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Abstract: Er’*-doped ZnWO, nanorods with different doping concentrations were synthesized by a hydrothermal

method. The as-prepared products were characterized by XRD, TEM and DRS. The photocatalytic activities of the

as-prepared ZnWO, samples were evaluated by photo-degradation of RhB under simulated solar light irradiation and

the effects of Er’” doping on the photocatalytic activity of ZnWO, were investigated. The result showed that the sam-

ple with the doping concentration of 2mol% exhibited the best photocatalytic performance, which could be ascribed to

the promoted charge separation efficiency of Er’ -doped ZnWO,.
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Water pollution is one of the most serious environ-
mental problems in modern society. Semiconductor-
mediated photocatalytic degradation is a promising tech-
nique for wastewater treatment. In recent years, semi-
conductor-based photocatalysis has attracted more and
more attention for solving environment problems, espe-
cially for the removal of organic contaminants under
sunlight!' ™),

Tungstates are widely used functional materials, and
it has been confirmed that tungstates are a class of
promising photocatalysts”®'"). ZnWO, as an important
member of tungstates, due to its photocatalytic prop-
erties and potential applications, has received intense
research attention!'*"*!. Up to now, ZnWO, has been
used for water splitting and decomposition of organic

(1a-171, However, im-

pollutants under UV irradiation
provement of photocatalytic activity of ZnWQO, is still
indispensable because the photo-activity of ZnWOy, is
not high enough for the requirements of practical ap-
plication.

It is known that the photocatalytic activity depends
strongly on the separation efficiency of photo-generated
electron-hole pairs. Up to date, great efforts have been
made to facilitate the electron-hole separation and en-
hance the photocatalytic activity of ZnWO,, including
cation doping!"*'”), anion doping such as fluorine or
chlorine!'*?**!) and coupling with other semiconductors
such as Bi,WO4*? or ZnO™. Especially, doping of lan-
thanide ions with 4f electron configuration has been
proposed as an effective way to eliminate the recombina-

tion of electron-hole pairs. For example, it has been re-
ported that doping with Eu*", Er** or Ce*" could improve
the photocatalytic activity of TiO,****), and doping with
Er’" could enhance the photocatalytic activity of
Bi,WO4**). Inspired by those progresses, we intended to
design a doped ZnWO, photocatalyst by introducing
lanthanide ion Er’*. To the best of our knowledge, there
are no reports on the photocatalytic activity of
Er’*-doped ZnWO,.

In this work, Er’**-doped ZnWO, photocatalysts were
synthesized by a simple hydrothermal process. The
product synthesized by this method had uniform phase
and good crystallization. Moreover, the shape and size of
the product could be controlled. The photo-activity
evaluation, via the degradation of RhB under simulated
solar light, demonstrated that doping appropriate amount
of Er’" could enhance the photocatalytic performance of
ZnWOQO, effectively. Moreover, the mechanism of the
photocatalytic process for Er'’-doped ZnWO, was dis-
cussed in detail.

1 Experimental procedures

1.1 Synthesis

All chemicals used were analytic grade reagents
without further purification. The experimental process of
synthesizing Er'"-doped ZnWO, photocatalysts was as
follows: 1 mmol of Na,WO4;2H,O was dissolved in
10 mL of deionized water to obtain solution A. Mean-
while, 1 mmol of Zn(NO;),:6H,0 was dissolved in
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10 mL of deionized water to obtain solution B. Then an
appropriate amount of Er(NO;); solution was slowly
added to solution A under stirring. After that, solution B
was added to the mixed solution to obtain a white sus-
pension. The pH value of the suspension was adjusted to
8 by the addition of NaOH solution, then sealed in a
Teflon-lined stainless steel autoclave and heated at 433 K
for 16 h under autogenous pressure. The obtained solid
product was washed thoroughly with deionized water and
dried at 333 K. In this work, the doping concentrations of
Er’* were 0, 1mol%, 2mol%, 2.5mol%, 3.5mol%, Smol%,
and 7mol%, respectively.
1.2 Characterization

The phase and composition of as-prepared samples
were measured by the powder X-ray diffractometer oper-
ated at 40 kV and 30 mA using Cu Ko radiation
(4=0.15418 nm). The morphologies of the products were
obtained by transmission electron microscope (FEI tecnai
G2F30). UV-Vis DRS was performed on a Cary 5000
UV-Vis spectrophotometer.

1.3 Photocatalytic test

The photocatalytic activities of the as-prepared sam-
ples were evaluated by the photocatalytic degradation of
RhB under simulated solar light using a 500 W Xe lamp
as the light source. The experiments were performed at
room temperature as follows: 0.05 g of photocatalyst was
added into 50 mL of RhB solution (1X 107> mol/L). The
suspensions were magnetically stirred in the dark for
0.5 h in order to ensure the adsorption/desorption equi-
librium between the photocatalyst powders and the solu-
tion. 3 mL of suspensions were sampled every 0.5 h and
centrifuged to remove the photocatalyst powders.
Evaluation of the photocatalytic activities of the photo-
catalysts was conducted by recording the variations of
the absorption band maximum through a UV-Vis spec-
trophotometer (Cary 5000) and the concentration of RhB
was analyzed by recording the variations of the absorp-
tion band maximum (552 nm).

2 Results and discussion

2.1 Crystal structure

The XRD patterns of the as-prepared Er’’-doped
ZnWO, samples with different doping concentrations
were shown in Fig. 1. All the peaks in the patterns
matched well with the characteristic reflections of zinc
tungstate (JCPDS 15-0774). No signals for any other
phases were observed, which indicated that the products
were pure phase and Zn*" was successfully replaced by
Er’" and Er** was uniformly incorporated into the lattice.
2.2 UV-Vis spectra

Figure 2 showed the diffuse reflectance spectra (DRS) of
pure ZnWO, and the 2mol% Er’"-doped ZnWO, sample.
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Fig. 1 Powder X-ray diffraction patterns for Er’’-doped
ZnWO, with different doping concentrations
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Fig. 2 UV-Vis diffuses reflectance spectra of the as-prepared
ZnWO, samples

It indicated that pure ZnWO, presented an absorption
edge around 400 nm. For the Er’*-doped ZnWO, sample,
there were also some sharp absorption bands originated
from characteristic f-f or f-d transition of the Er*’ ion.
The transition peaks, which centered at 365, 378, 489, 520,
548, 653, and 795 nm, were attributed to the transitions of

4 4 4 4
Lisn—"Gop, Lisp—"Hiip,

[27]

4I15/2—>4Gn/2, 4115/2—’41:7/2,
T15n—*S3, “lisp—"Fon, “Tisp— Lo, respectively
2.3 Morphology

The morphologies and microstructures of pure ZnWO,
and the 2mol% Er3+—doped ZnWO, samples were inves-
tigated with TEM, as shown in Fig. 3. It could be seen
clearly that the as-prepared samples exhibited nanorods
structure, which indicated that Er’" doping did not
change the morphologies of ZnWQ,. Moreover, pure
ZnWO, nanorods were 35 nm in diameter and 40-60 nm
in length (Fig. 3(a)) and the Er'*-doped ZnWO, were
10 nm in diameter and 30—70 nm in length (Fig. 3(c)).
This is because that doping Er** could influence the growing
interface and finally change the diameter of ZnWO,
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Fig. 3 Typical TEM and HRTEM images of the as-synthesized
ZnWO, samples
(a, b) Pure ZnWOy; (c, d) 2mol% Er**-doped ZnWO,

nanorods according to the chemical bonding theory of
single crystal growth!”®*!. The HRTEM images
showed clear lattice fringes of d=0.247 nm for pure
ZnWO, (Fig. 3(b)) and d=0.253 nm for Er’’-doped
ZnWOy, (Fig. 3(d)), which matched the d-spacing of the
(021) plane of ZnWO,.
2.4 Photocatalytic activities of the catalysts
The absorption spectra of RhB after degradation by
the 2mol% Er’*-doped ZnWO, sample was shown in
Fig. 4(a). It was clear that the absorption of RhB was
negligible after 3 h, which indicated that RhB was de-
graded completely. The photocatalytic activities of the
Er’*-doped ZnWO, samples were determined by com-
paring the degradation efficiency of RhB under simulated
solar light irradiation (Fig. 4 (b)). Blank test showed that
the degradation of RhB was negligible in the absence of
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photocatalyst under light illumination. It could be seen
that the photocatalytic activity of ZnWO, was enhanced
with the introduction of Er’" and reached a maximum
with the doping concentration of 2mol%. Then the
photocatalytic activity decreased when the doping con-
centration of Er’* further increased.

Moreover, the comparison of the apparent rate con-
stant k£ in Fig. 5 showed the 2mol% Er’*-doped ZnWO,
sample had the highest &k value in the degradation of RhB
(1.411 h'"), while that of pure ZnWO, was only 0.534 h™".
In other words, the photocatalytic activity of the 2mol%
Er’*-doped ZnWO, sample was 2.64 times that of pure
ZnWO,. This result indicated that Er’" doping played an
important role in the enhancement of the photocatalytic
activity.

The photocatalytic activities of the 2mol% Er’*-doped
ZnWO, sample under different conditions were shown in
Fig. 6. It could be seen clearly that when the pH value of
the RhB solution was 3, the sample showed the highest
photocatalytic activity (Fig. 6(a)). This is because the pH
value can change the surface electrical property of
ZnWO, and its adsorption ability. Moreover, it could be
seen from Fig. 6(b) that when the amount of the photo-
catalyst and the concentration of RhB were not changed,
the more amount of RhB solution was, the weaker the
photocatalytic activity was. When the amount of RhB
solution increased, fewer photons could penetrate
through the solution, which led to the decreased photo-
catalytic activity.

2.5 Mechanism of the enhanced photo-activities

It’s known that the photocatalysis efficiency is deter-
mined by the competition between the charge separation
process and the charge recombination process, and a de-
sired photocatalyst is expected to promote the charge
transfer process while suppressing the recombination
process. The introduction of Er’" could facilitate the
charge separation process in such a way: As illustrated in
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Fig.4 The absorption spectra of RhB after degradation by the 2mol% Er**-doped ZnWO, sample (a) and degradation efficiency of
RhB by the as-prepared samples under a 500 W Xe lamp as a function of time (b)
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Fig. 5 The rate constant k of Er’*-doped ZnWO, with different
doping concentrations
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Fig. 6 Degradation efficiency of RhB by the 2mol% Er**-doped
ZnWO, sample under different conditions

(a) Different pH values of the RhB solution; (b) Different amounts of
the RhB solution

Fig. 7, the presence of Er’* ions might cause the follow-

ing steps>*>",
ZnWO, + hy — ZnWO,(e+h") €8
Er' + ¢ — Er* )
Er* + 0, = Er*" + O 3)

h', 0,” + RhB — degraded products 4)
In the photocatalytic process, the Er'" ion trapped the
photo-generated electrons and formed a reduction species

Degraded RhB
products

Degraded
products

Fig. 7 Schematic for the photocatalytic mechanism of Er*'-
doped ZnWO,

Er*" ion, and then the Er** could be oxidized back to Er**
by the adsorbed oxygen. The electron-hole recombina-
tion rate could be reduced due to the recycle reactions. In
addition, when Er’" was introduced into the system, the
substitution of Er’" for Zn*" led to the formation of [Erz,]"
defects. Meanwhile, [VZn]z' cation vacancies were gener-
ated for charge compensation. The {2[Erz,]"- [Vz,]"} de-
fect groups could act as electron and hole traps, so as to
inhibit the recombination and extend the lifetime of
charge carriers. Therefore, appropriate doping amount of
Er’* could enhance the photocatalytic process by sup-
pressing the charge recombination effectively. How-
ever, when the doping concentration of Er’* increased
further, excess of Er’' could act as electron/hole re-
combination centers, which led to a decreased photo-
catalytic activity. So there existed an optimum doping
concentration for Er’".

3 Conclusion

Er’**-doped ZnWO, photocatalysts were synthesized
by a hydrothermal method. The effects of Er’* doping on
the photocatalytic activity of ZnWO, catalysts were in-
vestigated. 2mol% Er**-doped ZnWO, sample exhibited
the highest photocatalytic activity, which was 2.64 times
that of pure ZnWO,. The enhanced photocatalytic activ-
ity could be attributed to the higher charge separation
efficiency brought by Er'" doping. Our work indicates
that the introduction of lanthanide ion could be a plausi-
ble strategy to develop efficient photocatalysts for envi-
ronmental remediation and is worth to be extended to the
preparation of other photocatalysts with high activity.
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