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Abstract

Nanocrystalline mesoporous;I@ photocatalyst was synthesized through a combined sol—gel process with surfactant-assisted templating
mechanism under mild conditions. Controlled hydrolysis and condensation of tantalum pentaethoxide modified with acetylacetone in the
presence of laurylamine hydrochloride surfactant agueous solution ultimately yielded nanocrystalineifiamesoporous characteristic.

The NiO cocatalyst loading at various contents was also performed by single-step sol-gel method, in which nickel precursor was incorporated
into the completely hydrolyzed tantalum sol prior to the gelation step. The synthesized photocatalysts were methodically characterized by
TG-DTA, XRD, N, adsorption—desorption, diffuse reflectance UV-vis spectra, SEM, and TEM analyses. The XRD patterns indicated that
the cocatalyst was in a very high dispersion degree on mesoporgs N adsorption—desorption isotherms and SEM observation verified

that the photocatalysts possessed mesoporous structure. The surface area of the samples from BET method was quite high with very narrow
monomodal pore size distribution estimated from BJH method. The photocatalytic performance of the materials was assessetlviarH

from water using methanol as a hole scavenger under UV light irradiation. For unload@gpretocatalysts, the sample calcined at 700

showed the highest photocatalytig Elolution activity. Moreover, the photocatalytic activity of such the sample was dramatically increased

with the cocatalyst loading, exhibiting the optimum loading content at 5wt.%.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction titanium dioxide (TiQ) has been intensively investigated as
photocatalysts in the fields of solar energy conversion, water
Photocatalytic water splitting using semiconductors splitting, and environmental purificati¢ga—6]. Additionally,
has received much attention, especially for its potential numerous efforts have been postulated for the fabrication
application to direct production of hydrogenHor clean and application of efficient semiconductor manufacture, not
energy from water utilizing solar light energy. The pho- only TiO, but also other oxide semiconductors.
toelectrochemical effect of the semiconductors originates  Tantalum oxide (Tg0s) has attracted increasing interests
from creation of the electrons and holes after absorption due to its semiconducting and wide bang gap properties.
of light. Traced to the work of Fujishima and Honda on TaxOs has been widely used as key material of dynamic
single-crystal TiQ electrodes for water splitting reactift], random access memory, antireflective coating layer and
impedance under high temperature, gas sensor, and capacitor
mpondmg author. Tel.: +81 774 38 3504; fax: +81 774 38 3508. owing to its high dielectric constant, high refractive index,

E-mail addresseghon@iae.kyoto-u.ac.jp (T. Sreethawong), and high chemical stabilizatiofv,8]. Of late, nanOSiZ?d
s-yoshi@iae.kyoto-u.ac.jp (S. Yoshikawa). and/or nanoporous 3®s has also been of technological
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importance because of its photocatalytic performances,and condensation processes of titanium precursor. Commer-
particularly for photocatalytic bl evolution from water cially available TaOs powder (orthorhombic phase, surface
[9-12]. In view of such high application potential of A@s area<0.5rhg~1, particle size 300-1000 nm, Aldrich) was
photocatalyst, attempts need to be focused on the synthesislso utilized for comparative study of photocatalytig éVo-

of its mesoporous form, since light harvesting capability and lution.

reactant accessibility can be enhanced as a result of multiple

scattering and high surface area as well as uniform pore2.2. Photocatalyst synthesis

structure.

To date, mesoporous J@s is often prepared by a ligand- The nanocrystalline mesoporous,g was synthesized
assisted templating method involving the complex formation via a combined sol—gel process with surfactant-assisted tem-
of organic metal precursor with surfactant molecules fol- plating mechanism under mild conditions. In typical synthe-
lowed by hydrolyzation-induced precipitation or gelation of sis, a specified amount of analytical grade ACA was first
the resulting produdtl0,11,13-15] Most of the researches introduced into TPE with the same mole. The mixed solution
utilized very large molecular weight block copolymer, was then gently shaken until intimate mixing. Afterwards,
especially Pluronic P-123, or long chain amine surfactant, 0.1 M LAHC aqueous solution of pH 4.2 was added into the
especially octadecylamine, as the structure-directing agent, ACA-modified TPE solution, in which the molar ratio of TPE
which subsequently required severe heat treatment or broughto LAHC was adjusted to a value of 4. The mixed solution
about the difficulty in removal procedure from mesoporous was continuously stirred at room temperature for an hour and
framework. To our knowledge, the application of more sim- further aged at 40C for a day to attain sol-containing solu-
ple surfactants for the synthesis of mesoporoy©§das not tion as a result of complete hydrolysis of the TPE precursor.
been extensively examined. Recently, our research group hag hen, the condensation reaction-induced gelation was initi-
found a straightforward synthetic method for mesoporous ated and formed by placing the sol-containing solution into
TiO2 under mild conditions via a combined sol-gel process an oven kept at 80C for a week. Subsequently, the gel was
with surfactant-assisted templating route of laurylamine hy- dried overnight at 80C to eliminate the solvents. The dried
drochloride/tetraisopropyl orthotitanate modified with acety- sample was calcined at various temperatures for 4 h to re-
lacetone systenfl6,17] The obtained mesoporous TO  move LAHC template and consequently produce the desired
possessed considerably higher photocatalytic activity for H photocatalyst. For single-step sol-gel (SSSG) prepared NiO-
evolution reaction compared to some commercially available loaded samples, a necessary amount of nickel (Il) nitrate in
TiO, powders and could be used as an effective based pho-snethanol for desired loading extents was incorporated into
tocatalyst for cocatalyst loading for such the reacfits. the mixed solution before aging at 40.

In this contribution, the combined sol—gel process with
surfactant-assisted template was expanded for the synthesi?.3. Photocatalyst characterizations
of mesoporous s with narrow pore size distribution and
high photocatalytic activity, i.e. photocatalytie levolution Simultaneous thermogravimetry and differential thermal
as a probe photoreaction. Many characterization techniquesanalysis (TG-DTA, Shimadzu DTG-50) with a heating
namely TG-DTA, XRD, N adsorption—desorption, diffuse rate of 10°C/min in a static air atmosphere was used to
reflectance UV-vis spectra, SEM, and TEM analyses, were study the thermal decomposition behavior of the as-prepared
performed and explained in details. The effect of NiO cocat- (dried) photocatalysts with-Al,O3 as the reference. Crys-
alyst loading on the mesoporous Ty was also investigated  talline phases present in the samples were identified by X-
by single-step sol-gel (SSSG) method to enhance the phototay diffraction (XRD) analysis. A Rigaku Rint-2100 ro-
catalytic activity. tating anode XRD system generating monochromated Cu

Ka radiation with continuous scanning mode at rate of
2°/min and operating conditions of 40kV and 40 mA was

2. Experimental used to obtain XRD patterns. A nitrogen adsorption system
(BEL Japan BELSORP-18 Plus) was employed to measure
2.1. Materials adsorption—desorption isotherms at liquid nitrogen tempera-

ture of 77 K. The Brunauer—-Emmett—Teller (BET) approach

Tantalum pentaethoxide (TPE, Hokko Chemical Industry using adsorption data over the relative pressure ranging from
Co., Ltd.), nickel (Il) nitrate hexahydrate (Nacalai Tesque, 0.05 to 0.35 was utilized to determine surface area. The
Inc.), laurylamine hydrochloride (LAHC, Tokyo Chemical Barrett—Joyner—Halenda (BJH) approach was used to yield
Industry Co., Ltd), acetylacetone (ACA, Nacalai Tesque, pore size distribution from desorption data. The samples were
Inc.) and methanol (Nacalai Tesque, Inc.) were used for this degassed at 20Q for 2 h to remove physisorbed gases prior
study. All chemicals were analytical grade and used without to the measurement. A Shimadzu UV-2450 UV-vis spec-
further purification. LAHC was used as a surfactant tem- trometer was exploited to record diffuse reflectance spectra
plate behaving as a mesopore-directing agent. ACA servingof the samples at room temperature with Ba2O the ref-
as a modifying agent was applied to moderate the hydrolysiserence. The sample morphology was observed by a scanning
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electron microscope (SEM, JEOL JSM-6500FE) and a trans- 0 800
mission electron microscope (TEM, JEOL JEM-200CX) op-
erated at 5 and 200 kV, respectively.

600

2.4. Photocatalytic activity measurement

Photocatalytic K evolution reaction was carried out in 400
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 o 20 w0 % o 6 20
mixture was left in the dark simultaneously with being thor- (@) Time / min
oughly deaerated by purging with Ar gas for 30 min. After-
wards, the photoreaction system was closed and the reaction 15 800
was started by exposing to the UV light irradiation. To avoid
the heating of the solution during the courses of reaction, wa- 12
ter was circulated through a cylindrical Pyrex jacket located
around the light source. The gaseoysadolved 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). 3
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3. Results and discussion
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3.1. Photocatalyst characterizations ®) Time / min

The thermal decompOSition behavior of both the unloaded Fig. 1. () TG and (b) DTA curves of the as-synthesized (dried) unloaded
TapOs and 5 wt.% NiO-loaded T#s prepared by the SSSG 14,05 photocatalyst.
method, which exhibited the highest photocatalytic activity
as explained later, was studied using TG—-DTA analysis. The that of the mesoporous Ti(Ocase[16,17] In case of NiO-
heat treatment process based on the TG—DTA results was alséoaded TaOs dried gel, its TG-DTA curves are presented in
used to calcine all dried samples (xerogel) under appropri- Fig. 2 The similar weight loss of approximately 4% due to
ate temperaturegig. 1 shows the typical TG-DTA curves the adsorbed water elimination could be observed. However,
obtained from the dried gel of unloaded,©x. The weight from DTA curve, the distinct difference of the thermal de-
loss until temperature of 20 is basically attributabletothe  composition behavior of the NiO-loaded dried gel from the
removal of water physisorbed at the surface of the photocata-unloaded one regarding to the burnout of surfactant molecules
lyst. The weight loss in the temperature range of 200400 s the presence of two distinguishable exothermic peaks dur-
is due to the burnout of organic LAHC surfactant species con- ing 200-400C. As the nickel precursor was introduced
tained inside the mesopore of the sample. This is supportedinto the completely hydrolyzed tantalum sol during sol-gel
by the presence of exothermic peak centered at 3&5i preparation in the presence of LAHC surfactant, the nickel
the DTA curve. Itis suggested that elimination of the surfac- molecules were believed to exist between head groups of mi-
tant molecules through oxidation generated the exothermiccellar LAHC and hydrolyzed tantalum sol and subsequently
reaction. Thus, this peak is assigned to the oxidative decom-reduce the covalent-bonding interaction between them. The
position of organic surfactant template. The exothermic peak weak exothermic peak centered at 27%26s then resulted
centered at 4234C is mainly resulted from not only the from the burnout of a small extent of surfactant molecules,
crystallization process of the photocataly{dt8] but also in- which their interaction with tantalum sol was loosened un-
volved with the burnout of a small portion of organic residues til being able to be removed by oxidation decomposition at
as well as the dehydration and evaporation of chemisorbedlower temperature. Nevertheless, their large portion under-
water[20,21] corresponding to the weight loss in the tem- went the normal burnout characteristic as in the case of the
perature range of 400-65C. The total weight loss from  unloaded TaOs due to the existence of main exothermic peak
TG curve until 650C was 27.95%. This thermal decompo- centered at 359C, which is though slightly lower than that
sition pattern of the unloaded 7@;s is relatively the same as  of the unloaded case. The crystallization process combined
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Fig. 2. (a) TG and (b) DTA curves of the as-synthesized (dried) 5wt.%

NiO-loaded TaOs photocatalyst. Fig. 3. (a) XRD patterns and (b) crystallite size estimated from line broad-

ening using Sherrer formula of the unloaded@a photocatalysts calcined
at various temperatures for 4 h.
with the elimination of small amount of organic remnants

and chemisorbed water could be detected during 4002650 and (111 1) planes, respectively (JCPDS Card No. 25-0922)
with the exothermic peak centered at 419C3 which is also [22]. The peak sharpness and intensity increased with temper-
in the same line as the unloaded sample. From TG curve,ature, indicating an improvement of crystallinity of the sam-
the total weight loss until 650C was 27.52%, almost re- ples accompanied with crystal growth. The crystallite size
sembling that obtained from the unloaded®g as well. For of the Te@Os photocatalysts calculated from line broadening
both dried gels, there was no significant weight loss observedof (00 1) diffraction peak using Sherrer form|@3] is de-
beyond 650C. Therefore, the results from TG-DTA analy- picted as a function of calcination temperatur€ig. 3b). It
sis confirmed that the calcination temperature of 85@vas is obvious that upon calcination at higher temperatures, the
adequate for both complete surfactant template removal andcrystallite size progressively increased, attesting to the crys-
photocatalyst crystallization process (but not yet completely tal growth of the samples. As the NiO cocatalyst was loaded
crystallized), which was in good agreement with the XRD re- into the TaOs photocatalyst by the SSSG method to enhance
sults. After removal of the surfactant template by calcination the photocatalytic B evolution activity, the presence of the
process, nickel species were expected to be present as NiNiO cubic phase was observed by close inspection of XRD
through the mesoporous structure 0$@s. patterns inFig. 4(a) at high loading amount, e.g. at 7 wt.%,
XRD analysis is the most useful technique for identifica- according to diffraction peak avdf 43.3 for (20 0) plane
tion of crystalline structure of the samples. The evolution of (JCPDS Card No. 4-083%22]. However, the peak intensity
the XRD patterns of the unloaded,{@ photocatalyst cal-  was very weak, indicating its high dispersion degree through-
cined at the desired temperatures ranging from 650t6800 out the mesoporous network with small particle size plausibly
as shown inFig. 3(a) reveals that the diffractograms were less than 5nm due to the minimum sensitivity of XRD anal-
due to the crystallization of amorphous; @ into 3-TapOs ysis. Furthermore, it is worth to note that the crystallite size
with orthorhombic phase owing to diffraction peaks aio? of the Ta@Os samples from line broadening as illustrated in
22.9,28.3,and 36.7, which can be filed to (00 1), (1110), Fig. 4(b) remained nearly constant up to 4wt.% NiO load-
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ening using Sherrer formula of the2l@s photocatalysts loaded with various

NiO contents and calcined at 700 for 4 h.
Fig. 5. N, adsorption—desorption isotherms and pore size distribution (in-

set) of (a) the unloaded and (b) the 5wt.% NiO-loaded mesoporai@®sTa

ing content and then gradually decreased with increasing thephotocatalysts calcined at 700 for 4 h.
content. This implies that the NiO phase played an inhibitory
influence on the T#D5 crystal growth, but not much signifi-  to the specific synthesis method followed in this proposed
cantly. route. In many applications, the reagent molecules must be

The N, adsorption—desorption isotherms of the unloaded operated across the porous system, as well as the products
TapOs and 5wt.% NiO-loaded T#s photocatalysts cal-  have to leave the porous materials. Mass transfer process
cined at 700C for 4h are shown irFig. 5. The shape of inside the pore depends on pore size and uniformity of pore
the isotherms exhibited the characteristic behavior of the structure. Inorganic materials with mesopores of between
structure of powder, which was composed of an assembly of 2 and 50 nm play a role in liquid separations (e.g. cleaning
particles with large open packing. The hysteresis loop in the of tap water), catalytic materials, carriers, etc. High surface
relative pressure of 0.5-0.9 is typically resulted from wedge- area implies fine pores, however relatively small pores,
shaped capillaries with a closed edge at the narrow side. Ac-such as <2 nm (micropore region), may become plugged in
cording to IUPAC classificatiof24], thisisotherm shapeisof  catalyst preparation, especially if high loading is required.
type IV as well as shows a marked hysteresis associated with  In the past, the type H2 hysteresis loop was attributed to a
capillary condensation in the mesopore range (2-50 nm). Thedifference in mechanism between condensation and evapora-
hysteresis loop in general matches with type H2 pattern. Thistion processes occurring in pores with narrow necks and wide
indicates that the powders contained mesopores in the strucbodies, often referred to as ink-bottle pores. This represen-
ture. In addition, the isotherms showed one hysteresis loop,tation can be considered as an over-simplified situation, and
indicating monomodal pore size distribution. The results it is recommended to take into account the role of network
suggest that a small pore size distribution and uniform pore effects[25]. According to the modern point of vie[26], the
structure were obtained. The steepness of desorption branclobserved hysteresis of the synthesized materials may be the
verified the uniformity of the pore diameter with narrow dis- result of two mechanisms: one is an intrinsic property of the
tribution as included in the inset Bfg. 5 which is accredited  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®g photocatalysts calcined at various
temperatures for 4 h.

sures above the condensation, and a liquid phase below the
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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 figm7(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 iRig. 7(b).

Fig. 8 shows the diffuse reflectance UV-vis spectra of
the unloaded and NiO-loaded mesoporougOgaas well as
pure NiO prepared and calcined at the same conditions as
that of mesoporous 3&®s-based photocatalysts for compari-

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 fromy Ndsorption—

desorption measurement, namely BET surface are, mean pore

diameter Dpore), and total pore volumeé/pore), are expressed
in Fig. 6for the unloaded mesoporous, @ calcined at var-

ious temperatures and Fig. 7 for the 5wt.% NiO-loaded

mesoporous s calcined at 700C for 4 h. FromFig. 6, it

is marked that the BET surface area decreased when increas-

ing the calcination temperature from 650 to 8@ The ap-

parent decrement in surface area at more severe calcination
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process can be attributed to pore coalescence upon the Cryﬁ:ig. 7. (a) BET surface area and (b) mean pore diameter and total pore

tallization of walls separating mesopores, which is in good
accordance with the higher crystallinity and crystal growth

volume of the mesoporous J@s photocatalysts loaded with various NiO
contents and calcined at 700 for 4 h.
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Fig. 8. Diffuse reflectance UV-vis spectra of the unloaded and NiO-loaded
mesoporous s photocatalysts calcined at 700 for 4 h. The spectrum
of pure NiO was also included for comparison.
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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
Ta** 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 3&®s band gap energy of 4.0 €27].

The new absorption bands in the visible region became ob-
vious when the NiO cocatalyst was loaded into the meso-
porous TaOs as N#*. When considering the pure NiO used
for comparatively distinguishing the source of absorption in
the NiO-loaded mesoporousi3s, 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 & 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 angQgat around

%

X50,000

100nm WD 9.9nm

Fig. 9. SEM image of the unloaded mesoporousOephotocatalyst calcined at 70CQ 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/Ti©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 JXas calcined at 700C is shown in
Fig. 9. It can be perceptible that the particle size was very
uniform in the range of 20—25nm. 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 performedrig. 10[@) shows the TEM image of the
unloaded mesoporous JXas calcined at 700C. The forma-
tion of TapOs aggregates comprising three-dimensional dis-
ordered primary nanopatrticles could be obviously seen. The
particle size of the sample was quite uniform and in the ap-
proximate range of 15-25nm, 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 N adsorption—desorption, SEM, and TEM
results, the mesoporous structure of@a particle can be at-
tributed to the pores formed between nanocrystallingga
particles, which is in the same track as the mesoporous TiO
[16,17,29,30] Similar observation was also perceived in the
case of the 5wt.% NiO-loaded mesoporousQ&sample
in Fig. 1Qb). However, the presence of NiO particles was
not apparent, which is the same as the case of NiO-loaded
mesoporous Ti@in our previous worK18]. It can be evi-
dent that the NiO nanoparticles were deposited on the outer &=
surface and near the outer surface of J&ggregates in case
of the samples prepared by normal incipient wetness impreg- |
nation, but not observed for the single-step sol-gel (SSSG) &
loading method. The existence of most of NiO nanoparticles
was expected to be on the surface of mesoporous di@hg
mesoporous network, ensuing from the addition of nickel pre-
cursor after complete hydrolysis of titanium precursor during
the sol-gel process. The analogous consequence was also b
lieved to occur in the NiO-loaded mesoporousQasamples
prepared by the SSSG method.

Fig. 10. TEM images of (a) the unloaded and (b) the 5wt.% NiO-loaded
mesoporous s photocatalysts calcined at 700 for 4 h.

3.2. Photocatalytic activity
mesoporous D5 calcined at various temperatures ranging
The photocatalytic activity for bl evolution was deter-  from 650 to 800 C with 50°C ramping intervalFig. 11(a) il-
mined in a closed gas-circulating system with an on-line gas lustrates the Blevolution over these photocatalysts as a func-
chromatograph for gaseous Hetection. The reactiontestsin  tion of irradiation time. The amount of evolveg lihcreased
the absence of either photocatalyst or light irradiation showed almost proportionally to the irradiation time until the end of
insignificantly detectable #lgas evolved up to 5h of reac- photocatalytic activity measurement. Thus, thedgdolution
tion time, elucidating that both are definitely indispensable rate over the entire reaction course could be estimated from
for the photocatalytic Hevolution. When both were present these data. The effect of calcination temperature on the H
in the system, the substantia} ldvolution could be detected  evolution rate is shown ifrig. 11(b). It is obviously seen
at each interval through the course of reaction. that the  evolution activity initially increased with increas-
To study the impact of calcination temperature, the pho- ing the calcination temperature form 650 to 7@and then
tocatalytic activity was first investigated over the unloaded dramatically decreased with further increasing the calcina-
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Fig. 12. Dependence ofevolution rate on BET surface area of the un-
loaded mesoporous d@s photocatalysts calcined at various temperatures
for 4h.

yet completely developed. This can be regarded as a major
drawback owing to the higher unfavorable/e" recombina-
tion rate if the lattice defects upon imperfect crystallization
60 | are present. On the other hand, at calcination temperature of
700°C, the crystallinity became almost progressively com-
0 - plete, although the loss of BET surface area in some extent
was observed. At this optimum temperature, the increase in
the H, evolution activity due to the much developed crys-
O ps — — 500 550 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
Fig. 11. (a) Time course of Hevolution and (b) H evolution rate over the ~ aNd 800°C, the greatloss of BET surface areawas much more
unloaded mesoporousZas photocatalysts calcined at various temperatures - decisive and led to the decrease in the photocatalytic activ-
for4h. ity. The crystallite size of the samples calcined at these two
temperatures was also larger than that at“@0This may
tion temperature to 80TC. This figures out that the calci- accordingly cause the higher probability of bulk recombina-
nation temperature of 70€ was the optimum point for the  tion of e /h* pairs upon band gap excitation before reaching
unloaded mesoporous JXas, exhibiting the highest photo-  the surface active sites.
catalytic H evolution activity at the rate of 77.64molh~1. The photocatalytic bl evolution test over the commer-
There are many important parameters taken into account tocially available Aldrich TaOs powder was also compara-
explain the obtained results. In general catalysis, the surfacetively performed under identical reaction conditions. The H
area of sample plays significant role in determining the re- evolution rate of only 11.74mol h~1 was obtained, approx-
action activity due to the capability of adsorbing reactants imately seven folds lower than that of the synthesized meso-
on surface active sites for undertaking reaction. Therefore, porous TaOs calcined at the optimum temperature. In com-
the H evolution rate is again represented as a function of parison, the considerably low photocatalytic activity of the
the BET surface area of the unloaded mesoporou®©d,a commercial TaOs photocatalyst can be reflected to chiefly
as depicted irFig. 12 It is found that the BET surface area rise from the lack of mesoporous characteristic due to the
of 43.43nfg~1, which is the property of the sample cal- absence of hysteresis loop from lddsorption—desorption
cined at 700C (the highest surface area in this study was measurement, leading to very low surface area, as well as the
82.73nf g1 for the sample calcined at 65Q), provided large particle size as confirmed by line broadening of XRD
the highest H evolution activity. This implies that the sur- pattern and SEM analysis, leading to relatively high bulk
face area was not the critical factor mainly governing the and surface recombination of the photoinduced species. For
photocatalytic activity. Another essential parameter that has thatreason, the mesoporous structure egphotocatalyst,
to be considered is the crystallinity. From XRD analysis, it particularly achieved by the investigated surfactant-assisted
can be seen that despite possessing the highest surface areéamplating sol-gel process, was verified to be of great impor-
of the sample calcined at 65Q, its crystallinity was not  tance to attain superior photocatalytic performance.

70 |

H; evolved / umolh™

(b) Calcination temperature / °C
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The photocatalytic bl evolution activity of the meso- 1000
porous TaOs can be drastically enhanced by loading suit- o Ow%NO
able cocatalyst onto the active surface of the photocatalyst. ®— 2wt% NiO

800 - o 4wi% NiO

—&— 5 wt% NiO
-®- 6wt% NiO
- & - 7wt% NiO

From the reaction mechanism proposed by many researchers
[4-6,31,32] after band gap excitation the photoinduced con-
duction band electrons{¢ and accompanying valence band
holes () are generated and transferred to surface active sites.
The electrons can reduce protons in solution to forsrghis.

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- 200
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®g and is 0
much relatively cost-effective cocatalyst compared to noble  (y)
metals such as Pt. Moreover, the single-step sol—gel (SSSG)
method was utilized to prepare the loaded samples because 200
it provided high cocatalyst distribution and also interaction
between NiO and T#s 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 Hevolution over these photocatalysts is shown
in Fig. 13a). The proportional relationship at all loading con-
tents was also observed. For better clarity to see the effect of 80 ¢
cocatalyst loading, the Hevolution rate derived from the
time course is replotted as a function of loading amount as , , , , , ,
depicted inFig. 13b). It is obvious that the K evolution *y 1 2 3 4 5 6 7
yield increased with cocatalyst loading, but then decreased ® Amount of NiO loaded / wt%
when the loading exceeded 5 wt.%. Manifestly, more cocat- _ ) ) )
alyst loading can increasesHevolution because of higher ch'g' 13. (a) Time course of Hevolution and (b) H evolution rate over

. . . . e mesoporous F8®s photocatalysts loaded with various NiO contents and
amount of active sites. However, the photocatalytic activity .4icined at 700¢ for 4 h.
of each cocatalyst site declines with more loading amount on
mesoporous s surface. Therefore, photocatalysts with
more than 5wt.% of the cocatalyst loading cannot further
increase the BHlevolution activity because excess cocatalyst
loading can mask the 38&s5 surface, reducing the photoex-
citing capacity of the mesoporouss@s. Hence, there exists {g} at5 wt% NiO loaded
an optimum amount of cocatalyst loading at 5 wt.% under the 170 |
experimental conditions of this study with the increment of
photocatalytic H evolution activity up to 182.98molh~1.
The optimum cocatalyst loading amount was also found by
several researchers, but its value was different from each oth-
ers depending upon the material preparation metfi@j20]
In case of loaded photocatalysts, although the crystallite size
from XRD analysis became smaller at high cocatalyst load-
ing, the surface area decreased with increasing the loading
content.Fig. 14shows the effect of BET surface area of the
loaded samples on thexldvolution rate. It can be concluded 50 ' '

. 20 30 40 50

that the balance between the cocatalyst loading content and
its corresponding surface area was also vital. At low loading
Conter_]ts compared to the optimum point, the amounti_)f H Fig. 14. Dependence ofdtvolution rate on BET surface area of the meso-
evolution was lower, even though the surface areawas slightly porous Ta0Os photocatalysts loaded with various NiO contents and calcined
higher. Besides, at too high loading contents, not only less at 700°C for 4 h.
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