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A photocatalyst of Ta-doped ZnO was prepared by a modified Pechini-type method. The structural,
morphological properties and photocatalytic activity of 1 mol % Ta-doped ZnO samples annealed at
different temperatures were characterized. The photo-oxidation of methylene blue under the visible-
light irradiation followed the pseudo-first-order kinetics according to the Langmuir-Hinshelwood
model. It is found that the photocatalysis of 1% Ta-doped ZnO annealed at 700 °C showed excellent
performance of the photodegradation of methylene blue, which was attributed to a competitive trade-
off among the crystallinity, surface hydroxyl groups, and specific surface area. The processing
parameter such as the pH value also played an important role in tuning the photocatalytic activity.
The maximum photodecomposed rate was achieved at pH=28, and an novel model about the absorption
of methylene blue on the surface of the catalysts was proposed.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, nano-structured ZnO has attracted a great deal
of attention, owing to its unique and novel applications in the
optics, optoelectronics, catalysis, pyroelectricity and piezoelec-
tricity [1]. Among these properties, the degradation of the
pollutants catalyzed by ZnO has been studied widely [2-7]. ZnO
is known to be one kind of the important photocatalysts because
of its unique advantages, such as its low price, high photocatalytic
activity, and nontoxicity. However, the disadvantage of this
catalyst is that its catalytic activity is still not high enough for
the commercial applications. An effective and practical approach
to improve the photocatalytic property is doping by adding some
heteroelements, because the material performances are mainly
determined by the chemical properties of the atoms or ions and of
the bonds between them. The presence of the doping metal ions
in the ZnO crystalline matrix significantly affects the photocata-
lytic activity, charge carrier recombination rate and interfacial
electron-transfer rate [8]. Generally speaking, the metal ions used
as dopants are often the transition metal ions, e.g., Co®* [9-11],
Mn2* [11,12], Mn** [13], Ti** [14], La3* [15], Fe** [16] and so
forth. Recently, several groups have discovered high photocata-
lytic activities for the decomposition of water in some tantalates
and niobates [17]. Zou et al first reported that the direct splitting
of water under the visible-light irradiation with InTaO,4 as
photocatalyst of [18]. Kudo and Kato et al studied the photo-
catalytic properties of some alkaline and alkaline-earth tantalates
and niobates, including Sr,Ta;0-, SroNb,07, and NaTaOs [17,19].
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However, to date, most synthesis of powders of the tantalates
and niobates have been carried out by the conventional solid-
state reaction route at high temperature treatment (typically
1000-1300°C).

In this work, the photoinduced degradation of methylene blue
(MB) using the Ta-doped ZnO samples prepared by a modified
Pechini-type method and annealed at different temperatures was
investigated in depth. The impact of processing parameters such
as the pH values during the photocatalytic reaction was also
examined. The possible photocatalytic mechanism in Ta-doped
ZnO systems was proposed. The imaginable absorption model of
MB on the surface of the catalysts was first proposed, which
explains why the catalysts showed better catalytic performance at
the alkaline condition, than that at the acidic condition.

2. Preparation of catalyst
2.1. Materials

All chemicals were analytical grade and used without further
purification. The synthesis of the home-made water-soluble
peroxo-citrato-tantalum was described elsewhere in details [20].
Deionized water was used as the dispersing agent through all
the experiments. MB was the commercial product which could
be utilized in the photocatalytic oxidation and adsorption
experiments.

2.2. Preparation of the catalyst

A modified Pechini-type method was used to prepare the
Ta-doped ZnO powders [21]. The resultant dark grey glassy resin
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finally underwent a two-step heat treatment to yield the final
products: firstly pyrolysis at 400 °C for 2 h and then annealed at
500, 600, 700, 800 and 900 °C for 1h in air, respectively.

2.3. Characterization of the catalyst

The structure of the powders was characterized by a powder
X-ray diffraction (XRD) equipment (D/max 2000, Rigaku) using Cu
Koo radiation. The Ta-doping content of the samples was
determined by the inductively coupled plasma resonance (ICP,
JY 38 S, JY). The specific surface area (BET) was measured by the
surface area apparatus (Micromeritics TriStar 3000, Shimadzu),
using N, adsorption/desorption method at liquid nitrogen
temperature (—196°C). The microstructure of particles was
analyzed by transmission electron microscopy (TEM, Tecnai G2
F20 S-Twin, FEI). The X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo ESCALAB 250
spectrophotometer with Al Ko radiation (hv=1486.6eV). The
binding energies were calibrated with respect to the signal from
the adventitious carbon (binding energy=284.8eV). Relative
quantitative analysis was carried out using the sensitivity factors
supplied by the instrument.

2.4. Photocatalytic measurement

For the photocatalysis, all of the experiments were carried out
under the similar conditions in the aqueous solution containing
MB. The photocatalytic reaction system consisted of a Xe arc lamp
(300W, Ushio) located at 10 cm away from the reaction solution,
with a cut-off filter providing the visible light (1 >420nm) and a
water filter preventing from the thermal catalytic effect (the
average temperature 25 + 1 °C). 50 ml MB solution (10 mg/L) with
50 mg of catalyst was magnetically stirred before and during the
illumination. The suspension was agitated for 30min in
the absence of the light, prior to the illumination, in order to
achieve the maximum adsorption of the dye on the surface of the
catalysts. The pH value of the samples was adjusted, prior to
the tests, by adding 0.01 mol/L HCI or 0.01 mol/L NaOH solutions.
The degradation process was monitored by a UV-vis-NIR
spectrophotometer (UV-3600, Shimadzu; measuring the max-
imum absorption of MB at 664 nm).

The photodegradation rate could be calculated by D
(%)=100 x (Co—C;)/Co, in which Cy was the concentration of MB
before the reaction, and C; was the equilibrium concentration of
MB after the irradiation time “t”.

3. Results and discussion
3.1. Structure and morphology of Ta-doped ZnO

Fig. 1 shows the effect of the Ta doping content on the
photocatalytic activity of Ta-doped ZnO annealed at 700 °C for 1 h.
It can be easily observed that the Ta doping in ZnO improves the
activity of the photocatalyst significantly, and the Ta-doping
content has been tuned to obtain the optimal photocatalytic
property. According to our previous study, it is known that
1.0mol % Ta-doped ZnO photocatalyst has the highest
photocatalytic activity about the photo-oxidation of methylene
blue under the visible-light irradiation, owing to the highest
concentration of the surface hydroxyl groups and active defect
sites (e.g. hydrogen-related defect), the largest specific surface
area [21]. Therefore, our interests focus on 1 mol % Ta doped ZnO
samples in this work. The ICP analysis was used to determine the
Ta-doping content. The measured value of the molar ratio of Ta to
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Fig. 1. Effect of the Ta-doping concentration of Ta-doped ZnO on the photo-
catalytic degradation of MB, t=40 min, pH=6.3.
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Fig. 2. XRD patterns of 1 mol % Ta-doped ZnO annealed at different temperatures.

Zn is 0.01:0.99 in 1mol % Ta-doped ZnO sample, which is
consistent with the nominal composition.

The XRD patterns of 1mol % Ta-doped ZnO annealed at
different temperatures are shown in Fig. 2. All Ta-doped ZnO
samples exhibited similar diffraction peaks from the hexagonal
wurtzite ZnO (JCPDS card No. 75-0576) and no secondary phase
containing Ta was detected which means that Ta>* ion occupies
the Zn?* site to form the Ta-doped ZnO. The calculated unit
parameter (c-axis) increases slightly from 5.194 to 5.199 A due to
the introduction of the larger Ta®>" ions. Another feature is that
the full width at half maximum (FWHM) of the diffraction peaks
becomes narrower gradually with increasing annealing
temperature, indicating the better crystallinity at higher
annealing temperature. Using the Scherrer equation, the average
size of powders annealed at various temperatures was estimated,
as listed in Table 1. The grain size increases from 19.7 to 35.6 nm,
as the annealing temperature increases from 500 to 900 °C.

Table 1 also gives the specific surface areas of the Ta-doped
ZnO annealed at different temperatures. As anticipated, the higher
the annealing temperature is, the lower the specific surface area
becomes. Both high specific surface area and good crystallinity are
important to the photocatalytic activity. Therefore, a trade-off
must be achieved between these two competitive factors.

The TEM image of the sample annealed at 700 °C is shown in
Fig. 3a. Uniform and ultrafine 1 mol % Ta-doped ZnO nanoparticles
with the average grain size of ~25.0nm are observed in Fig. 3b,
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Table 1
Grain size and specific surface area of 1 mol % Ta-doped ZnO annealed at various
temperatures.

Annealed temperature (°C) Particle size (nm) Specific surface area (m?/g)

500 19.7 40.6
600 21.2 39.3
700 235 36.1
800 283 273
900 35.6 21.2
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Fig. 3. (a) Representative TEM image of 1mol % Ta-doped ZnO nanopowders
annealed at 700 °C; (b) Particle size distribution. The measured data are fitted to
Gaussian curve (solid line) with mean size of 25.0nm, and the corresponding
standard deviations is 7.8%.

which consisted with the calculated value of 23.5nm from the
Scherrer equation in Table 1. The standard deviations of 1 mol %
Ta-doped ZnO nanoparticles is 7.8%, indicating a relatively narrow
particle size distribution determined from the micrographs (See
Fig. 3b). However, it appears the agglomerate phenomenon of
nanoparticles because of the high temperature treatment.

The surface structures of 1 mol % Ta-doped ZnO annealed at
700°C is also investigated by XPS, and the corresponding
experimental results are shown in Fig. 4. The binding energies
in the XPS spectra presented in Fig. 4 are calibrated by using that
of C 15 (284.8eV). In Fig. 4a, the O 1 profile is asymmetric and
fitted with the non-linear least square fit program using Gauss-
Lorentzian peak shapes. Three O 1s peaks appear after
deconvolution, indicating three different kinds of O species,
located at 530.3, 531.8 and 533.2eV, respectively. The low
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Fig. 4. XPS spectra of the ZnO nanopowders with the content of 1mol % Ta
annealed at 700°C: (a) O 1s spectrum XPS; (b) Zn 2p3); spectrum; and (c) Ta 4f
spectra. The binding energies are calibrated using that of C 15 (284.8 eV).

binding energy component centered at 530.3 eV can be ascribed
to the 02~ ions in ZnO lattice (the lattice oxygen, O.). The medium
binding energy is related to specific chemisorbed adsorbed
oxygen (Os, 531.8eV), caused by the surface adsorbed hydroxyl,
H,0, —COs and so on in the samples [22]. Therefore, the physical
adsorbed oxygen has little effect on this peak, since it is inclined
to be desorbed in the high-vacuum environment. The component
with the high binding energy centered at 533.2 eV is attributed to
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the 0%~ ions in the oxygen-deficient regions within the matrix of
ZnO [23]. As a result, changes in the intensity of this component
may be connected with the variations in the concentration of the
oxygen vacancies (V5°). The calculated ratio of the adsorption
oxygen to the lattice oxygen (Os/Or) is 1:1.49. In addition, it is
interesting to find that, with the addition of Ta, the binding energy
of O 1s peaks for the ZnO sample with a Ta-doping content of
1 mol % shifts remarkably to the higher binding energy, compared
with the corresponding values of the standard binding energy of O
1s in pure ZnO. The symmetric peak appeared at 1022.7eV in
Fig. 4b is attributed to Zn 2ps),. Ta 4f core level spectra (Fig. 4c)
exhibits two peaks centered at 28.4 and 26.5eV, which can be
assigned to 4fs, and 4f;, core levels of Ta*, respectively.
According to the principle method and handbook of the XPS
instrument, the relatively quantitative analysis can be performed
basing on the XPS peak area of different elements and the
corresponding sensitivity factor. The calculated proportion of Zn,
Ta and lattice O on the surface of the sample is 1:0.09:1.06. Thus,
some important XPS data could be obtained. The percentage of
oxygen vacancies is 16.5%, which reveals the abundant oxygen
vacancies in our samples are in good agreement with our previous
study [21]. The oxygen vacancies are very active, so that they can
lightly combine with other atoms or groups to be stable. It might
mean that the 1% Ta doping in ZnO introduces enough quantities
of active and valid defect sites to act as a key role in
photodegradation process.

3.2. Photocatalytic activity and mechanism

It can be observed from Fig. 1 that 1mol % Ta-doped ZnO
shows the highest photocatalytic activity in all samples with
various Ta doping contents. In fact, the annealing temperature is
also an important factor to the photocatalytic efficiency. The
photocatalytic activity of the samples annealed at various
temperatures has been investigated. MB was adopted to evaluate
the photocatalytic performance. As shown in Fig. 5, 1mol %
Ta-doped ZnO annealed at 700°C exhibits the highest
photocatalytic degradation rate. If the annealing temperature is
lower than 700°C, the photocatalytic activity of the catalysts
increases gradually with the annealing temperature. If the
annealing temperature is higher 700°C, the photocatalytic
activity decreases with the increasing of temperature. The
photocatalytic efficiencies of 1 mol % Ta-doped ZnO annealed at
various temperatures, named as 1% Ta-ZnO-T (T: the annealing
temperatures) for short, are ranked in order from the highest to
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Fig. 5. Photodegradation efficiency of MB solution as function of the irradiation
time for 1 mol % Ta-doped ZnO annealed at different temperatures, pH=6.3.

the lowest: 1% Ta-ZnO-700> 1% Ta-Zn0O-800 > 1% Ta-ZnO-
900 > 1% Ta-Zn0O-600 > 1% Ta-Zn0-500.

There exist several competitive factors, such as the crystal-
linity, surface *OH groups and specific surface area, varying with
the annealing temperature [24]. As the annealing temperature
increases, the crystallinity is improved with a loss of surface *OH
groups and specific surface area. It has been also reported that
excessive quantities of hydroxyl groups on the catalyst surface
have detrimental effect on photocatalytic oxidation, but small
quantities are essential for sustained reaction rate [25]. Therefore,
the highest photocatalytic activity has been achieved at annealing
temperature of 700 °C, which is attributed to a competitive trade-
off among the preferable crystallinity, optimal quantity of
hydroxyl groups on the catalyst surface, and large enough specific
surface area. It seems that the crystallinity predominate, com-
pared with other two factors.

Under the visible light irradiation, an electron-hole pair forms,
and then a conduction-band electron and a valence-band hole
separate on the surface of catalyst. Maybe the hole permits the
direct oxidation of organic dye to reactive intermediates. In the
presence of the dissolved O,, electrons from the photoexcited
Ta-doped ZnO produce superoxide anion radicals Oz, which
subsequently could generate H,0, and HO" radicals [26-29].
The high oxidative potential of the holes can form very reactive
hydroxyl groups through decomposing of water. The active
oxygen vacancies that severed as electron acceptors can trap
the photo-induced electrons temporarily to restrain the surface
recombination of photogenerated electrons and holes, and then
attack the dissolved O, to yield surface-bound superoxide anion
radicals O3 or hydroxyl groups, which can act as effective centers
of organic matter mineralization for photocatalytic reactions [8].

The high oxidative potential of the hole (h*) in the catalyst can
form very reactive hydroxyl groups by the decomposition of
water as well as the reaction of the holes with OH™. Maybe the
hole permits the direct oxidation of organic dye to reactive
intermediates. Catalyst suspensions are particularly efficient
photocatalytic systems for generating H,0O,, due to the presence
of hole scavengers such as formates, oxalates, acetates, amides,
citrates and alcohols (organic species, generally) [28]. The
photocatalytic reactions give birth to *OH groups, which further
promote the decomposition and eventually the total mineraliza-
tion of the organic dye such as MB.

3.3. Kinetic study

According to many previous researches, the influence of the
initial concentration of the solution on the photocatalytic
degradation rate of the most organic compounds is described by
the pseudo-first order kinetics, which is rationalized in terms of
the Langmuir-Hinshelwood model, modified to accommodate
reactions occurring at a solid-liquid interface [30,31]. The
photocatalytic decolorization of MB using Ta-doped ZnO obeys
the pseudo-first-order kinetics. At low initial dye concentration,
the simplest representation for the rates of photodegradation of
MB is given by
InC; = —kt+1In Gy M

This equation can be used to demonstrate linearity of data, if
the integration of Eq. (1) is given by
In(Co/Cr) = kt @)
where k is the constant of the pseudo-first-order rate.

A plot of In(Cy/C;) versus the visible irradiation time for the MB
photo-decolorization catalyzed by 1% Ta-doped ZnO is shown in

Fig. 6. A linear relation between In(Cp/C;) and the irradiation time
has been confirmed, which implies the photodegradation of MB
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Fig. 6. Kinetic fit for the photodegradation of MB catalyzed by 1 mol % Ta-doped
ZnO annealed at different temperatures, pH=6.3.

Table 2
First-order-rate constant (k) and half life (t,,) in the presence of 1 mol % Ta-doped
ZnO annealed at different temperatures, pH=6.3.

Annealed temperature (°C) k (min—1) ty/2 (min)
500 1.85x 102 374
600 2.46 x 102 28.2
700 4.01x102 17.2
800 3.34x 102 20.7
900 2.60 x 102 26.7

follows the first-order kinetics with the catalyst of 1% Ta-doped
ZnO0. The obtained first-order rate constant (k) and half-life (t;/3)
have been listed in Table 2, which reveal a significant and
favorable effect of Ta-doped ZnO on the photocatalytic removal of
MB dye. The higher the first order rate constant is, the more
outstanding the photocatalytic performance is. The k and t;, for
1 mol % Ta-doped ZnO annealed at 700 °C, showing the excellent
photocatalytic activity, are equal to 4.01x10 2min~' and
17.2 min, respectively.

3.4. Effect of the pH value

Owing to the amphoteric behavior of most semiconductor
oxides, the pH value, which also affects the photocatalytic process
of various pollutants, is an important parameter in the reaction
taking place on the semiconductor particle surface [30,32,33]. The
role of pH value on the rate of the photocatalytic degradation was
studied in the pH range of 5-12 at the constant dye concentration
(10 mg/L) and catalyst amount (1.0 g/L) with the irradiation time of
20 min. The rate of dye degradation for the catalyst suspension at
various pH values is plotted in Fig. 7a. In the illuminated Ta-doped
ZnO system, the degradation rate of the dye is higher in the alkaline
condition with almost two-fold enhancement as pH increases from
5 to 8. At pH=38, the maximum degradation rate is achieved. With
the further increasing of pH values, the photodegradation rate of
the organic dye becomes lower gradually.

The adsorption of H,O molecules at surface metal sites is
followed by the dissociation of OH™ groups, leading to coverage
with chemically equivalent metal hydroxyl groups (M-OH) [33].
The followed equilibriums between the amphoteric behavior of
most metal hydroxides and the acidic and alkali behavior of MB
solution are considered as
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Fig. 7. (a) Effect of pH value on the photodegradation efficiency of MB solution in
the presence of 1% Ta-doped ZnO annealed at 700 °C, t=20 min; (b) Model of the
absorption of MB on the surface of the catalyst.

In different pH ranges, there exist electrostatic interactions
(attraction or repulsion) between the catalyst surface and the
organic molecules, which consequently enhance or inhibit
the photodegradation rate, respectively. The effect of pH value
on the photocatalysis is generally regarded as a result of the
surface charge of Ta-doped ZnO and the relation with the ionic
form of the organic compound (anionic or cationic). Fig. 7b shows
the model of MB adsorption on the catalyst surface at the acidic
and alkali condition. The low initial reaction rates at the acidic pH
values are due to dissolution and photo-dissolution of ZnO [29].
Since MB is a kind of cationic compound, the observed increasing
of the decomposition rate at low alkali pH can be attributed to the
high hydroxylation of the catalyst surface, due to the presence of a
large quantity of the hydroxyl groups. The higher concentration of
the "OH species are formed and the photodegradation reaction
rate is then enhanced. Consequently, in high pH range, electro-
static attraction between the catalyst surface and the dye cations
leads to a strong adsorption of the dye cations on the metal oxide
support. At high alkali pH, although electrostatic attraction
is improved, the hydroxyl groups decrease simultaneously.
The decline of the reaction rates is ascribed to the breakage of
the hydroxylation of the catalyst surface.

4. Conclusion

In summary, the Ta-doped ZnO nanoparticles were first
prepared by a modified Pechini-type method. The ZnO sample
with 1mol % Ta-doping concentration exhibited the highest
photocatalytic degradation rate under the visible light irradiation.
A systematic study of the structural, morphological, and visible
photocatalytic properties of 1mol % Ta-doped ZnO samples
annealed at different temperatures were investigated by various
analytical techniques. The photo-oxidation followed the first
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order kinetics according to the Langmuir-Hinshelwood model. It
is found that 1% Ta-doped ZnO annealed at 700 °C shows excellent
photocatalytic performance. This is attributed to a trade-off
among crystallinity, surface hydroxyl groups, and specific surface
area. The processing parameter such as pH value also played an
important role in tuning the photocatalytic efficiency. The
maximum photocatalytic degradation rate was achieved at
pH=8. Thus the Ta-doped ZnO is a promising photocatalyst in
large-scale utilization under visible light irradiation to photo-
decompose water contamination and environmental pollution.
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