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Abstract: Using well-dispersed Ta;Os microspheres as supports, which were prepared by controlling the hydrolysis rates of tantalum ethox-
ide via the formation of glycolate in an acetone-water mixture, dispersible heterostructured In,Os/Ta,Os composites were fabricated for
photocatalytic hydrogen evolution under simulant solar light irradiation. The compositions, structure, morphologies, and optical absorption
properties of these composites were characterized using scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffrac-
tion, transmission electron microscopy, and UV-Vis diffuse reflectance spectroscopy. The results show that in the as-prepared heterostruc-
tured In,O3/Ta,Os composites, In,O3 nanoparticles are well distributed on the surface of Ta,Os microspheres with a clear interface between
the two phases. The incorporation of In,Os3 extends the light absorption range and restricts photogenerated charge-carrier recombination,
resulting in enhanced photocatalytic activity for hydrogen evolution.
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1.1 LTI H &

HHE S T EM B, K 0.4 g Ta(OC,Hs)s ¥ T 10
ml & T TR B 8 h MR IE . K
IR AW RS T B M ) 100 ml
0.5 vol% /KW I, s fHE 10 min, i & 30 min
JGor 8, IR MK PR EE IR =K, F 60 °C “F-J5 24 h,
HIES Ta, 05 Tl ER.

FRIL 0.22 g il 15 1) TayOs fEK 7 # T 50 ml /K
S 10 min L5 L ARG T EEBRE T
N — & 8 1) In(NOs )y nH,0, J48 Hows i 52 42, 1
INNEK, B pH KT 9, 5 3 A B DLE.
B JE B0 A B R A, IR M K BE AT GE & =K, B
B 2o 2R T W B 1 2% 0, T5F 60 °C T4 24 h, 800 °C
1Bk 2 h 513 30 A R AR B 44 Iny04/TayOs.
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BE 5 14 45 W8 (SEM) M8 7E H A H 32 A
Hitachi S-4800 %! 37 & i # # vi 8% balb 47 . Be ol
(EDX) 4l 5% F H 2 H 37,73 7] Horbia EX-250 Y fig
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4 A B FAE X S AT A4 (XRD) 73 A AT P,
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I 43 9 3% 5 8 (HRTEM) R AE KT H A H 372
7] H-600 STEM/EDX PV9100 #Yi% 5 i, 1~ & 134 53 .
FE i 1) 28 40 - 1] WA 56 1% (UV-Vis DRS) % H
A Byidt UV-2550 B8 A0- 0] WL 43060t FE o1 3047 M.
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DL BH S e A0 Tl S0 WY 7E e IORE I, Bl
AR 0 38 3% 42 (1) LabSolar Hy, 6 i /K I &0 1496 FR
P R EAT . BRI DG UE O B A 20 A D I
PLS-SXE 300 Z4GUAT (D134 300 W, K IHHEH KR
320~780 nm), A WL % U5 4 AL H UV-cut 38 % A 1
PLS-SXE 300 B4R kT . K 150 mg {1k 71 55 £ 3.15
mg [ (FiE A 2840 1%) A F] 5 80 ml
2B T KR 20 ml R PR A7 0 3 g S B s T, G
JIBE AL HE AR A 50 07, B RNV A 5 R GE iR
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Fig. 1. SEM images (a—c) and EDX profiles (d—f) of the as-prepared In,03/Ta,0s composites with different In,O; mole percents. (a,d) 0; (b,e) 5%;

(c.f) 20%.
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Fig. 2. XRD patterns of In,03/Ta,0s composites with different In,O;
mole percents. (1) 0; (2) 2%; (3) 5%; (4) 10%; (5) 20%.
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5%In,05/Ta,05 composite.

TEM (a) and HRTEM (b) images of the as-prepared
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Fig. 4. UV-Vis DRS of the as-prepared In,03/Ta,0s composites with

different In,O; mole percents.
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as-prepared In,O3/Ta,05 composites with different In,O5; mole percents

Photocatalytic activity for hydrogen evolution of the

under simulant solar light irradiation. Reaction conditions: reaction
solution, 20 ml methanol + 80 ml water; catalyst amount, 0.15 g; Pt
content, 1%; light source, 300 W Xe lamp; reaction time, 8 h.
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Fig. 6. Schematic illustration of the charge separation and transfer of
as-prepared In,05/Ta,0s composites.
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Fig. 7. Photocatalytic stabilities for hydrogen evolution of the

as-prepared 5%In,0;/Ta,Os composites under simulant solar light
irradiation. Reaction conditions: reaction solution, 20 ml methanol + 80
ml water; catalyst amount, 0.15 g; Pt content, 1%; light source, 300 W
Xe lamp; reaction time, 8 h.
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Photocatalytic hydrogen production from water is an ideal
technology for converting solar to chemical energy [1-4].
Ta-based materials consist of corner-sharing octahedral
TaOg, which is beneficial for the transfer of photogenerated
electrons and holes. Moreover, the conduction band (CB)
levels consist of Ta 5d orbit, which is much more negative
than Ti 3d orbit, giving photogenerated electrons a strong
reducing capability [5,6]. Hence, Ta-based materials attract
considerable attention in the photocatalytic field of hydrogen
production. However, the activation of UV light and co-
catalyst requirements restrict practical applications of these
materials [7,8]. Compared to ion doping and dye photosen-
sitization, the fabrication of heterostructured composite
semiconductor has advantages of effective photogenerated
charge-carrier separation and optical response range exten-
sion. Heterostructured composites formed by simply mixing
two kinds of semiconductors, such as Pt/PdS/CdS [9],
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MoS,/CdS [10], ZnO/CdS [11], ZnO/In,0O5 [12], usually
yield a small heterojunction area and complex photogener-
ated charge-carrier transfer to the surface, which limits light
harvesting and reactant accessibility to active sites. Thus, the
design and fabrication of heterostructured composites is
important for the enhancement of photocatalytic activity for
hydrogen production.

In this paper, on the basis of well-dispersed Ta,Os micro-
spheres, which are prepared using a mixture of tantalum
ethoxide and glycolate as the precursor, dispersible het-
erostructured In,03/Ta,O5 composites have been fabricated
for photocatalytic hydrogen evolution under simulant solar
light irradiation. We study the influence of In,0O; content on
optical absorption properties and photocatalytic performance
for hydrogen evolution, and propose a mechanism for pho-
togenerated charge-carrier separation.

1 Experimental
1.1 Catalyst preparation

To prepare Ta,Os microspheres, 0.4 g Ta(OC,Hs)s was
added to 10 ml ethylene glycol (in a glove box purged with
nitrogen gas) and the solution was magnetically stirred for 8
h at room temperature to obtain a transparent solution. After
removing the mixture from the glove box, it was immediately
poured into an acetone bath (100 ml) containing 0.5 vol% of
water, and stirred vigorously for 10 min. After aging for 30
min, the white precipitate was remove by centrifugation,
followed by washing with deionized water and ethanol (three
times), and then drying in a vacuum oven at 60 °C for 24 h to
obtain well-dispersed Ta,Os microspheres.

To prepare heterostructured In,O3/Ta,Os, 0.22 g of Ta,Os
microspheres were ultrasonically dispersed in 50 ml of water
for 10 min. Then a certain amount of In(NOs);-nH,0 were
added while stirring at room temperature. To ensure com-
plete precipitation, aqueous ammonia was subsequently
added with constant stirring until pH > 9. Thereafter, the
precipitates were separated by centrifugation, washed three
times with deionized water and ethanol, and dried in an oven
at 60 °C for 24 h subsequently. Finally, a white powder was
obtained after annealing at 800 °C for 2 h.

1.2 Catalyst characterization

Scanning electron microscopy (SEM) images were re-
corded using a Hitachi S-4800 field-emission scanning
electron microscope. Energy-dispersive X-ray (EDX)
analyses were performed on a Horbia EX-250 en-
ergy-dispersive X-ray spectrometer. The crystalline structure
of the samples was characterized with a D/Max-RB X-ray

diffractometer (Rigaku, Tokyo, Japan, 0.05°/s scan rate, 15

kV accelerating voltage, 20 mA current, Cu K, radiation, 1 =
010154 nm). A JEM-100CXII electron microscope was used
for both transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
characterization. A UV-2550 UV-visible spectrophotometer
(Shimadzu, Japan) was employed for UV-Vis diffuse re-
flectance measurements.

1.3 Photocatalytic test

The photocatalytic activity of the samples for hydrogen
evolution was studied in a LabSolar H, closed-gas circula-
tion system connected to a gas chromatograph. A
PLS-SXE300 xenon lamp with IR filter (300 W, 320 nm < A
< 780 nm) was used as the simulant solar light source, a
PLS-SXE300 xenon lamp with a UV-cut filter was employed
as the visible light source. The catalyst (150 mg) and
chloroplatinic acid (3.15 mg, 1 wt%) was added to a quartz
glass vessel, containing 80 ml deionized water and 20 ml
methanol, and this was connected to a closed gas circulation
system. Stirring uniformly disperses the mixtures. An in situ
photodeposition method was used to load Pt onto the
as-prepared photocatalysts [13,14]. Before irradiation, the
closed system was repeatedly evacuated to —0.1 MPa to
remove dissolved oxygen and other gases. Thereafter, the
connection between the vacuum pump and circulation sys-
tem was closed and the suspension was irradiated. After a
given interval of irradiation, in-situ analyses of constant
volume gases were performed using a gas chromatograph
(GC 7890-11, Shanghai TECHCOMP Co. Ltd.) with MS-5A
molecular sieve column, 45 °C column temperature, nitrogen
carrier, and a thermal conductivity detector. The injection
and detection temperatures are both 120 °C, and the current
is 100 mA.

2 Results and discussion

2.1 Structural and morphological characterizations of
In,04/Ta,05 composites

Figure 1 shows the SEM images and EDX spectra of the
as-prepared In,0;/Ta,Os composites with different In,O4
contents. It can be seen that the Ta,Os microsphere mor-
phologies are well remained during the preparation process,
with an average diameter of about 240 nm. After calcination,
the microsphere becomes rough with increased surface de-
fects. The In species mainly exist on the surface of support
and aggregate with increasing In content. The corresponding
EDX spectra show that all composites consist of Ta, O, and
In elements.

Figure 2 shows the XRD patterns of the as-prepared In,O5/
Ta,0O5 composites. All samples display characteristic dif-
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fraction peaks of orthorhombic Ta,Os (JCPDS 79-1375) at 20
=23.1°, 29.2°, 37.8°, 47.3°, 51.2°, and 56.8°. With increas-
ing In,O; content to 20%, the characteristic diffraction peaks
at 260 = 30.6° and 35.5° correspond to the cubic phase of
In,O3; (JCPDS 71-2194), indicating the existence of In,O; in
the as-prepared composites. With increasing In,O; content
the intensity of Ta,Os diffraction peaks decreases, suggesting
that introducing In,O; has a negative effect on Ta,Os crys-
tallinity.

Figure 3 displays the TEM and HRTEM images of the
as-prepared 5%In,03/Ta,Os composite. The well-dispersed
Ta,Os microspheres exhibit obvious porous structure with an
average diameter of about 240 nm. In,0; nanoparticles dis-
tribute on the surface of Ta,Os microspheres. As shown in the
HRTEM image, there is an obvious interface between In,0;
and Ta,0s. We index the interplanar spacing from the mag-
nified image to (010) planes of the orthorhombic Ta,Os
phase and (222) facets of the cubic In,0; phase. The results
indicate that In,O; composites distribute on the surface of
porous Ta,Os microspheres with a clear interface between
the two phases.

2.2 Optical absorption properties of 1n,03/Ta,05
composites

Figure 4 shows the UV-Vis DRS for the as-prepared
In,03/Ta,05 composites with different In,O; contents. The
Ta,05 support absorption band appears at 200-330 nm in-
dicating charge transfer from O 2p orbitals to Ta 5d orbitals.
After In,Os incorporation, the composite absorption band
edges show an obvious red shift at approximately 450 nm,
because of In 5s5p orbit contribution to the band gap [15].

2.3 Photocatalytic water splitting for hydrogen
production of 1n,03/Ta,0O5 composites

Figure 5 displays photocatalytic water splitting for hy-
drogen evolution of the as-prepared composites with differ-
ent In,O; contents under simulant solar light irradiation. We
perform photocatalytic tests in a methanol aqueous solution
under irradiation (300 W Xe lamp) for 8 h. With an increase
in In,O; content, we observe an increase in photocatalytic
activity of the as-prepared composite, where 5%In,0;/Ta,O5
exhibits the highest hydrogen evolution rate of 78 pmol/h.
We attribute this increase in photocatalytic activity to het-
erostructure formation between In,O; and Ta,Os, which is
beneficial for photogenerated charge-carrier separation, and
results in enhanced photocatalytic activity of the composites.
To confirm the former, we prepared the 5%In,0;-95%Ta,05
sample by mechanically mixing In,O; and Ta,Os micro-
spheres. The photocatalytic activity of the sample is only
28.9 umol/h evaluated under the same conditions, which is

much less than as-prepared composites, indicating that het-
erostructure formation between In,O; and Ta,Os causes the
photogenerated charge-carrier separation, resulting in en-
hanced photocatalytic activity for hydrogen evolution. Fig-
ure 4 clearly shows that the In,0;/Ta,05 composite absorp-
tion band edge onset is about 450 nm, indicating response to
the visible part of solar light. We also study visible light
photocatalytic activity of 5%In,0;/Ta,Os under simulant
visible light irradiation. After irradiation for 8 h, the hydro-
gen evolution rate is only 0.89 umol/h. This is due to limited
absorption under 350 nm, resulting in lower visible light
photocatalytic activity.

Figure 6 shows a schematic illustration of charge separa-
tion of as-prepared In,0;/Ta,05 composites. The band gaps
of In,0; and Ta,Os are 2.8 and 4.0 eV, respectively, and
correspond to CBs of —0.62 and —0.17 'V, respectively [16],
which is more negative than the H'/H, reduction potential.
Under simulant solar light irradiation, electron transitions
occur simultaneously in both In,O; and Ta,Os. Because of
different energy band positions, photoexcited electrons
transfer from the In,0O; CB to that of Ta,0s to produce hy-
drogen, while holes transfer from the valence band of Ta,Os
to that of In,0;. Directional charge transfer achieves separa-
tion of photogenerated electrons and holes, thus enhancing
photocatalytic activity for hydrogen production. We attribute
decreasing photocatalytic activity with increasing In,Os
content to the aggregation of superfluous In,O3 nanoparticles
on the surface of Ta,Os microspheres (Fig. 1). This process
not only restrains the separation of photogenerated electrons
and holes, but also decreases the contact area between Ta,Os
microspheres and the reactant, resulting in the decreased
photocatalytic activity. On the other hand, compared to
amorphous mesoporous In,03/Ta,0s prepared by our group
[18], the well-dispersed heterostructured In,0;/Ta,O5 com-
posite exhibits an enhanced photocatalytic activity because
of porosity, high crystallinity, and good dispersity. The latter
properties greatly improve the transfer of photogenerated
charge carriers in the In,O3/Ta,Os composite and photo-
catalyst-reactant contact, thus enhancing photocatalytic
activity for hydrogen evolution. To sum up, we attribute the
enhanced photocatalytic activity of the well-dispersed
In,0;/Ta,Os composite to heterostructure (causing efficient
charge separation) as well as high crystallinity, good disper-
sity, and porous structure.

We evaluate the stability of the well-dispersed 5%In,0Os/
Ta,O5 composite photocatalyst. We evacuate the closed gas
circulation system under vacuum each 8 h and repeat the
photocatalytic test four times. Figure 7 shows that there is no
noticeable decrease in photocatalytic hydrogen evolution
rates within 30 h, suggesting satisfactory long-term effects of
the as-prepared composite under the present reaction condi-
tions.
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3 Conclusions

Well-dispersed heterostructured In,Os/Ta,Os composite
photocatalysts were prepared using a two-step synthesis
method for photocatalytic hydrogen evolution under simu-
lant solar light irradiation. The fabrication of heterojunctions
with appropriate energy band structures, not only extends the
optical absorption of the semiconductors, but also efficiently
restrains the recombination of photogenerated electrons and

holes, thus enhancing photocatalytic activity for hydrogen
evolution. Hence, the design and optimization of the het-
erojunction morphology facilitates the separation of interfa-
cial charges, and benefits the development of highly efficient
photocatalytic materials in hydrogen evolution and envi-
ronmental purification fields.
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