol (Aldrich) and deionized, distilled water were in-
troduced into the reactor to give a total volume of about 50
mL. In a typical run, 0.4 g of catalyst was added to the system
and the reactor was subsequently purged with flowing dioxy-
gen for 30 min before irradiation. All runs were conducted at
ambient pressure and temperature. Liquid samples were
analyzed by gas chromatography (Hewlett-Packard 5850
Series II, equipped with an HP Econo-Cap capillary column
connected to a flame ionization detector) after catalyst particles
were removed by microfiltration.

Results

The X-ray diffraction pattern of as-synthesized me-
soporous titania is given in Figure 1. The large peak
at low angle is typical for samples synthesized in the
presence of surfactant. In addition, the small peaks at
higher angles have been attributed to hexagonal order-
ing of mesopores in these solids.24,25 However, Putnam
et al. showed recently that lamellar phases can also
exist in samples with similar X-ray patterns.31 Figure
2 shows the typical dinitrogen adsorption/desorption
isotherm for our material. Clearly, the onset of capillary
condensation at moderate relative pressures and the
negligible hysteresis loop at high relative pressures
confirmed that the mesopores were fairly regular after

low-temperature calcination at 473 K. The major peak
in the pore size distribution, calculated using the
Horvath-Kawazoe method, occurs at about 24 Å, which
is significantly smaller than the pore size reported by
Antonelli and Ying (32 Å) for a similar material.
However, the surfactant chain length used in the
current work was 2 carbon units shorter than that used
by Antonelli and Ying.
The BET surface area of the mesoporous titania after

low-temperature calcination was extremely large, 712
m2 g-1, and reproducible. The surface areas of other
representative titania materials are summarized in
Table 1. The calcined materials that were exposed to
high temperatures showed substantial pore damage and
loss in surface area, as depicted in Figure 3.
All of the mesoporous materials that were calcined

turned from a yellow color (as-synthesized) to a dark
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Figure 1. Low-angle X-ray diffraction pattern of as-synthe-
sized mesoporous titania.

Figure 2. Dinitrogen adsorption/desorption isotherms of
mesoporous titania calcined at 473 K.

Table 1. Characterization and Reactivity Results for
Titania Materials

sample
surface area
(m2 g-1)

band gap
(eV)

quantum
yielda

meso-TiO2 (473 K) 712 3.19 0.0026
meso-TiO2 (973 K) 90 3.25 0.0089
meso-TiO2, extractedb 603 3.15 0.010
ns-TiO2, as-synthesized 3.24 0.0094
ns-TiO2 (873 K), 1 h 39 0.022
ns-TiO2 (873 K), 3 h 36 3.22 0.038
ns-TiO2 (873 K), 12 h 28 3.26 0.27
anatase (Aldrich) 9 3.28 0.41
Degussa P25 50 3.22 0.45
a Quantum yield is defined as the molecules of acetone formed

per incident photon. b Surfactant was extracted three times with
8% nitric acid in ethanol.

Figure 3. Effect of calcination temperature on surface area
of mesoporous titania.
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brown or black color. Calcination times were increased
to 5-6 h at the maximum temperature of 973 K, but
this most severe treatment still only resulted in materi-
als that were of a “salt-and-pepper” coloration. Appar-
ently, part of the surfactant (and/or acetylacetone
ligand) had been retained in the material even after
severe oxidation treatments.
Since calcination was apparently not capable of

completely removing impurities from the mesoporous
titania materials, an alternative extraction method was
tested. This method was developed recently by An-
tonelli and Ying for the synthesis of mesoporous nio-
bia.23 Nitric acid was used to cleave the bond between
the anions and the transition metal atoms. The proce-
dure appeared to have worked with mesoporous niobia
but had not yet been demonstrated with mesoporous
titania. The surface area of a representative sample
subjected to the extraction procedure is included in
Table 1. In general, high surface area materials were
obtained by this treatment method.
Some samples were analyzed for phosphorus, carbon,

and titanium (Galbraith Laboratories, Knoxville, TN)
since phosphate surfactant was used in the synthesis
of mesoporous titania. The P/Ti atomic ratios for
mesoporous titania calcined at 873 K and a sample
extracted three times with an 8% acid solution were 0.68
and 0.57, respectively. Apparently, the acid extraction
was not effective at removing phosphorus. In fact, the
C/P atomic ratio in the extracted sample was very
similar to that of the original phosphate surfactant. The
calcination treatment, however, was sufficient to remove
most of the carbon in the sample, presumably through
oxidative gasification.
Figure 4 compares the crystallinity of mesoporous

titania, ns-titania, and Degussa P25. The large and
small peaks in P25 correspond to anatase and rutile,
respectively. Prolonged calcination of ns-titania ac-
complished partial crystallization to mostly anatase.
The phosphorus that remained in the mesoporous
sample, even after calcination, likely prevented crystal
growth.
A low-angle diffraction pattern of mesoporous niobia

after extraction of the template is shown in Figure 5.
Similar to the titania case, the large peak at low angle
and the higher order reflections suggest that the pores
are well-ordered. The amorphous nature of the material
was confirmed by comparing the X-ray patterns of the
mesoporous sample to that of niobium pentoxide, as

shown in Figure 6. The dinitrogen adsorption/desorp-
tion isotherms for mesoporous niobia are given in Figure
7. The surface area of 415 m2 g-1 is in good agreement
with the range of 400-600 m2 g-1 reported by Antonelli
and Ying.23 Characterization results for the niobia
samples are summarized in Table 2.
The UV reflectance spectra of the mesoporous transi-

tion metal oxides are compared to the standard materi-
als in Figure 8. In both cases, the absorption thresholds
of our samples appeared to be fairly similar to those of
the reference materials, except the features were broader.

Figure 4. X-ray diffraction patterns showing the presence of
anatase and rutile in various titania samples. Meso-TiO2 was
calcined for 1 h at 873 K.

Figure 5. Low-angle X-ray diffraction pattern of mesoporous
niobia after solvent extraction.

Figure 6. Comparison of X-ray patterns for crystalline
niobium pentoxide (Aldrich) and mesoporous niobia.

Figure 7. Dinitrogen adsorption/desorption isotherms of
mesoporous niobia after extraction and evacuation at 453 K.
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The direct optical band gap was calculated to be 3.2 eV
for both meso-TiO2 and Degussa P25. The calculated
band gap for meso-Nb2O5 (3.3 eV) was greater than that
for the crystalline Nb2O5 (3.1 eV), possibly due to a small
quantum size effect. The band gaps reported in Table
1 show that quantum size effects were not significant
in the titania materials in this study.
To test the photocatalytic activity of the materials,

the well-known oxidative dehydrogenation of 2-propanol
to acetone was used as a probe reaction. Acetone and
2-propanol were the major species detected. The control
reactions, shown in Figure 9, demonstrate that both the
catalyst and illumination were necessary to achieve
reaction. A statistical analysis of the control reactions
confirmed the absence of activity over a 24-h period.
A typical photocatalytic reaction over Degussa P25

catalyst is also illustrated in Figure 9. The quantum
yield, defined as the number of acetone molecules
formed per incident photon, was calculated to be 0.45
during the first hour of reaction. We also tested a
sample of anatase (Aldrich) and measured a quantum
yield of 0.41. Therefore, a relatively high quantum yield
for the 2-propanol reaction is intrinsic to crystalline
titania. Results from photocatalysis on synthetic titania
samples are shown in Figures 10 and 11 and sum-
marized in Table 1. Under identical reaction conditions,

the quantum yields of the mesoporous samples were
several orders of magnitude lower than that of P25.
Poorly crystallized synthetic titania samples, prepared
without surfactant, were also poor photocatalysts. Cal-
cination of these samples for longer times (ns-TiO2 series
in Table 1) both crystallized the particles and increased
their quantum yields. The approximate percentages of
anatase and rutile in the sample calcined for 12 h are
80% and 20%, respectively, similar to that of P25.

Table 2. Characterization and Reactivity Results for
Niobia Samples

sample
surface area
(m2 g-1)

band gap
(eV)

quantum
yielda

meso-Nb2O5 415 3.29 0.0041
Nb2O5 13 3.08 0.217
a Quantum yield is defined as the molecules of acetone formed

per incident photon.

Figure 8. UV diffuse reflectance spectra of (a) as-synthesized
meso-TiO2 and Degussa P25 and (b) extracted meso-Nb2O5 and
Aldrich Nb2O5.

Figure 9. Photocatalytic production of acetone from 2-pro-
panol over irradiated Degussa P25 titania (+). Results from
runs without UV light (b) and without catalyst (9) are shown
for comparison.

Figure 10. Photocatalytic production of acetone from 2-pro-
panol over P25 (O), as-synthesized meso-TiO2 (0), and as-
synthesized ns-TiO2 (b). Diamonds ([) correspond to the
control reaction without UV light.

Figure 11. Photocatalytic production of acetone from 2-pro-
panol over meso-TiO2 calcined at 873 K for 1 h (0), ns-TiO2

calcined at 873 K for 3 h ([), ns-TiO2 calcined at 873 K for 12
h (+), and P25 (O).
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Indeed, the quantum yield of this sample was 0.27,
about half that of P25. Figure 11 shows the increased
photocatalytic activity of these partially crystallized
samples.
As a comparison, two forms of niobia were also

examined for photoactivity. Similar to the titania case,
the quantum yield was orders of magnitude greater over
the dense, crystalline compound compared to the me-
soporous, amorphous sample. These results are sum-
marized in Table 2.

Discussion

The characterization results confirm that a high
surface area, mesoporous, Ti-containing material was
synthesized by a ligand-assisted templating method.
However, elemental analysis revealed that calcination
and extraction did not remove phosphorus from the
sample. Therefore, these titaniummaterials were really
composites that have the surfactant (or remnants of the
surfactant) attached strongly to their surfaces. This
observation has also been reported by Putnam et al.,
who investigated similar samples.31 In that study,
crystalline titanium phosphates were detected by X-ray
diffraction after calcination at 773 K for 24 h.31 The
extremely high surface area of our samples obtained
after low-temperature calcination is likely due to the
formation of an open mesoporous structure and the
retention of a substantial fraction of the surfactant in
the material. The fact that phosphorus was held
tenaciously by the mesoporous titania will likely limit
its possible use as a catalyst or catalyst support.
Fortunately, mesoporous niobia can be synthesized with
an amine template that can be removed by a solvent
extraction. Elemental analysis of mesoporous niobia
indicated a 6-fold reduction in surfactant loading after
three extraction treatments. The high surface area of
our niobia sample is attributed to the open mesoporous
structure of the extracted solid.
The as-synthesized mesoporous samples were locally

amorphous since no peaks were observed in the X-ray
pattern at high 2θ (see Figure 6). We found it quite
striking that the UV reflectance spectra of the as-
synthesized materials were similar to those of bulk
phase standards. However, one difference is clear: the
UV absorption threshold was sharper in both crystalline
standards compared to those of the mesoporous samples.
A variety of microenvironments within the mesoporous
samples may account for the broad features. Neverthe-
less, the UV reflectance spectra indicated that the
mesoporous materials may function as photocatalysts
since they absorbed photons of the appropriate energy
range.
We chose to use the oxidative dehydrogenation of

2-propanol to acetone as a simple probe reaction for
photocatalytic activity since it has a relatively high
quantum yield and is simple to perform. Our measured
quantum yield of 0.45 for the reaction over P25 titania
is comparable to previously reported values of 0.48 by
Lee30 and 0.28 by Hussein and Rudham.32

The various forms of mesoporous titania, listed in
Table 1, were very poor photocatalysts. Indeed, the

quantum yields for the 2-propanol reaction were orders
of magnitude lower than those of P25 and anatase
(Aldrich). Interestingly, poor quantum yields were
observed for some of our titania catalysts that were
synthesized in the absence of a template. After pro-
gressive crystallization of these nonsurfactant (ns)
samples by prolonged calcination at high temperature,
the quantum yield of the 2-propanol reaction increased
by more than an order of magnitude (see Table 1). Since
the surface area of these samples did not change
significantly with calcination temperature, and since the
band gap of the as-synthesized ns-titania was similar
to that of crystalline titania, we suspect that the degree
of crystallinity played a major role in the photocatalytic
activity of titania.
Previous researchers have observed that amorphous

titania materials are inactive photocatalysts. Davidson
et al. showed that polycrystalline samples of titania had
high photoproduction rates of dihydrogen as compared
with amorphous forms.33 Tanaka et al. also found that
amorphous titania also gave the lowest photodegrada-
tion rate of trichloroethane and chloroacetic acid.34 As
mentioned earlier, Ohtani et al. determined that, for
constant particle size, the photocatalytic activity of
titania increased linearly with the fractional crystal-
linity of anatase.21 Our results with nonsurfactant
titania are completely consistent with the results of
Ohtani et al. Apparently, crystallinity and photoactivity
are inextricably linked.
The presence of defects in the amorphous samples is

speculated to be the cause for the low quantum yields.
These defects can act as recombination centers for the
photogenerated electron-hole pair. As discussed by
Ohtani et al., the defects can be present in both the bulk
and the surface of the material.21 It was our intention
to synthesize the mesoporous transition metal oxides
to obtain materials with extremely high surface areas,
negligible concentrations of bulk defect centers, and
optical band gaps comparable to those of bulk crystals.
Alternatively, Tanaka et al. suggest that peroxide,

formed by the reaction of dioxygen with a surface
hydroxyl, impairs the photocatalytic action of titania.34
Samples with high concentrations of surface hydroxyls
(i.e., amorphous titanias) will therefore be less effective
photocatalysts. However, hydroxyl radicals are impor-
tant intermediates in the photooxidation of organics
over irradiated titania.35 Thus, we believe that a high
defect density is the major reason that amorphous
materials are inefficient photocatalysts.
The relative inactivity of our mesoporous titania

samples can be attributed to a high surface concentra-
tion of defects which can act as surface electron-hole
recombination sites and/or the poisoning of catalytic
surface sites by the phosphorus remaining from the
surfactant. For the titania samples, these two effects
may be interrelated and cannot be separated at this
time. However, our mesoporous niobia material also
showed very poor photoactivity compared to a crystal-
line sample. Since most of the surfactant was removed
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from the mesoporous sample, the low activity is at-
tributed to the detrimental effect of surface defects on
photocatalysis over amorphous materials. We propose
that, in addition to bulk defects, surface defects play
an important role as recombination centers on transition
metal oxide photocatalysts. These results suggest that
highly defective thin films of oxide semiconductors will
need to be partially crystallized prior to use as photo-
catalysts.

Conclusions

Mesoporous transition metal oxide molecular sieves
having extremely high surface areas were successfully
synthesized by a previously reported ligand-assisted
templating method. Although the mesopore structure
was well-ordered, the metal oxides were locally amor-
phous. In the case of mesoporous titania, phosphorus
from the template was bound so strongly to the molec-
ular sieve that it could not be removed by either
calcination or solvent extraction. In contrast, solvent

extraction was effective at removing the amine template
from mesoporous niobia. The quantum yield for the
photocatalytic reaction of 2-propanol to acetone was
orders of magnitude lower on the molecular sieves
compared to the appropriate crystalline materials, even
though the optical band gaps were similar. Results from
control experiments on partially crystallized titania
samples indicate that surface defects on the transition
metal oxide molecular sieves may catalyze the recom-
bination of photogenerated electron-hole pairs and
lower photocatalytic activity.
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