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Nanocrystalline mesoporous Ta2O5-based photocatalysts
prepared by surfactant-assisted templating sol–gel process

for photocatalytic H2 evolution

Thammanoon Sreethawong, Supachai Ngamsinlapasathian,
Yoshikazu Suzuki, Susumu Yoshikawa∗

Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan

Received 24 February 2005; received in revised form 28 March 2005; accepted 29 March 2005
Available online 21 April 2005

Abstract

Nanocrystalline mesoporous Ta2O5 photocatalyst was synthesized through a combined sol–gel process with surfactant-assisted templating
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echanism under mild conditions. Controlled hydrolysis and condensation of tantalum pentaethoxide modified with acetylacet
resence of laurylamine hydrochloride surfactant aqueous solution ultimately yielded nanocrystalline Ta2O5 with mesoporous characterist
he NiO cocatalyst loading at various contents was also performed by single-step sol–gel method, in which nickel precursor was in

nto the completely hydrolyzed tantalum sol prior to the gelation step. The synthesized photocatalysts were methodically chara
G–DTA, XRD, N2 adsorption–desorption, diffuse reflectance UV–vis spectra, SEM, and TEM analyses. The XRD patterns indic

he cocatalyst was in a very high dispersion degree on mesoporous Ta2O5. N2 adsorption–desorption isotherms and SEM observation ve
hat the photocatalysts possessed mesoporous structure. The surface area of the samples from BET method was quite high with
onomodal pore size distribution estimated from BJH method. The photocatalytic performance of the materials was assessed via H2 evolution

rom water using methanol as a hole scavenger under UV light irradiation. For unloaded Ta2O5 photocatalysts, the sample calcined at 70◦C
howed the highest photocatalytic H2 evolution activity. Moreover, the photocatalytic activity of such the sample was dramatically inc
ith the cocatalyst loading, exhibiting the optimum loading content at 5 wt.%.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalytic water splitting using semiconductors
as received much attention, especially for its potential
pplication to direct production of hydrogen (H2) for clean
nergy from water utilizing solar light energy. The pho-

oelectrochemical effect of the semiconductors originates
rom creation of the electrons and holes after absorption
f light. Traced to the work of Fujishima and Honda on
ingle-crystal TiO2 electrodes for water splitting reaction[1],
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titanium dioxide (TiO2) has been intensively investigated
photocatalysts in the fields of solar energy conversion, w
splitting, and environmental purification[2–6]. Additionally,
numerous efforts have been postulated for the fabric
and application of efficient semiconductor manufacture
only TiO2 but also other oxide semiconductors.

Tantalum oxide (Ta2O5) has attracted increasing intere
due to its semiconducting and wide bang gap prope
Ta2O5 has been widely used as key material of dyna
random access memory, antireflective coating layer
impedance under high temperature, gas sensor, and cap
owing to its high dielectric constant, high refractive ind
and high chemical stabilization[7,8]. Of late, nanosize
and/or nanoporous Ta2O5 has also been of technologic
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importance because of its photocatalytic performances,
particularly for photocatalytic H2 evolution from water
[9–12]. In view of such high application potential of Ta2O5
photocatalyst, attempts need to be focused on the synthesis
of its mesoporous form, since light harvesting capability and
reactant accessibility can be enhanced as a result of multiple
scattering and high surface area as well as uniform pore
structure.

To date, mesoporous Ta2O5 is often prepared by a ligand-
assisted templating method involving the complex formation
of organic metal precursor with surfactant molecules fol-
lowed by hydrolyzation-induced precipitation or gelation of
the resulting product[10,11,13–15]. Most of the researches
utilized very large molecular weight block copolymer,
especially Pluronic P-123, or long chain amine surfactant,
especially octadecylamine, as the structure-directing agent,
which subsequently required severe heat treatment or brought
about the difficulty in removal procedure from mesoporous
framework. To our knowledge, the application of more sim-
ple surfactants for the synthesis of mesoporous Ta2O5 has not
been extensively examined. Recently, our research group has
found a straightforward synthetic method for mesoporous
TiO2 under mild conditions via a combined sol–gel process
with surfactant-assisted templating route of laurylamine hy-
drochloride/tetraisopropyl orthotitanate modified with acety-
lacetone system[16,17]. The obtained mesoporous TiO
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and condensation processes of titanium precursor. Commer-
cially available Ta2O5 powder (orthorhombic phase, surface
area < 0.5 m2 g−1, particle size 300–1000 nm, Aldrich) was
also utilized for comparative study of photocatalytic H2 evo-
lution.

2.2. Photocatalyst synthesis

The nanocrystalline mesoporous Ta2O5 was synthesized
via a combined sol–gel process with surfactant-assisted tem-
plating mechanism under mild conditions. In typical synthe-
sis, a specified amount of analytical grade ACA was first
introduced into TPE with the same mole. The mixed solution
was then gently shaken until intimate mixing. Afterwards,
0.1 M LAHC aqueous solution of pH 4.2 was added into the
ACA-modified TPE solution, in which the molar ratio of TPE
to LAHC was adjusted to a value of 4. The mixed solution
was continuously stirred at room temperature for an hour and
further aged at 40◦C for a day to attain sol-containing solu-
tion as a result of complete hydrolysis of the TPE precursor.
Then, the condensation reaction-induced gelation was initi-
ated and formed by placing the sol-containing solution into
an oven kept at 80◦C for a week. Subsequently, the gel was
dried overnight at 80◦C to eliminate the solvents. The dried
sample was calcined at various temperatures for 4 h to re-
move LAHC template and consequently produce the desired
p NiO-
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ossessed considerably higher photocatalytic activity fo2
volution reaction compared to some commercially avai
iO2 powders and could be used as an effective based

ocatalyst for cocatalyst loading for such the reaction[18].
In this contribution, the combined sol–gel process w

urfactant-assisted template was expanded for the syn
f mesoporous Ta2O5 with narrow pore size distribution an
igh photocatalytic activity, i.e. photocatalytic H2 evolution
s a probe photoreaction. Many characterization techni
amely TG–DTA, XRD, N2 adsorption–desorption, diffu
eflectance UV–vis spectra, SEM, and TEM analyses,
erformed and explained in details. The effect of NiO co
lyst loading on the mesoporous Ta2O5 was also investigate
y single-step sol–gel (SSSG) method to enhance the p
atalytic activity.

. Experimental

.1. Materials

Tantalum pentaethoxide (TPE, Hokko Chemical Indu
o., Ltd.), nickel (II) nitrate hexahydrate (Nacalai Tesq

nc.), laurylamine hydrochloride (LAHC, Tokyo Chemic
ndustry Co., Ltd), acetylacetone (ACA, Nacalai Tesq
nc.) and methanol (Nacalai Tesque, Inc.) were used fo
tudy. All chemicals were analytical grade and used wit
urther purification. LAHC was used as a surfactant t
late behaving as a mesopore-directing agent. ACA se
s a modifying agent was applied to moderate the hydro
hotocatalyst. For single-step sol–gel (SSSG) prepared
oaded samples, a necessary amount of nickel (II) nitra

ethanol for desired loading extents was incorporated
he mixed solution before aging at 40◦C.

.3. Photocatalyst characterizations

Simultaneous thermogravimetry and differential ther
nalysis (TG–DTA, Shimadzu DTG-50) with a heat
ate of 10◦C/min in a static air atmosphere was used
tudy the thermal decomposition behavior of the as-prep
dried) photocatalysts with�-Al2O3 as the reference. Cry
alline phases present in the samples were identified b
ay diffraction (XRD) analysis. A Rigaku Rint-2100 r
ating anode XRD system generating monochromate
� radiation with continuous scanning mode at rate
◦/min and operating conditions of 40 kV and 40 mA w
sed to obtain XRD patterns. A nitrogen adsorption sys
BEL Japan BELSORP-18 Plus) was employed to mea
dsorption–desorption isotherms at liquid nitrogen temp

ure of 77 K. The Brunauer–Emmett–Teller (BET) appro
sing adsorption data over the relative pressure ranging
.05 to 0.35 was utilized to determine surface area.
arrett–Joyner–Halenda (BJH) approach was used to
ore size distribution from desorption data. The samples
egassed at 200◦C for 2 h to remove physisorbed gases p

o the measurement. A Shimadzu UV-2450 UV–vis s
rometer was exploited to record diffuse reflectance sp
f the samples at room temperature with BaSO4 as the ref
rence. The sample morphology was observed by a sca
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electron microscope (SEM, JEOL JSM-6500FE) and a trans-
mission electron microscope (TEM, JEOL JEM-200CX) op-
erated at 5 and 200 kV, respectively.

2.4. Photocatalytic activity measurement

Photocatalytic H2 evolution reaction was carried out in
a closed gas-circulating system. In typical run, a specified
amount of photocatalyst (0.2 g) was suspended in an aque-
ous methanol solution (200 ml of distilled water, 20 ml of
CH3OH) by means of magnetic stirrer within an inner irradi-
ation reactor made of Pyrex glass. A 300 W high-pressure Hg
lamp was utilized as the light source. Prior to the reaction, the
mixture was left in the dark simultaneously with being thor-
oughly deaerated by purging with Ar gas for 30 min. After-
wards, the photoreaction system was closed and the reaction
was started by exposing to the UV light irradiation. To avoid
the heating of the solution during the courses of reaction, wa-
ter was circulated through a cylindrical Pyrex jacket located
around the light source. The gaseous H2 evolved was periodi-
cally collected and analyzed by an on-line gas chromatograph
(Shimadzu GC-8A, Molecular sieve 5A, Argon gas), which
was connected with a circulation line and equipped with ther-
mal conductivity detector (TCD).
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Fig. 1. (a) TG and (b) DTA curves of the as-synthesized (dried) unloaded
Ta2O5 photocatalyst.

that of the mesoporous TiO2 case[16,17]. In case of NiO-
loaded Ta2O5 dried gel, its TG–DTA curves are presented in
Fig. 2. The similar weight loss of approximately 4% due to
the adsorbed water elimination could be observed. However,
from DTA curve, the distinct difference of the thermal de-
composition behavior of the NiO-loaded dried gel from the
unloaded one regarding to the burnout of surfactant molecules
is the presence of two distinguishable exothermic peaks dur-
ing 200–400◦C. As the nickel precursor was introduced
into the completely hydrolyzed tantalum sol during sol–gel
preparation in the presence of LAHC surfactant, the nickel
molecules were believed to exist between head groups of mi-
cellar LAHC and hydrolyzed tantalum sol and subsequently
reduce the covalent-bonding interaction between them. The
weak exothermic peak centered at 275.6◦C is then resulted
from the burnout of a small extent of surfactant molecules,
which their interaction with tantalum sol was loosened un-
til being able to be removed by oxidation decomposition at
lower temperature. Nevertheless, their large portion under-
went the normal burnout characteristic as in the case of the
unloaded Ta2O5 due to the existence of main exothermic peak
centered at 359◦C, which is though slightly lower than that
of the unloaded case. The crystallization process combined
. Results and discussion

.1. Photocatalyst characterizations

The thermal decomposition behavior of both the unloa
a2O5 and 5 wt.% NiO-loaded Ta2O5 prepared by the SSS
ethod, which exhibited the highest photocatalytic act
s explained later, was studied using TG–DTA analysis.
eat treatment process based on the TG–DTA results wa
sed to calcine all dried samples (xerogel) under appr
te temperatures.Fig. 1 shows the typical TG–DTA curve
btained from the dried gel of unloaded Ta2O5. The weigh

oss until temperature of 200◦C is basically attributable to th
emoval of water physisorbed at the surface of the photo
yst. The weight loss in the temperature range of 200–40◦C
s due to the burnout of organic LAHC surfactant species
ained inside the mesopore of the sample. This is supp
y the presence of exothermic peak centered at 386.7◦C in

he DTA curve. It is suggested that elimination of the sur
ant molecules through oxidation generated the exothe
eaction. Thus, this peak is assigned to the oxidative de
osition of organic surfactant template. The exothermic
entered at 423.4◦C is mainly resulted from not only th
rystallization process of the photocatalysts[19] but also in-
olved with the burnout of a small portion of organic resid
s well as the dehydration and evaporation of chemiso
ater[20,21], corresponding to the weight loss in the te
erature range of 400–650◦C. The total weight loss from
G curve until 650◦C was 27.95%. This thermal decomp
ition pattern of the unloaded Ta2O5 is relatively the same a
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Fig. 2. (a) TG and (b) DTA curves of the as-synthesized (dried) 5 wt.%
NiO-loaded Ta2O5 photocatalyst.

with the elimination of small amount of organic remnants
and chemisorbed water could be detected during 400–650◦C
with the exothermic peak centered at 419.3◦C, which is also
in the same line as the unloaded sample. From TG curve,
the total weight loss until 650◦C was 27.52%, almost re-
sembling that obtained from the unloaded Ta2O5 as well. For
both dried gels, there was no significant weight loss observed
beyond 650◦C. Therefore, the results from TG–DTA analy-
sis confirmed that the calcination temperature of 650◦C was
adequate for both complete surfactant template removal and
photocatalyst crystallization process (but not yet completely
crystallized), which was in good agreement with the XRD re-
sults. After removal of the surfactant template by calcination
process, nickel species were expected to be present as NiO
through the mesoporous structure of Ta2O5.

XRD analysis is the most useful technique for identifica-
tion of crystalline structure of the samples. The evolution of
the XRD patterns of the unloaded Ta2O5 photocatalyst cal-
cined at the desired temperatures ranging from 650 to 800◦C
as shown inFig. 3(a) reveals that the diffractograms were
due to the crystallization of amorphous Ta2O5 into �-Ta2O5
with orthorhombic phase owing to diffraction peaks at 2θ of
22.9◦, 28.3◦, and 36.7◦, which can be filed to (0 0 1), (1 1- 1- 0),

Fig. 3. (a) XRD patterns and (b) crystallite size estimated from line broad-
ening using Sherrer formula of the unloaded Ta2O5 photocatalysts calcined
at various temperatures for 4 h.

and (1 1- 1- 1) planes, respectively (JCPDS Card No. 25-0922)
[22]. The peak sharpness and intensity increased with temper-
ature, indicating an improvement of crystallinity of the sam-
ples accompanied with crystal growth. The crystallite size
of the Ta2O5 photocatalysts calculated from line broadening
of (0 0 1) diffraction peak using Sherrer formula[23] is de-
picted as a function of calcination temperature inFig. 3(b). It
is obvious that upon calcination at higher temperatures, the
crystallite size progressively increased, attesting to the crys-
tal growth of the samples. As the NiO cocatalyst was loaded
into the Ta2O5 photocatalyst by the SSSG method to enhance
the photocatalytic H2 evolution activity, the presence of the
NiO cubic phase was observed by close inspection of XRD
patterns inFig. 4(a) at high loading amount, e.g. at 7 wt.%,
according to diffraction peak at 2θ of 43.3◦ for (2 0 0) plane
(JCPDS Card No. 4-0835)[22]. However, the peak intensity
was very weak, indicating its high dispersion degree through-
out the mesoporous network with small particle size plausibly
less than 5 nm due to the minimum sensitivity of XRD anal-
ysis. Furthermore, it is worth to note that the crystallite size
of the Ta2O5 samples from line broadening as illustrated in
Fig. 4(b) remained nearly constant up to 4 wt.% NiO load-
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Fig. 4. (a) XRD patterns and (b) crystallite size estimated from line broad-
ening using Sherrer formula of the Ta2O5 photocatalysts loaded with various
NiO contents and calcined at 700◦C for 4 h.

ing content and then gradually decreased with increasing the
content. This implies that the NiO phase played an inhibitory
influence on the Ta2O5 crystal growth, but not much signifi-
cantly.

The N2 adsorption–desorption isotherms of the unloaded
Ta2O5 and 5 wt.% NiO-loaded Ta2O5 photocatalysts cal-
cined at 700◦C for 4 h are shown inFig. 5. The shape of
the isotherms exhibited the characteristic behavior of the
structure of powder, which was composed of an assembly of
particles with large open packing. The hysteresis loop in the
relative pressure of 0.5–0.9 is typically resulted from wedge-
shaped capillaries with a closed edge at the narrow side. Ac-
cording to IUPAC classification[24], this isotherm shape is of
type IV as well as shows a marked hysteresis associated with
capillary condensation in the mesopore range (2–50 nm). The
hysteresis loop in general matches with type H2 pattern. This
indicates that the powders contained mesopores in the struc-
ture. In addition, the isotherms showed one hysteresis loop,
indicating monomodal pore size distribution. The results
suggest that a small pore size distribution and uniform pore
structure were obtained. The steepness of desorption branch
verified the uniformity of the pore diameter with narrow dis-
tribution as included in the inset ofFig. 5, which is accredited

Fig. 5. N2 adsorption–desorption isotherms and pore size distribution (in-
set) of (a) the unloaded and (b) the 5 wt.% NiO-loaded mesoporous Ta2O5

photocatalysts calcined at 700◦C for 4 h.

to the specific synthesis method followed in this proposed
route. In many applications, the reagent molecules must be
operated across the porous system, as well as the products
have to leave the porous materials. Mass transfer process
inside the pore depends on pore size and uniformity of pore
structure. Inorganic materials with mesopores of between
2 and 50 nm play a role in liquid separations (e.g. cleaning
of tap water), catalytic materials, carriers, etc. High surface
area implies fine pores, however relatively small pores,
such as < 2 nm (micropore region), may become plugged in
catalyst preparation, especially if high loading is required.

In the past, the type H2 hysteresis loop was attributed to a
difference in mechanism between condensation and evapora-
tion processes occurring in pores with narrow necks and wide
bodies, often referred to as ink-bottle pores. This represen-
tation can be considered as an over-simplified situation, and
it is recommended to take into account the role of network
effects[25]. According to the modern point of view[26], the
observed hysteresis of the synthesized materials may be the
result of two mechanisms: one is an intrinsic property of the
phase transition, where a vapor phase may be present at pres-
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Fig. 6. (a) BET surface area and (b) mean pore diameter and total pore vol-
ume of the unloaded mesoporous Ta2O5 photocatalysts calcined at various
temperatures for 4 h.

sures above the condensation, and a liquid phase below the
condensation pressure. This is called the single-pore mecha-
nism. The second mechanism is related to the topology of the
pore network, i.e. pore block effects. The structure of the pore
network (its connectivity and accessibility), while irrelevant
for adsorption, is very critical in the desorption processes.
The relative contributions of the single-pore and pore net-
work effects to the hysteresis loop are difficult to ascertain
and certainly vary from one solid to another.

The textural properties obtained from N2 adsorption–
desorption measurement, namely BET surface are, mean pore
diameter (DPore), and total pore volume (VPore), are expressed
in Fig. 6for the unloaded mesoporous Ta2O5 calcined at var-
ious temperatures and inFig. 7 for the 5 wt.% NiO-loaded
mesoporous Ta2O5 calcined at 700◦C for 4 h. FromFig. 6, it
is marked that the BET surface area decreased when increas-
ing the calcination temperature from 650 to 800◦C. The ap-
parent decrement in surface area at more severe calcination
process can be attributed to pore coalescence upon the crys-
tallization of walls separating mesopores, which is in good
accordance with the higher crystallinity and crystal growth

from XRD analysis. As a consequence, the increase in mean
pore diameter and the decrease in total pore volume were ob-
served, as expected. The mean pore diameter of the samples
calcined at various temperatures ranging from 4 to 11 nm
confirms that the samples possessed prevalent mesoporous
characteristic. When NiO cocatalyst was loaded at various
contents up to 7 wt.% by the SSSG method, the BET surface
area was gradually reduced as can be seen fromFig. 7(a).
The result of such the decrement can be elucidated as a good
evidence proving the earlier mentioned hypothesis that the
presence of the loaded cocatalyst was along the mesoporous
structure after complete surfactant template removal. This
subsequently influenced on the decrease in both the mean
pore diameter and total pore volume when the loading content
was increased because of the higher degree of pore dimension
blockage, as illustrated inFig. 7(b).

Fig. 8 shows the diffuse reflectance UV–vis spectra of
the unloaded and NiO-loaded mesoporous Ta2O5 as well as
pure NiO prepared and calcined at the same conditions as
that of mesoporous Ta2O5-based photocatalysts for compari-

Fig. 7. (a) BET surface area and (b) mean pore diameter and total pore
volume of the mesoporous Ta2O5 photocatalysts loaded with various NiO
contents and calcined at 700◦C for 4 h.
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Fig. 8. Diffuse reflectance UV–vis spectra of the unloaded and NiO-loaded
mesoporous Ta2O5 photocatalysts calcined at 700◦C for 4 h. The spectrum
of pure NiO was also included for comparison.

son, which can be used to indicate the electronic environment
of the components in the samples during UV–vis excitation.
For the unloaded sample, the spectrum revealed the strong
absorption band in UV region at approximately 300 nm. This
band can be usually indexed to the presence of Ta species as
Ta5+ due to the electronic excitation of the valence band O
2p electron to the conduction band Ta 5d level. The absorp-
tion onset of the spectrum occurred at approximately 315 nm,
corresponding to the Ta2O5 band gap energy of 4.0 eV[27].
The new absorption bands in the visible region became ob-
vious when the NiO cocatalyst was loaded into the meso-
porous Ta2O5 as Ni2+. When considering the pure NiO used
for comparatively distinguishing the source of absorption in
the NiO-loaded mesoporous Ta2O5, its spectrum showed the
strong absorption through both UV and visible regions due to
its dark green color, especially with more intense strong band
in UV region at roughly 350 nm. If one compares the spec-
tra of the NiO-loaded mesoporous Ta2O5 with that of pure
NiO, the absorption onset was noticeably prolonged to longer
wavelength with the strong absorption bands owing to both
the overlap and interaction between NiO and Ta2O5 at around

Fig. 9. SEM image of the unloaded mesoporous2
 TaO5 photocatalyst calcined at 700◦C for 4 h.
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350–450 and 600–800 nm as a result of the interdispersion
of the two phases originated from the sol–gel process, which
well agrees with the CuO/TiO2 system[28]. In addition, it
is evident that the absorption intensity in the visible region
gradually increased (the reflectance in opposition decreased),
as the cocatalyst loading content was increased.

SEM analysis was used to attain morphological structure
of the investigated photocatalysts. The SEM image of the
unloaded mesoporous Ta2O5 calcined at 700◦C is shown in
Fig. 9. It can be perceptible that the particle size was very
uniform in the range of 20–25 nm. The aggregation com-
posed of plenty of the nanoparticles could be visibly ob-
served. In order to obtain more insight about the morphol-
ogy and particle size of the photocatalysts, TEM analysis
was also performed.Fig. 10(a) shows the TEM image of the
unloaded mesoporous Ta2O5 calcined at 700◦C. The forma-
tion of Ta2O5 aggregates comprising three-dimensional dis-
ordered primary nanoparticles could be obviously seen. The
particle size of the sample was quite uniform and in the ap-
proximate range of 15–25 nm, which is well consistent with
the results from both XRD and SEM analyses, signifying
that each grain can be considered in average as a single crys-
tallite. Owing to N2 adsorption–desorption, SEM, and TEM
results, the mesoporous structure of Ta2O5 particle can be at-
tributed to the pores formed between nanocrystalline Ta2O5
particles, which is in the same track as the mesoporous TiO
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Fig. 10. TEM images of (a) the unloaded and (b) the 5 wt.% NiO-loaded
mesoporous Ta2O5 photocatalysts calcined at 700◦C for 4 h.

mesoporous Ta2O5 calcined at various temperatures ranging
from 650 to 800◦C with 50◦C ramping interval.Fig. 11(a) il-
lustrates the H2 evolution over these photocatalysts as a func-
tion of irradiation time. The amount of evolved H2 increased
almost proportionally to the irradiation time until the end of
photocatalytic activity measurement. Thus, the H2 evolution
rate over the entire reaction course could be estimated from
these data. The effect of calcination temperature on the H2
evolution rate is shown inFig. 11(b). It is obviously seen
that the H2 evolution activity initially increased with increas-
ing the calcination temperature form 650 to 700◦C and then
dramatically decreased with further increasing the calcina-
2
16,17,29,30]. Similar observation was also perceived in
ase of the 5 wt.% NiO-loaded mesoporous Ta2O5 sample
n Fig. 10(b). However, the presence of NiO particles w
ot apparent, which is the same as the case of NiO-lo
esoporous TiO2 in our previous work[18]. It can be evi
ent that the NiO nanoparticles were deposited on the
urface and near the outer surface of TiO2 aggregates in ca
f the samples prepared by normal incipient wetness im
ation, but not observed for the single-step sol–gel (SS

oading method. The existence of most of NiO nanopart
as expected to be on the surface of mesoporous TiO2 along
esoporous network, ensuing from the addition of nickel

ursor after complete hydrolysis of titanium precursor du
he sol–gel process. The analogous consequence was a
ieved to occur in the NiO-loaded mesoporous Ta2O5 samples
repared by the SSSG method.

.2. Photocatalytic activity

The photocatalytic activity for H2 evolution was dete
ined in a closed gas-circulating system with an on-line

hromatograph for gaseous H2 detection. The reaction tests
he absence of either photocatalyst or light irradiation sho
nsignificantly detectable H2 gas evolved up to 5 h of rea
ion time, elucidating that both are definitely indispens
or the photocatalytic H2 evolution. When both were prese
n the system, the substantial H2 evolution could be detecte
t each interval through the course of reaction.

To study the impact of calcination temperature, the p
ocatalytic activity was first investigated over the unloa
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Fig. 11. (a) Time course of H2 evolution and (b) H2 evolution rate over the
unloaded mesoporous Ta2O5 photocatalysts calcined at various temperatures
for 4 h.

tion temperature to 800◦C. This figures out that the calci-
nation temperature of 700◦C was the optimum point for the
unloaded mesoporous Ta2O5, exhibiting the highest photo-
catalytic H2 evolution activity at the rate of 77.64�mol h−1.
There are many important parameters taken into account to
explain the obtained results. In general catalysis, the surface
area of sample plays significant role in determining the re-
action activity due to the capability of adsorbing reactants
on surface active sites for undertaking reaction. Therefore,
the H2 evolution rate is again represented as a function of
the BET surface area of the unloaded mesoporous Ta2O5,
as depicted inFig. 12. It is found that the BET surface area
of 43.43 m2 g−1, which is the property of the sample cal-
cined at 700◦C (the highest surface area in this study was
82.73 m2 g−1 for the sample calcined at 650◦C), provided
the highest H2 evolution activity. This implies that the sur-
face area was not the critical factor mainly governing the
photocatalytic activity. Another essential parameter that has
to be considered is the crystallinity. From XRD analysis, it
can be seen that despite possessing the highest surface are
of the sample calcined at 650◦C, its crystallinity was not

Fig. 12. Dependence of H2 evolution rate on BET surface area of the un-
loaded mesoporous Ta2O5 photocatalysts calcined at various temperatures
for 4 h.

yet completely developed. This can be regarded as a major
drawback owing to the higher unfavorable e−/h+ recombina-
tion rate if the lattice defects upon imperfect crystallization
are present. On the other hand, at calcination temperature of
700◦C, the crystallinity became almost progressively com-
plete, although the loss of BET surface area in some extent
was observed. At this optimum temperature, the increase in
the H2 evolution activity due to the much developed crys-
tallinity may surpass the decrease in the activity due to the
lower surface active sites. When the calcination temperature
was increased beyond the optimum temperature, i.e. at 750
and 800◦C, the great loss of BET surface area was much more
decisive and led to the decrease in the photocatalytic activ-
ity. The crystallite size of the samples calcined at these two
temperatures was also larger than that at 700◦C. This may
accordingly cause the higher probability of bulk recombina-
tion of e−/h+ pairs upon band gap excitation before reaching
the surface active sites.

The photocatalytic H2 evolution test over the commer-
cially available Aldrich Ta2O5 powder was also compara-
tively performed under identical reaction conditions. The H2
evolution rate of only 11.74�mol h−1 was obtained, approx-
imately seven folds lower than that of the synthesized meso-
porous Ta2O5 calcined at the optimum temperature. In com-
parison, the considerably low photocatalytic activity of the
commercial TaO photocatalyst can be reflected to chiefly
r the
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p ulk
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t t,
p isted
t por-
t

a

2 5
ise from the lack of mesoporous characteristic due to
bsence of hysteresis loop from N2 adsorption–desorptio
easurement, leading to very low surface area, as well a

arge particle size as confirmed by line broadening of X
attern and SEM analysis, leading to relatively high b
nd surface recombination of the photoinduced species

hat reason, the mesoporous structure of Ta2O5 photocatalys
articularly achieved by the investigated surfactant-ass

emplating sol–gel process, was verified to be of great im
ance to attain superior photocatalytic performance.
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The photocatalytic H2 evolution activity of the meso-
porous Ta2O5 can be drastically enhanced by loading suit-
able cocatalyst onto the active surface of the photocatalyst.
From the reaction mechanism proposed by many researchers
[4–6,31,32], after band gap excitation the photoinduced con-
duction band electrons (e−) and accompanying valence band
holes (h+) are generated and transferred to surface active sites.
The electrons can reduce protons in solution to form H2 gas.
In case of loaded cocatalyst, the electrons will be expedi-
tiously transported and trapped by the cocatalyst and initiate
the reduction reaction. This is an effective tool for the pre-
vention of the e−/h+ recombination. In this study, NiO was
chosen as the investigated cocatalyst, since it can improve
the photocatalytic activity of the mesoporous Ta2O5 and is
much relatively cost-effective cocatalyst compared to noble
metals such as Pt. Moreover, the single-step sol–gel (SSSG)
method was utilized to prepare the loaded samples because
it provided high cocatalyst distribution and also interaction
between NiO and Ta2O5 for better charge transferring and
trapping processes.

The influence of the cocatalyst content was further studied
by varying its loading amount up to 7 wt.% during sol–gel
preparation and calcining at optimum calcination tempera-
ture of 700◦C obtained from the unloaded case. The time
course of the H2 evolution over these photocatalysts is shown
in Fig. 13(a). The proportional relationship at all loading con-
t ect of
c e
t t as
d
y ased
w cat-
a er
a ivity
o nt on
m ith
m ther
i lyst
l x-
c ts
a r the
e t of
p
T d by
s h oth-
e
I size
f oad-
i ading
c the
l ed
t t and
i ding
c f H
e ghtly
h less

Fig. 13. (a) Time course of H2 evolution and (b) H2 evolution rate over
the mesoporous Ta2O5 photocatalysts loaded with various NiO contents and
calcined at 700◦C for 4 h.

Fig. 14. Dependence of H2 evolution rate on BET surface area of the meso-
porous Ta2O5 photocatalysts loaded with various NiO contents and calcined
at 700◦C for 4 h.
ents was also observed. For better clarity to see the eff
ocatalyst loading, the H2 evolution rate derived from th
ime course is replotted as a function of loading amoun
epicted inFig. 13(b). It is obvious that the H2 evolution
ield increased with cocatalyst loading, but then decre
hen the loading exceeded 5 wt.%. Manifestly, more co
lyst loading can increase H2 evolution because of high
mount of active sites. However, the photocatalytic act
f each cocatalyst site declines with more loading amou
esoporous Ta2O5 surface. Therefore, photocatalysts w
ore than 5 wt.% of the cocatalyst loading cannot fur

ncrease the H2 evolution activity because excess cocata
oading can mask the Ta2O5 surface, reducing the photoe
iting capacity of the mesoporous Ta2O5. Hence, there exis
n optimum amount of cocatalyst loading at 5 wt.% unde
xperimental conditions of this study with the incremen
hotocatalytic H2 evolution activity up to 182.93�mol h−1.
he optimum cocatalyst loading amount was also foun
everal researchers, but its value was different from eac
rs depending upon the material preparation methods[10,20].

n case of loaded photocatalysts, although the crystallite
rom XRD analysis became smaller at high cocatalyst l
ng, the surface area decreased with increasing the lo
ontent.Fig. 14shows the effect of BET surface area of
oaded samples on the H2 evolution rate. It can be conclud
hat the balance between the cocatalyst loading conten
ts corresponding surface area was also vital. At low loa
ontents compared to the optimum point, the amount o2
volution was lower, even though the surface area was sli
igher. Besides, at too high loading contents, not only
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photoexciting capacity but also less surface active sites for
reactant adsorption due to loss of surface area as well as pore
diameter and volume played very important role in reducing
the photocatalytic activity. At optimum loading content of
5 wt.%, the BET surface area was approximately 31 m2 g−1,
which was sufficient for obtaining the highest photocatalytic
H2 evolution activity.

4. Conclusions

The demonstration for the synthesis under mild condi-
tions of nanocrystalline mesoporous Ta2O5 photocatalyst via
a surfactant-assisted templating sol–gel route of laurylamine
hydrochloride/tantalum pentaethoxide modified with acety-
lacetone system was reported. The pertinent characteriza-
tions revealed that the prepared photocatalyst after appropri-
ate calcination treatment possessed outstanding crystallinity
and mesoporous characteristic. The synthesized Ta2O5 pho-
tocatalyst thermally treated at 700◦C exhibited high photo-
catalytic activity for H2 evolution from an aqueous methanol
solution. The photocatalytic performance of the mesoporous
Ta2O5 was considerably improved by NiO cocatalyst load-
ing, which was prepared by the proposed single-step sol–gel
method. The optimum loading content was proved to be at
5 wt.%, showing the highest photocatalytic activity under the
i
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