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a b s t r a c t

This paper describes a novel catalyst of the Ta-doped ZnO nanocrystals prepared by a modified

polymerizable complex method using the water-soluble tantalum precursor as the sources of Ta. The

catalysts were characterized by means of various analytical techniques as a function of Ta content

(x ¼ 0–4 mol%) systematically. A remarkable advantage of the results was confirmed that dopant Ta

enhanced the visible-light absorption of ZnO and the low-solubility tantalum doping could restrain the

growth of crystal and minish the particle size. The relationship between the physicochemical property

and the photocatalytic performance was discussed, and it was found that the photocatalytic activity in

the photochemical degradation of methylene blue under visible-light irradiation (lX420 nm) was

dependent on the contents of the dopant, which could affect the particle size, concentration of surface

hydroxyl groups and active hydrogen-related defect sites, and the visible-light absorption. The highest

photocatalytic activity was obtained for the 1.0 mol% Ta-doped ZnO sample.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, air and water pollution widely caused by the
industries often results in many environmental problems, which
have provided the impetus for extended and intensive research in
the area of environmental remediation [1–3]. The wide bandgap
semiconductor oxides, such as TiO2 and ZnO, have been proven as
the attractive photocatalysts because they are environmentally
sustainable with high catalytic efficiency [4–7]. The design and
fabrication of nanostructured semiconductor metal oxides with
the tunable physical–chemical properties for advanced catalytic
applications have drawn a great deal of attention in the modern
catalysis field [8–11]. A massive amount of research work
on semiconductor based heterostructure (e.g. semiconductor/
semiconductor and metal/semiconductor) nanocatalysts have
been triggered in recent years because of their excellent catalytic
activity [12–15]. Some transition metal ions were used to dope
semiconductors to promote interfacial charge-transfer kinetics
[16–22]. In addition, it has been largely emphasized in the
literature that the relationship between the size dependence and
the catalytic efficiency is close-knit [23–26].

ZnO is known to be one of the important photocatalysts
because of its many advantages, such as low price, large initial
rates of activities, many active sites with high surface reactivity,
high absorption efficacy of light radiations, and environmental-
ll rights reserved.
safety. But it also has several drawbacks, including the fast
recombination rate of the photogenerated electron–hole pair and
a low quantum yield in the photocatalytic reactions in aqueous
solutions, which obstruct commercialization of the photocatalytic
degradation. Enhancement in the optical absorption urges the
scientists to further investigate the undoped and doped ZnO NPs
and their photocatalytic activities. Some researchers have mod-
ified ZnO by doping with Pb ion [27] and Ag ion [28] to enhance
photocatalytic efficiency, owing to the increase of surface defects.
Unfortunately, ZnO doped with these ions could also result in
environmental contaminants at the same time because of the
involved heavy metal ions.

Recently, several groups discovered high photocatalytic de-
composition of water in some tantalates [29]. Zou et al. firstly
reported that the direct splitting of water under visible-light
irradiation with an oxide semiconductor photocatalyst of InTaO4

[30]. Kudo and Kato et al. deeply studied the photocatalytic
properties of some alkaline and alkaline earth tantalates and
niobates including Sr2Ta2O7, Sr2Nb2O7, and NaTaO3 [29,31]. In
summary, tantalum element has been widely utilized in the
photocatalysis. Generally speaking, the majority of powder
synthesis of these tantalate photocatalysts has been carried out
via the conventional solid-state reaction (SSR) route under high
temperatures (typically 1000–1300 1C). However, the ubiquitous
problems of the SSR route are the growth of crystal, segregation
of components, and possible loss of stoichiometry owing to
the volatilization of the compositive components at high
temperatures. These factors may result in the decrease of the
photocatalytic activity. Recently, low-temperature, wet-chemical
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methods have been employed to prepare the nanosized crystal-
lites with higher purity and uniform sizes. In these synthetical
processes, the typical tantalum precursors, e.g. tantalum isoprop-
oxide [32], tantalum ethoxide [33], and tantalum chloride [34]
were utilized, but the major drawback of these precursors is either
the high cost or the extreme moisture sensitivity. Although a
simple polymerizable complex (PC) route has been developed to
solve these problems, the air-stable water-soluble tantalum
precursors are still not easily available.

In this work, in order to improve the photocatalytic perfor-
mance of ZnO, the home-made water-soluble tantalum precursor
was firstly explored as the source of dopant Ta to modify ZnO.
Water-soluble peroxo-citrato-tantalum precursor was synthesized
using Ta2O5 as a starting Ta source by a facile basic-flux method,
and then the nano-sized Ta-doped ZnO powders were prepared
through a modified PC method [35,36]. The influence of the Ta
contents on the structure, morphology, and photocatalytic activity
of the Ta-doped ZnO nanoparticles (NPs) were investigated
systematically, and low-solubility dopant Ta could restrain the
growth of crystal and minish the particle size. The nanocrystals of
1 mol% Ta-doped ZnO exhibit excellent photocatalytic activity
under the visible-light irradiation (lX420 nm). The possible
photocatalytic mechanism for the photodegradation of methylene
blue (MB) has also been proposed.
2. Experimental section

2.1. Chemicals and materials

Zinc nitrate (Zn(NO3)2 �6H2O), citric acid (CA), glacial acetic
acid (HAc), tantalum oxide (Ta2O5), potassium hydroxide (KOH),
ethylene glycol (EG), hydrogen peroxide (H2O2), acetylacetone,
and nitric acid (HNO3) were purchased from Nanjing Chemical
Reagent Co., Ltd. Poly (vinyl pyrrolidone) (PVP, MWE100 000) and
hydroxypropyl cellulose (HPC, MWE100 000) were purchased
from Aldrich. All chemicals were used directly without further
purification. Deionized (DI) water was used throughout all the
experiments.

2.2. Synthesis of the water-soluble peroxo-citrato-tantalum

Water-soluble tantalum precursor was synthesized using the
stable and cheap Ta2O5 as a starting source of Ta element by a
simple basic-flux method [37]. Ta2O5 and KOH were mixed with
the molar ratio of K:Ta ¼ 10 and then fused at 400 1C for 4 h in an
alumina crucible. The melt was dissolved with DI water when it
cooled to room temperature. After filtration, a clear transparent
solution was obtained. White precipitates of hydrous tantalum
oxide (Ta2O5 �nH2O) were formed after an addition of certain HAc
with continuous stirring, and collected by centrifuging. These
products were washed with diluted HNO3 solution (pHo3) and DI
water several times to remove the potassium and possible
aluminum ions. Then the washed precipitates were dissolved in
aqueous solution of citric acid as chelating agents and H2O2 was
employed to speed up the reaction, with the molar ratio of Ta ions
to citric acid to H2O2 of 1:2.5:2.5. Finally, the mixture was heated
at 60 1C with continuous stirring to form a transparent water-
soluble Ta precursor complex, which was the water-soluble
peroxo-citrato-tantalum.

2.3. Preparation of Ta-doped ZnO NPs

Ta-doped ZnO powders were prepared through a modified PC
method. Zinc nitrate of 2.975 g was dissolved into 50 mL DI water
in a 100 mL beaker with CA, which could be used as a complexant in
1:1 molar ratio with respect to the metal nitrate, then stirred for 1 h in
the ambient temperature (solution A). Certain water-soluble peroxo-
citrato-tantalum was mixed with EG as crossing-linking at the molar
ratio of EG to the metal nitrate of 10:1 (solution B). PVP as surfactant
with the concentration 2.0�10�2 g/mL and HNO3 used as catalyst in
the volume ratio 1:100 with respect to the mixture of the solution
A and B were added. The resultant mixture solution was further
sonicated for 15 min and then evaporated at 50 1C until it was
condensed to a 70% amount of the original weight. HPC and
acetylacetone were put into the above solution as the steric
dispersant and stabilizer with the concentration 3.5�10�3 g/mL
and 2.5�10�1 mol/L, respectively. A colorless transparent sol was
obtained, then aged for 24 h in air at room temperature and
subsequently baked at 140 1C for 12 h for polyesterification, the
resultant dark gray glassy resin finally underwent a two-step heat
treatment to yield the final products: firstly pyrolysis at 400 1C for
2 h and then annealing at 700 1C for 1 h in air atmosphere. ZnO
nanocrystals were also prepared by the same procedure without
the addition of the water-soluble tantalum solution. The doping
concentrations of tantalum are expressed in mol%.

2.4. Characterizations

The thermal-decomposition characteristics were evaluated by
thermogravimetry and differential scanning calorimetry (TG-DSC,
STA 409 PC, Netszch) with a heating rate of 5 1C/min under the air
flow. The purity of the water-soluble Ta precursor and tantalum
content in the materials were estimated by the inductively coupled
plasma resonance (ICP, JY-38 S, JY). The structures of the Ta-doped
ZnO NPs were characterized by the X-ray diffraction (XRD)
equipment (D/max 2000, Rigaku) using Cu Ka radiation at
l ¼ 1.5405 Å. The infrared (IR) and UV–vis diffuse reflectance
spectra (DRS) of the samples were recorded by a FT-IR spectrometer
(Nexus-870, Thermo Nicolet) and a UV–vis–NIR spectrophotometer
(UV-3600, Shimadzu), respectively. The specific surface area (BET)
was estimated by the surface area apparatus (TriStar-3000,
Micromeritics). The Ta content in Ta-doped ZnO samples was
determined by ICP. The morphology and microstructure of the pure
ZnO and Ta-doped ZnO NPs were examined by high-resolution
transmission electron microscopy (HRTEM, Tecnai G2 F20, Philips).

2.5. Measurement of photocatalytic activity

For photocatalytic measurement, all experiments were per-
formed in the aqueous solution containing MB under the similar
conditions. The photocatalytic reaction system consisted of a Xe arc
lamp (300 W, Ushio) located 10 cm away from the reaction solution,
a cut-off filter (providing the visible light, lX420 nm) and a water
filter (preventing from thermal catalytic effect, average temperature
2570.5 1C). 50 mg of each catalyst was put into 50 mL of a standard
MB aqueous solution (10 mg/L) in a 100 mL beaker and agitated for
30 min in the absence of light to attain the equilibrium adsorption.
After each given irradiation time, about 3.5 mL of the mixture was
withdrawn and separated by centrifuging to remove any suspended
solids. The degradation process was monitored by a UV–vis–NIR
spectrophotometer (UV-3600, Shimadzu; measuring the maximum
absorption of MB at 664 nm).

3. Results and discussion

3.1. Water-soluble peroxo-citrato-tantalum

Water-soluble peroxo-citrato-tantalum precursor was synthe-
sized using Ta2O5 by a conventional basic-flux method. It exhibits
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excellent stability and long shelf life. No precipitation was
observed after a year stock in ambient, indicating that the
structure of the chelating organic ligands (COO–Ta–O) do not
change in the complexes and the water-soluble precursors
is comparatively steady. In order to characterize the decom-
position behavior of tantalum precursor, water-soluble peroxo-
citrato-tantalum precursor solution was baked at 180 1C for 4 h to
obtain powdered precursor.

Fig. 1 shows the TG-DSC curves of the powdered precursor
with a heating rate of 5 1C/min in air up to 600 1C. There is one
exothermic peak with a broad left trail on the DSC curve at
425 1C related to the decomposition and burning of the peroxo-
citrato-tantalum complex, accompanied by a dramatic weight loss
of 60% from 200 to 450 1C on the TG curve. After 450 1C, the weight
basically keeps constant and the decomposition of peroxo-citrato-
tantalum precursor is completed. The precursor purity was
detected by ICP, whose result indicates that the Ta precursor has
higher Ta ion purity over 99.5%, which is in good agreement with
the purity of the starting material of Ta2O5. Using home-made
Ta precursor solution, the photocatalysts have been prepared at
lower processing temperature by a modified PC route.

3.2. Ta-doped ZnO NPs

As described in the Experimental section, the dark gray glassy
resin products were prepared through a modified PC method.
When acetylacetone was finally added to the mixture of solution A
and B with stirring, the colorless transparent precursor was
formed gradually. The chemical reactions for the formation of the
nanopowders could be formulated as follows:

citric acidþmetallic cation �!
stirring

in water
metallic citrate (1)

metallic citrateþ ethylene glycol

�!
stirring

in water
�!

drying

polyesterification
polymer (2)

polymer �!
400 �C

pyrolysis
�!

700 �C

anneal
metal oxide (3)

In solution A, citric acid combines with metallic ion to form
chelating complex-metallic citrate (Eq. (1)). After the mixture of
solutions A and B, metallic citrate reacts with EG to form three-
dimensional polymer network (Eq. (2)) after polyesterification. In
the process of final heat treatment, the glassy resin decomposes
gradually to form uniform amorphous metal oxide solid solution.
Fig. 1. TG–DSC curves of the peroxo-Ta-citrate powdered precursor heated in air

ambience with the heating rate of 5 1C/min.
Subsequently, the crystal nucleation and growth of Ta-doped ZnO
happen under high heat-treated temperature (Eq. (3)). Ta5+ ions
enter into the crystal lattice of ZnO, and may replace the Zn2+ ions,
leading to the formation of the more zinc vacancy defects ðV 00ZnÞ

along with some oxygen vacancy defects ðV ��OÞ (Eqs. (4) and (5)).
Meanwhile due to the high anneal temperature of crystal growth,
the loss of oxygen from the lattice can produce oxygen vacancy
(Eq. (6)) [38,39]. As known, intrinsic ZnO is a typical n-type
semiconductor including large quantities of oxygen vacancies.
A lot of experiments have shown that intrinsic defects such as
oxygen vacancies are largely involved in the ZnO crystals [40], and
can cause high self-compensation via acceptor doping [41].
Similar situation also exists in our Ta-doped ZnO samples.

Null ¼ V 00Zn þ V ��o (4)

Ta2O5�!
ZnO

2Ta���Zn þ 3V 00Zn þ 5O0 (5)

O0 ! V ��O þ 1=2O2 þ 2e (6)

3.2.1. Analysis of phase and morphology of the Ta-doped ZnO NPs

The XRD patterns of pure ZnO and Ta-doped ZnO with different
Ta-doping contents annealed at 700 1C are shown in Fig. 2. The
XRD patterns of all the Ta-doped ZnO catalysts are almost similar
to that of hexagonal wurtzite ZnO, suggesting that there is no
change in the crystal structure upon Ta loading. When Ta-doping
content is 4 mol%, a weak peak at 30.21 can be indexed to
secondary phase of orthorhombic ZnTa2O6. Remarkably, there is a
small shift of all diffraction peaks of ZnO, implying that Ta-doped
ZnO solid solution is formed when Ta-doping contents are less
than 4%.

The influences of the Ta content (x ¼ 0–0.04) on the unit cell
parameter (a, c-axis lattice parameter), crystallite size, and
specific surface area of Ta-doped ZnO samples are summarized
in Table 1. The crystallite size was estimated from the Scherer
formula and the specific surface area was measured by means
of conventional BET method. The increase of a and c-axis lattice
without any change in crystal symmetry indicates that the larger
Ta5+ ions occupy the Zn2+ sites to form Ta-doped ZnO solid
solution with the wurtzite structure, which is confirmed by our
TEM observations, IR analysis, and UV–visible absorption as
described latter. It is easily seen that 1.0 mol% Ta-doped ZnO
sample has smallest particle size and largest specific surface area
of 32.1 m2/g. When the Ta content exceeds 1.0 mol%, the particle
size increases and specific surface area decreases with the
increase of the Ta content. We assume that the low-solubility
Fig. 2. The XRD patterns of the pure ZnO samples and the Ta-doped ZnO NPs.
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Table 1
Particle size, lattice parameter, and specific surface areas of the pure ZnO and Ta-

doped ZnO catalysts.

Catalysts Lattice parameter (Å) Particle size

(nm)

Specific surface

area (m2/g)

a c

Pure ZnO 3.2450 5.1995 36.2 22.4

1% Ta–ZnO 3.2464 5.2005 24.8 32.1

2% Ta–ZnO 3.2472 5.2023 29.7 25.8

3% Ta–ZnO 3.2490 5.2041 35.5 21.3

4% Ta–ZnO 3.2499 5.2072 43.3 18.5

Table 2
Analytical result of Ta content in the Ta-doped ZnO catalysts detected by ICP.

Catalysts Tantalum (%)

Nominal Detected

1% Ta–ZnO 1.0 1.02

2% Ta–ZnO 2.0 2.04

3% Ta–ZnO 3.0 3.06

4% Ta–ZnO 4.0 4.03

Fig. 3. TEM images of the ZnO samples with and without dopant Ta: (a) the image

of pure ZnO, the horizontal bar scale of the inset image is 50 nm; (b) the image of

1% Ta–ZnO; (c) size distribution of 1% Ta–ZnO NPs; and (d) HRTEM image of 1%

Ta–ZnO (the inset of the squared region of d).

Fig. 4. The FT-IR spectra of the pure ZnO and the Ta-doped ZnO NPs.
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dopant could restrain the growth of crystal and minish the
particle size [42].

The elemental tantalum content in Ta-doped ZnO samples was
analyzed using ICP, as presented in Table 2. The ICP results reveal
that the Ta content in Ta-doped ZnO samples is in good agreement
with the nominal values. This implies the Ta element from water-
soluble peroxo-citrato-tantalum precursor is effectively involved
in Ta-doped ZnO samples.

In order to examine the microstructures and morphologies
of the samples, TEM observation was carried out. Fig. 3 shows the
representative TEM images of the samples with and without the
dopant Ta. The pure ZnO sample contains the ZnO nanorods
accompanied with the ZnO NPs (Fig. 3a). But after the Ta doping,
the nanorods disappear and only the NPs with the spheroidal
shape exist (Fig. 3b). When the Ta-doped content is equal to
1.0 mol%, the sizes of the Ta-doped ZnO nanocrystals become
much smaller compared with that of the pure ZnO. However,
when Ta-doping content exceeds 1.0–4.0%, the sizes of the
nanopowder samples gradually increase in good accordance
with XRD results. Fig. 3c shows the size distribution of 1%
Ta-doped ZnO samples from the statistics of TEM image. It is
obvious that the diameters of the nanocrystals are in the range of
22–27 nm with the average diameter of �25 nm. A typical HRTEM
image of 1% Ta-doped ZnO NPs (Fig. 3d) shows the messy and
disorder regions in the surface layer. Moreover, some dislocations
can be observed, as indicated in the inset taken from the squared
area in Fig. 3d. Therefore, we can deduce that there exist more
defects on the surface of the nanocrystals prepared by a modified
‘‘PC’’ method.

3.2.2. Surface structure and optical properties of the Ta-doped ZnO

NPs

The FT-IR spectra for the samples were obtained at the room
temperature, as shown in Fig. 4. A few distinct bands are observed
in the high wavenumber region, at 3445, 2340, 1640, and
1385 cm�1. Two peaks at 3445 and 1640 cm�1 imply that the
basic hydroxyl groups of chemisorbed and/or physisorbed H2O
molecules exist in all samples with the hydroxylated surfaces. The
one at 2340 cm�1 is assigned to the stretching vibration mode
of strong TaQO bands [43]. Another IR peak at 1385 cm�1 results
from OH– absorption of hydrogen-related defects [44,45].
Compared with the pure ZnO, the intensity of the peaks at
3445, 1640, and 1385 cm�1 is enhanced when the Ta-doping
content gets to 1.0 mol%. But when the Ta-doping content exceeds
1.0 mol%, the intensity of IR peaks at 3445, 1640, and 1385 cm�1

becomes weaker step by step. It indicates that the concentration
of surface hydroxyl groups and active hydrogen-related defects of
samples is related to the Ta-doping content, which affects the
photocatalytic activity. This work will be shown in the following
part. In addition, a strong absorption band corresponding to the
stretching and vibrational modes of metal–oxygen bands (Zn–O/
Zn–O–Ta) is also observed for each sample below 1000 cm�1.

The room-temperature UV–visible absorption spectra of
the prepared samples were also measured, as shown in Fig. 5.
A pressed BaSO4 powder was used as a reference, and the data are
plotted as the remission function F(R) ¼ (1�R)2/(2R), where R is
diffuse reflectance based on the Kubelka–Monk theory of diffuse
reflectance. It can be seen that there exists a strong absorption
edge below 420 nm for all samples. With increasing the Ta-doping
content, the absorption edge moves towards the low wavelength
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Fig. 5. UV–visible absorption spectra of the undoped and doped ZnO NPs.

Table 3
UV–vis absorption data for the undoped and doped ZnO nanocatalysts.

Catalysts l (nm) Bandgap (eV)

Pure ZnO 390 3.19

1% Ta–ZnO 385 3.24

2% Ta–ZnO 380 3.28

3% Ta–ZnO 377 3.30

4% Ta–ZnO 368 3.34

Fig. 6. Photodegradation of MB with respect to the irradiation time using the

undoped and doped ZnO NPs exposed to the visible light.

Fig. 7. Proposed band structure and photocatalytic mechanism of the Ta-doped

ZnO with the different defects: (a) oxygen vacancy and (b) zinc vacancy, where EC,

EV, and ED mean the conduction band, valence band, and intermediate band,

respectively.
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and the bandgap becomes large gradually. This demonstrates
that Ta5+ ions have entered into the lattice of ZnO, in consistent
with the XRD results. Another significant and observable change
locates the enhanced absorption in the visible-light region ranged
from 400 to 700 nm for the Ta-doped ZnO (indicated by arrows),
compared with the pure ZnO. This implies that the doping Ta5+

ions in ZnO lattices generate more active defect sites below energy
level of the conduction band, and thus more visible-light is
absorbed via these active defect sites, which is very important for
visible-light photodegradation.

For the direct bandgap semiconductor, the relation between
the absorption edge and the photon energy (hn) can be written as
follows:

ðahnÞ2 ¼ Aðhn� EgÞ (7)

where A is absorption constants decided by the materials of direct
bandgap semiconductor. The absorption coefficient (a) is deter-
mined from the scattering and reflectance spectra according
to Kubelka–Munk theory. The onsets of absorption and direct
bandgap energies estimated from the intercept of the tangents to
the plots are presented in Table 3. The absorption onsets decrease
and the corresponding bandgap values increase with increasing Ta
dopant content.
3.2.3. Photocatalysis and photocatalytic mechanism of the Ta-doped

ZnO NPs

To understand the relationship between the Ta-doping con-
tents and the photocatalytic property, the photocatalytic activity
of the annealed samples has been investigated under visible-light
irradiation (lX420 nm). MB was adopted as a representative
organic dye to evaluate the photocatalytic performance. In Fig. 6,
C0 is the initial concentration of MB after the equilibrium
adsorption, and Ct is the equilibrium concentration of MB at
visible-light irradiation time.

As shown in Fig. 6, the degradation of MB without photo-
catalysts is negligible under visible-light illumination, and the
Ta-doped ZnO catalysts exhibit higher photocatalytic activity,
compared with that of pure ZnO. The degradation rate of MB
catalyzed by Ta-doped ZnO improves with increasing Ta loading,
and the Ta-doped ZnO catalysts with 1.0 mol% Ta-doping content
show the highest photodegradation rate. While the Ta-doping
content (x) exceeds 1.0 mol%, the photocatalytic activity of the
Ta-doped ZnO samples decreases with an increase of the
Ta-doping content. The photocatalytic efficiency of these catalysts
is ranked in an order from the highest to the lowest: 1.0%
Ta–ZnO41.5% Ta–ZnO40.5% Ta–ZnO42.0% Ta–ZnO43.0%
Ta–ZnO4 pure ZnO.

In addition, the photocatalytic stability of 1.0 mol% Ta-doped
ZnO catalysts was also evaluated. After the photocatalyst has been
stored for one month and a half in air, the photocatalytic
measurement was performed and lasted for 50 min. Before
testing, the sample was dried at 120 1C for 1 h. After photo-
catalysis, the degradation rate reduced to 94%, almost the same
value as that presented in Fig. 6, which verifies the excellent
photocatalytic stability of the 1% Ta-doped ZnO photocatalyst
because of its high crystallinity.

In order to illuminate the effect of the defects in photocatalysis,
the proposed band structure and photocatalytic mechanism for
the photodegradation of MB is illustrated in Fig. 7. The defects on
the surface of the catalysts promoted in the presence of the Ta
dopant are responsible for the photogenerated electron–hole pairs
under visible-light irradiation. Activation energy could be ascribed
to the oxygen vacancy, which is a deep donor in the catalyst at
�1.0 eV below the bottom of the conduction band, and the lever of
the zinc vacancy defect is relatively shallow at approximately
0.4 eV above the top of the valence band [40].
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When the photocatalysts are dispersed in the electrolyte,
under the influence of the electric field, the conduction-bands and
valence-bands bend. Thus, the migration of the photo-induced
electrons and holes toward different kinds of the defects is
reasonable [46]. The excited electrons can easily move to the
oxygen vacancies on the surface of the catalyst, as presented in
Fig. 7a. However, only a few holes could break through a potential
barrier to get to the intermediate band ED2 from the valence band,
as shown in Fig. 7b. Thus, the separation efficiency of the
electron–hole pairs of the active oxygen vacancies should be
much higher than that of the zinc vacancies.

Under 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. Due to
the existence of the intermediate state ED, electrons in the valence
band can be excited to the conduction band under visible-light
irradiation. In the presence of the dissolved O2, electrons from the
photoexcited Ta-doped ZnO produce superoxide anion radicals O2

�,
which subsequently could generate H2O2 and HO � radicals [1,2].
The high oxidative potential of the holes can form very reactive
hydroxyl groups through decomposing of water. The active oxygen
vacancies severed as electron acceptors can trap the photo-
induced electrons temporarily to restrain the surface recombina-
tion of photogenerated electrons and holes, and then attack the
dissolved O2 to yield surface-bound superoxide anion radicals O2

�

or hydroxy groups, which can act as effective centers of organic
matter mineralization for photocatalytic reactions [11].

On the basis of the above experimental results and discussion,
it is concluded in photocatalysis of Ta-doped ZnO as follows: (1)
Ta-doped ZnO powders serve as electron and hole sources for
degradation of organic dye. The doped Ta5+ ions in the crystal
of ZnO play an important role in coming into being the hole–
electron pairs. (2) The defects, including oxygen defects, hydro-
gen-related defects, and so forth, benefit the efficient separation
of the electron–hole pairs and minimize the recombination
reactions of chemical products. With increasing Ta-doping
content over 1 mol%, the active and valid defects for photode-
gradation decrease, as confirmed above. (3) Surface hydroxy
groups also act as the effective centers of organic matter
mineralization in the photocatalysis. The more surface hydroxy
groups lead to the higher photocatalytic efficiency.

By far, as we have known, the homogeneous substitution of
Zn2+ in the lattice of ZnO by Ta5+ can cause a series of changes in
the structural, morphological, optical, and photocatalytic proper-
ties, such as the lattice parameter, bandgap, grain size, active
defect sites, and visible-light absorption. Our experiments have
shown that 1 mol% Ta-doped ZnO nanocatalyst exhibit excellent
photodegradation activity. Based on the results of the IR, XRD, and
specific surface area, the 1 mol% Ta-doped ZnO NPs have shown
the highest concentration of surface hydroxyl groups and active
defects, smallest crystalline size, and largest specific surface area.
So it is reasonable for 1 mol% Ta-doped ZnO to achieve the optimal
photocatalytic performance in our system.
4. Conclusions

In summary, we have firstly prepared the Ta-doped ZnO
samples with different Ta-doping contents through a modified
PC method, using the water-soluble peroxo-citrato-tantalum
precursor as the source of Ta. A systematic study of the structural,
morphological, optical, and visible-light photocatalytic properties
of Ta-doped ZnO and pure ZnO samples has been carried out
by means of various analytical techniques. It is found that the
addition of the dopant Ta not only increases the lattice constants
and bandgap of the nanocrystals but also significantly improves
the photocatalytic activity under visible-light irradiation. Mean-
while the Ta doping also changes the morphology, surface
adsorption, specific surface area, crystalline size, and thus affects
the photocatalytic activity. The relationship between the physico-
chemic properties and the photocatalytic performance of the
catalysts is discussed. The related mechanism has been proposed
based on our experimental results. Photocatalytic efficiency of the
Ta-doped ZnO NPs is much more excellent than the pure ZnO,
which is attributed to the increase of the active hydrogen-related
defect sites caused by Ta5+ doping, leading to the enhanced
specific surface area and optical absorption in the visible-light
region. The Ta-doping content has been tuned to obtain the
optimal photocatalytic property, and the 1.0 mol% Ta-doped ZnO
photocatalyst has highest photocatalytic activity owing to the
highest concentration of surface hydroxyl groups and active
hydrogen-related defect sites, largest specific surface area. Our
work demonstrates that the water-soluble Ta precursors from
Ta2O5 are potential and competitive candidates for the photo-
catalytic applications, the photocatalysts can be prepared using
the precursor as the source of Ta under low-temperature heat
treatment. And the Ta-doped ZnO is a promising visible-light
photocatalyst for applications in photo-decomposing water con-
tamination and environmental pollution.
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