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Photocatalytic behavior of anew series of InggMg2TaO4
(M = Ni, Cu, Fe) photocatalysts in agueous solutions
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A new series of photocatalysts, InggMg2TaO4 (M = Ni, Cu, Fe), were synthesized by a solid-state reaction and characterized by
powder X-ray diffraction and Rietveld structure refinement. No apparent structural variation has been recognized with the change of doping
atoms. However, the rate of H, evolution from P/CH3OH/H»O solution under UV irradiation significantly changed with the change of
doping atoms. Ing gNig 2TaO,4 showed much higher activity than the non-doped InTaO4 photocatalyst. Furthermore, we found that under
visible light irradiation (A > 420 nm) Ing gNig 2 TaO4 exhibited aso higher activity than the non-doped InTaO,4 photocatalyst.
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1. Introduction

The photocatal ytic splitting of water using an oxide semi-
conductor under visible light irradiation attracts increasing
interest because the attempt is aimed not only at producing
hydrogen of clean-energy from water utilizing solar energy,
but also at finding methods of making use of the photosyn-
thetic process as green plants for direct production [1-3].
The discovery of photocatalytic splitting of water on TiO»
electrodes exhibited that decomposition of water should be
possible under visible light [4].

Very recently, we found that InTaO4 could evolve Ha
from pure water under visible light irradiation, but activity
isvery low [5]. InTaO4 belongs to the family of the ABO4
compounds with the A3+ B>t 04 wolfranite structure. There
are two kinds of octahedron in a unit cell, TaOg and InOg.
The TaOg and INnOg octahedraform the layers by sharing the
corner as shown in figure 1. Oxygen planes are formed in
parallel with (001) plane. The structure is built up forming
infinite corner-sharing TaOg octahedron formed [TaOs] o
chainsalong [001]. The zigzag chainsare connected through
INnOg octahedron to form a network. We considered that M
(M = Ni, Cu, Fe) doping of the A3t sitein A3+ B5t 04 might
cause a slight modification of crystal structure, resulting in
achange in photocatalytic property. It is known that a slight
modification of structure to semiconductor has a dramatic
effect on the physical properties [6]. Here we report firstly
the synthesis, photocatalytic and structural characterizations
of these new photocatalysts, 1nggMo2TaO4 (M = Ni, Cu,
Fe).

* To whom correspondence should be addressed.

2. Experimental

Polycrystalline samples of 1nggMp2TaO4 (M = Ni, Cu,
Fe) were synthesized by a solid-state reaction method. The
pre-dried In203, TapOs, FexO3, NiO and CuO with purity
of 99.99% were used as starting materials. Stoichiometric
amountsof the precursorswere mixed and pressed into small
columns. The columns were reacted in an auminum cru-
cible in air for two days at 1100°C. The same procedure
was performed three times for the samples.

Thechemical composition of the samplesbeforeand after
photocatal ytic reaction was determined by scanning electron
microscope—X-ray energy dispersion spectrum (SEM-EDS)
with accelerating voltage of 25 kV. The crystal structure of

Figure 1. Schematic structure of InTaO4 with the wolframite type.
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the samples was determined by powder X-ray diffraction
method using Cu Ko radiation (A = 1.54178 A). UV-vis
diffuse reflectance spectrum of 1ng Mg 2TaO4 (M = Ni, Cu,
Fe) was measured by using an UV-vis spectrometer (MPS-
2000). The surface area was determined by BET measure-
ment (Micromeritics, Shimadzu, Flow-Prep 060).

Photocatalytic reaction was carried out in a closed gas
circulation system. The gases evolved were determined with
a TCD gas chromatograph, which was connected to a gas
circulating line [5]. In order to obtain high activity, it ises-
sential to load a metal or metal oxide on the surface of the
photocatalyst, because the addition of noble metals or metal
oxides on a semiconductor surface can change the photo-
catalytic properties by changing the semiconductor surface
properties [7]. The Pt was found to be the most effective
for TiO2 photocatalyst [7]. The photocatalytic reaction un-
der UV irradiation was examined using an inner-irradiation
type quartz cell with 400 W high-pressure Hg lamp and in
an aqueous Pt/CH30H/H>0 solution (0.5 g powder catalyst,
50 ml CH30H, 300 ml H>O and 0.1 wt% Pt (Pt-loading in-
stead of a HoPtCly)). The photocatalytic reaction under vis-
ible light irradiation was examined using a Pyrex glass cell,
300 W Xe arc lamp and in an agueous Pt/CH30H/H>0 solu-
tion (0.5 g powder catalyst, 50 ml CH30H, 200 ml H,O and
0.1 wt% Pt (Pt-loading instead of a HoPtCly)). The 420 nm
cut filter was placed onto the window face of the Pyrex glass
cell.

3. Resultsand discussion

The chemical composition of the photocatalysts before
and after photocatalytic reaction was determined using char-
acteristic X-rays of M La (M = In, Ni, Cu, Fe) and Ta
La. The composition content was determined using the ZAF
(Z — element number (“Z" number) correction, A — absorp-
tion correction, F — fluorescence correction) quantification
method [6]. The SEM-EDS analysis showed that the photo-
catalysts have a homogeneous atomic distribution with no
other additional elements. The chemical composition of
these samples after reaction is also the same as that of the
samples before reaction.

The crystal structure of the photocatalysts before and
after photocatalytic reactions was investigated using X-ray
powder diffraction. The result is shown in figure 2. The
powder X-ray diffraction analysis showed that al samples
are the single phases. We can see that the Bragg peak distri-
butions of the InggMo2TaO4 (M = Ni, Cu, Fe) photocata-
lysts remain unchanged. Full-profile structure refinement of
the collected powder diffraction data was performed using
the Rietveld program REITAN [8]. Positional parameters
and isotropic thermal parameters of samples were refined.
The result of refinement showsthat al samplescrystallizein
the same wolframite structural type, monoclinic with space
group P2/c.

The InTaO4 photocatalyst has two kinds of octahedron
in aunit cell, TaOg and InOg [5]. The volume of the InOg
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Figure 2. X-ray powder diffraction patterns of photocatalysts before and
after photocatalytic reaction.
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Figure 3. Photocatalytic Ho evolution on the Ing gMg 2TaO4 (M = Ni, Cu,
Fe) compound from P/CH30H/H»0 solution under UV irradiation.

octahedron in InTaOj is 13.601 A3. However, the volume
of TaOg is 10.648 A3. This means that the volume of the
InOg octahedron was changed when In was being doped by
Ni, Cu and Fe because of the change of the M atomic ra
dius, but crystal structure could not change. The change of
the InOg volume suggests to lead to a change of the lattice
parameters in the doped InTaO4 system. The details of the
investigations on structure will be published elsewhere [9].
We confirmed that the photocatalysts have changed neither
the crystal structure nor the chemical composition after pho-
tocatalytic reaction.

Figure 3 shows the Hy evolution from Pt/CH3z0OH/H20
solution under UV irradiation. The formation rates of Hjp
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Table1
Rates of gas evolution and physical properties of the photocatalysts.

Photocatalyst Surface area UV irradiation, Visible light irradiation, A > 420 nm,
(m?2g~1 rate of evolution (umol h—1) rate of evolution (mol h=1)

Pt/CH30H/H,0 Pt/CH3OH/H20 AgNOg/H,0
Ho CO Ho Oy
INTaOy 1.35 270 15 0.6 0.8
Ing.gNig2Ta0y 0.97 470 30 15 11
Ing.gCug 2 TaOy 0.81 100 5 Non Non
Ing.gFep 2 TaOy4 0.82 80 4 Non Non

were estimated to be 0.47, 0.1 and 0.08 (mmol h—1) in the
first 10 h for Ni, Cu and Fe. The amount of evolved H;
(mol) exceeded the amount of catalyst (1.38 mmol) at 24 h,
indicating that the reaction seemsto occur catalyticaly. The
reaction stopped when the light was turned off in this ex-
periment, showing the obvious light response. The result
shows that the photocatalytic reaction is induced by the ab-
sorption of UV irradiation. The formation rate of Hy on
Ing.gNig.2TaOy is about 180% of that of non-doped InTaOy,
while formation rates on the Cu and Fe doped InTaO4 pho-
tocatalysts are much lower. This means that the activity
increases on Ni-doped InTaO4. However, the activity de-
creases on Cu- and Fe-doped InTaO4. The CO evolutions
were observed in this reaction from Pt/CH30OH/H20 solu-
tion as the oxidation product. The result is shown in ta-
ble 1. The CO evolution increases with illumination time,
as does Hy evolution. However, the rate of CO evolutions
is much lower than that of Hy evolution. The CO orig-
inates probably from decomposition of the formaldehyde,
which decomposes slower than methanol dehydrogenates.
On the other hand, the ratios of non-stationary and non-
stoichiometry evolutions between H, and CO might result
from generation of CO, and other evolutions. It is well
known that when CH3OH is added to a Pt/TiO, agueous
suspension, sustained H, production is observed under UV
irradiation and the alcohol molecules are oxidized to fina
productions of CO», CO, CHg, etc. [14]. The presence of
oxygen vacancy defects strongly enhances such interaction
due to electron back-donation from surface Ti%* into the 7 *
orbital of molecular CO [14]. The formation rate of CO
changed with the variation of doping atoms, showing the
same tendency as observed in Hz evolution.

It isoften observed that doping transition metalsinto pho-
tocatalysts such as TiO, decreases significantly the photocat-
alytic activities[10]. The Cu- and Fe-doped InTaO4 showed
similar result as doped TiO,. However, such a suppres-
sion effect by doping was not predominant in the Ni-doped
InTaO4 photocatalyst. Kudo et al. [10] found a similar phe-
nomenon [11]. The photocatalytic activity on Ni-doped ZnS
was much higher than on non-doped ZnS, while that on Cu-
doped ZnS was lower [11]. Although the origin is unknown
yet, the band structure of NiO has been investigated [12].
The band structure of oxidesis generally defined by d-level
and O 2p-level of the oxides. However, the band structure of
NiO is assigned to Ni 3d® and Ni 3d°® [12]. This means that
the Ni 3d level in the Ni-doped InTaO4 photocatalyst may

form anew energy level in the band structure of InTaO4. The
light absorption properties of the InTaO4 and Ing gNig.2TaO4
photocatalystswereinvestigated. The onset of diffusereflec-
tion spectra showed an obvious shift to high wavelength with
In being doped by Ni in InTaO4. The band gaps of InTaO4
and Ing gNig 2 TaO4 were estimated to be 2.6 and 2.4 eV from
the diffuse reflection spectra. This means that the Ni-doped
InTaO4 photocatalyst can utilize a wider spectral region of
light irradiation than non-doped InTaOx.

The difference in the surface area of the photocatalysts
can generally lead to the differencein photocatal ytic activity
since an efficient photocatalytic reaction process occurs on
the photocatalyst surface. However, the surface area of the
photocatalysts is similar, as shown in table 1. It is hard to
consider that the differencesin the surface area of the photo-
catalysts led to the differencesin the photocatalytic activity.
In order to clear the origin of different photocatalytic ac-
tivity between the Ni-doped and Cu- and Fe-doped InTaO4
photocatalysts, further band structure analyses seem to be
necessary.

It is interesting to note that under visible light irra-
diation (A > 420 nm) H> and O, were evolved using
the Ing gNig.2TaO4 photocatalyst from P/CH3zOH/H20 and
AgNOs3/H,0 solutions, respectively. However, the Cu-
and Fe-doped InTaO4 photocatalysts cannot work under
these conditions. Figure 4(a) shows the H, evolution from
Pt/CH30H/H20 solution under visible light irradiation us-
ing the Ing gNig 2TaO4 and InTaO4 photocatalysts. The Hz
evolution increases with illumination time. The formation
rate of Hy on Ni-doped InTaO4 is much higher than that
of the non-doped InTaO4 photocatalyst, as does Ho evolu-
tion under UV irradiation. The effect of visiblelight irradia-
tion was investigated by dark experiment. The H» evolution
stopped when light irradiation was terminated, showing the
obviousvisible light response.

O2 evolution reaction was performed in an agueous sil-
ver nitrate solution under visible light irradiation A >
420 nm) and the following stoichiometric reaction takes
place: 4Agt + 2H,0 — 4AQ° + O, + 4H™ [13]. Fig-
ure 4(b) shows the Oz evolution under visible light irradia-
tion. This result shows that both Ing gNig 2TaO4 and InTaOg4
have potential for O evolution from agueous solution. How-
ever, the rate of O evolution increases with In being doped
by Ni in the InTaO4 photocatalyst. The rate of O, evolution
on InggNig2Ta04 is 1.1 umol h—1. The activity increased to
about 140% of that of non-doped InTaO4 (see table 1).
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Figure 4. (&) Photocatalytic H, evolution from Pt/CH30OH/H,O solution

under visible light irradiation, A > 420 nm. (b) Photocatalytic O, evolu-

tion from an agueous silver nitrate solution under visible light irradiation,
A > 420 nm.

The wavelengths (1) dependence of the photocatalytic
activity under the light irradiation from full arc up to
A = 550 nm was measured using different cut-off fil-
ters. The photocatalytic reaction was examined using a
Pyrex glass cell, a 300 W Xe arc lamp and in an agueous
Pt/CH30H/H,0 solution. These results are plotted in fig-
ure 5. The photocatalytic activity dependence of A of light
irradiation displays a normal photocatalyst behavior, with
increasing A of light irradiation, the photocatalytic activity
decreases rapidly, since the number of incident photos was
decreased when a cut-off filter was used. An obvious pho-
tocatalytic activity was observed when visible light (A >

Z. Zou et al. / Photocatalytic behavior of Ing gMg 2TaO4 (M = Ni, Cu, Fe)

60 -
UV light Visible light

50 —
E
S 40 | -
S ' —o— InTa0a4
= H —o— InosNio2Ta04
s 30 ' -
- 1
g :
S 20+ ! —
g 4 h
<« ' '

10 ' . .

oL : : : .
fallare 390 420 460 500 550
Filter/nm

Figure 5. The photocatalytic activity dependence of the wavelengths (1)

from full arc irradiation to A = 550 nm; the amount of evolved Hy at 24 h;

a Pyrex glass cell, 300 W Xe arc lamp and in an agueous Pt/CH30H/H,0

solution (0.5 g powder catalyst, 50 ml CH30H, 200 ml H,O and 0.1 wt%
Pt (Pt-loading instead of a HoPtCly)).

420 nm) was irradiated, showing that both InggNig2TaO4
and InTaO4 can respond visible light irradiation. The pho-
tocatalytic activity was a so obtained when a cut-off filter of
A > 460 nm was employed. However, the activity disap-
peared when A of light irradiation was larger than 500 nm.
This means that light response occurred only at wavel engths
shorter than 500 nm.

The processfor photocatalysisover semiconductorsisthe
direct absorption of a photon by the band gap of the ma-
terials thereby generating electron-hole pairs in the semi-
conductor particles. The excitation of an electron from the
valence band to the conduction band initiated by light ab-
sorption with energy equal to or greater than the band gap
of the semiconductor [4]. The diffuse reflectance spectrum
of Ing.gNig2TaO4 showsavisible light absorption band with
the onset around 520 nm, while that of InTaO4 is around
480 nm. This means that under visible light irradiation
(A > 420 nm) the Ni-doped InTaO4 photocatalyst can re-
sponse in a range of wavelength above 40 nm than that of
non-doped InTaO4. The difference between the visible light
absorption band of Ing gNig.2TaO4 and InTaO4 might lead to
the difference in photocatalytic activity. Thisis consistent
with the observation of photocatalytic activity, as shown in
figure 4. BET measurement showed that the surface areas
of InTaO4 and Ing gNig2TaO, are 1.35 and 0.97 m2 g1, re-
spectively, as shownintable 1. Thisis about 1/50 of the sur-
face areafor the TiO, photocatalyst (53.8 m?g~1). Since an
efficient photocatalytic reaction process occurs on the pho-
tocatalyst surface, the increase of the surface area for the
photocatalysts might lead to the increase of their photocat-
alytic activity under visible light irradiation. The study for
effects of surface area on photocatalytic activity under visi-
ble light irradiation is in progress, which is believed to lead
to further understanding of the new photocatalysts.

In summary, under visible light irradiation (A > 420 nm)
H and O, were evolved using both Ni-doped and non-doped
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InTaO4 photocatalyst from Pt/CH30OH/H2O and AgNOs/
H2O solutions, respectively. The InggNig2TaO4 photo-
catalyst showed much higher activity than the non-doped
InTaO4 photocatalyst. Ni-doped InTaO4 has been developed
as a new visible light photocatalyst for H, and O, evolu-
tions from aqueous solutions. The study of doping effects
on structural and photocatalytic properties of InTaO4 solid
oxide photocatalyst will provide useful information on the
mechanism of the photocatalysts and also on making stable
photocatalysts with high activity under visible light irradia-
tion.
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