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1.5% Bi,WOg:Er*" exhibited highest photocatalytic activity as the separation efficiency of the
photogenerated electron—hole pairs is enhanced.
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Synthesis of Er-doped Bi,WOg and enhancement in photocatalytic
activity induced by visible light

Meng Wang, Ziyu Qiao, MinghaoFang*, Zhaohui Huang*, Yan’gai Liu, Xiaowen Wu, Chao tang, Hao
Tang, Hekai Zhu

Bi,WOg:Er** with hierarchical flower-like microstructures were synthesized by a one-step hydrothermal method. The
photocatalysts thus obtained were characterized in detail by X-ray diffraction (XRD), scanning electron microscopy (SEM),
UV-vis diffuse (UV—vis DRS), (XPS) as well as
photoluminescence (PL) measurements. Results obtained by XPS confirmed the presence of Er’ dopants in Bi;WOg.

reflectance spectroscopy X-ray photoelectron spectroscopy
Moreover, the results obtained from SEM have shown that doping with Er ions results in hierarchical flower-like
microstructures of Bi;WOs. Under visible light irradiation, with an appropriate doping content, the photocatalysts exhibit
significant improvement in the photocatalytic activity as the separation efficiency of the photogenerated electron—hole
pairs is enhanced. Notably, the photocatalytic activity of 1.5% Bi,WOe:Er’** is 3.69 times that of undoped Bi;WOg. The
results indicate that an appropriate doping content can improve photocatalytic activity, caused by wider band gap,

hierarchical flower-like microstructures, and defects generated by doping with Er®*, which in turn increase the separation

efficiency of the photogenerated electron—hole pairs.

Introduction

As the economic status of society and quality of life are improving,
the issue of environmental pollution is getting worse. As a result,
people are now realizing the importance of environmental
governance. Currently, photocatalytic degradation has been
attracting widespread attention, caused by its merits of
environment friendliness, low reaction temperature, good stability,
as well as use of solar energy.l'5 Moreover, recently, visible-light-
driven photocatalysts have been gaining increasing focus. As
compared to traditional wide band-gap photocatalysts such as TiO,
6'9, bismuth tungstate (Bi,WOg) has a relatively narrow band gap
(2.6—2.8 eV), which allows for strong absorption in the visible region
of sunlight (A > 420 nm). Thus, Bi,WOg photocatalysts efficiently
utilize solar energy.m'14
Bi,WOg is the simplest member of the layered Aurivillius oxide; its
crystal structure consists of alternating layers of bismuth oxide
(Bi202)2+ and (WO4)27 octahedrons; furthermore, (WO4)27 layers are
composed of (WO4)27 octahedron vertices linked togetherls,
resulting in outstanding photocatalytic activity for the degradation
of dyes under visible Iight.16 Bi,WOg exhibits intense absorption and
photostability under visible light; however, the life of the
photogenerated electron—hole pairs is very short, and facile
recombination can occur, resulting in low quantum efficiency.ﬂ'19
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For improving the photocatalytic activity of Bi,WOg, doping metal or
non-metal elements into Bi,WOg is an efficient method for
decreasing the recombination rate of the photogenerated electron—
hole pairs and enhancing the visible light absorption.zo'25 Thus far,
the doping of metal and non-metal elements such as Feze, Ag27, and
F® into Bi,WOg has already been reported to improve the
photocatalytic activity for the degradation of some dyes under
visible light. In recent years, the replacement of Bi* by rare-earth
ions such as Y** % and Gd***° has been reported to improve the
photocatalytic activity of Bi,WOgs. Notably, Y** and Gd* are not
luminous active ions, but Er**is a type of a luminous active ion. Very
few studies have focused on the modification of Bi,WOg by doping
with Under the circumstances, the
improvement is reached by increasing the number of incoming

luminous active ions.
radiation photons absorbed by the photocatalyst. The luminous
active ions could handle and transform the not absorbed photons
into appropriate energy ones.

Er was selected because the electronic structure and light
absorption of Er’ are very different from those of Bi3+; besides, the
ionic radius of Er** (89 pm) is smaller than that of Bi** (103 pm), and
the may decrease after the

substitution of for Bi** with Er3+, thereby resulting in a reduced

lattice parameters of Bi,WOg

lattice spacing d. This reduction will significantly affect the optical
and surface properties. To the best of our knowledge, a recent
paper has explored a TiO2/Bi2WO6-Er with plate-like structure,
obtain a conclusion the higher band-gap values in lower Er doped
systems would be the cause of a better electron hole separation
under UV irradiation.®’ In this paper, Er3+-doped Bi,WOq
photocatalysts were synthesized by a one-step hydrothermal
method. The samples showing flower-like hierarchical organization
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and were tested under visible irradiation (A > 420 nm). To
investigate the effects and mechanism of Er* in Bi,WQg, the
photocatalysts were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), diffuse reflectance spectroscopy (DRS), as well
as photoluminescence (PL) measurements. With respect of the
degradation of rhodamine B (RhB) under visible light (A > 420 nm),
as compared with undoped Bi, WOy, Er3+—doped Bi,WOg exhibited
significant enhancement in photocatalytic activity toward the
degradation of rhodamine B.

Result and discussion
Characterization of photocatalysts

Fig 1 shows the XRD results of the samples. As can be observed,
obvious diffraction peaks were observed for Bi,WOg, matching
those of Bi,WOg (JCPDS 39-256); peaks were observed at 28.2°,
32.7°,47.1°,and 55.9°, which correspond to the diffraction peaks of
(131), (200), (202), and (133) crystal planes of Bi,WOQg, respectively.
The strongest peak of Bi,WOg was attributed to (131) plane, which
is in good agreement with the following high-resolution
transmission electron microscopy (HRTEM) analyses. Notably, there
were no characteristics of the erbium oxide phase in all samples.
The Er** dopant is hypothesized to not affect the crystal structure of
Bi,WOQg. Nevertheless, because the ionic radius of B> (103 pm) is
greater than that of Er (89 pm), the lattice parameters of Bi,WOg
decrease when Bi** is substituted by Er3+; therefore, the lattice
spacing d decreases.

As shown in the inset in Fig 1, the peaks of BiZWOfS:Er3+ clearly
shifted to higher 26 angles. Moreover, the cell parameters of
undoped Bi,WOg and 1.5% BiZWOfS:Er3+ were determined from XRD
data and were found to be a =5.459 A, b = 16.454 A, ¢ = 5.445 A for
undoped Bi,WOg and a = 5.452 A, b = 16.439 A, ¢ = 5.441 A for
BIZWOG:Er3+. The decrease of lattice parameters also corresponds to
the result of the shift. The result suggests that Er** is substituted for
fractional Bi** and is successfully doped into the crystal lattice of
Bi,WOs.

The morphologies and particle sizes of BiZWOB:Er3+ with different
contents of Er** were investigated by SEM, as shown in Fig 2. Fig 2
a—f shows typical SEM images of undoped Bi,WOq 0.5%
Bi,WOg:Er’*, 1% Bi,WOg:Er**, 1.5% Bi,WOg:Er**, 2% Bi,WOg:Er’", and
3% BiZWOG:Er3+, respectively. From Fig 2a, undoped Bi,WOg
exhibited a sheet-like microstructure, with the size of the Bi,WOg
nanosheet being approximately 100-200 nm. On the other hand,
BiZWOG:Er?'+ (Fig 2b—f) exhibited a hierarchical flower-like
microstructure composed of extensive nanosheets with diameters
of approximately 4-5 um. Clearly, Er’ markedly affected the
morphology of Bi,WOg. As compared to undoped Bi,WOg, these
hierarchical flower-like microstructures, composed of extensive
nanosheets, exhibited several advantages. On the one hand, these
hierarchical flower-like microstructures can absorb more photon
energy because of multiple scattering. On the other hand, because
of their large surface area, the photogenerated charge carriers can
transport electrons to the interface of Bi,WOQs. Besides, several
mesopores serve as transport tracers for improving the transfer
rate of small organic molecules. Because of the above-mentioned
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Fig. 1 XRD pattern of BiZWOG:Er” with Er dopant concentrations (0%, 0.5%, 1%, 1.5%,
2%, 3%). Inset shows the magnification of XRD patterns

reasons, there is enhancement in the photocatalytic activity of
BiZWOG:Er3+ with hierarchical flower-like microstructures.

Fig. 3 shows the TEM and HRTEM images of 1.5% BiZWOG:Er3+. As
shown in Fig 3a, hierarchical flower-like microstructures were
clearly observed for 1.5% BiZWOB:Er3+. As shown in Fig 3b, after the
dispersion of 1.5% BiZWOG:Er?’+ in an ultrasonic bath, nanosheets
were observed. Fig 3c, d shows HRTEM images of 1.5% BiZWOG:Er3+.
As can be observed in the HRTEM images, two sets of lattice fringes
were observed with an interplanar spacing of 0.315 nm and 0.273
nm, respectively, which correspond to spacings of (131) and (200)
facets of Bi,WOyg, respectively.

Fig. 2 SEM images of undoped Bi,WOs and Bi,WOg:Er*": (a) undoped Bi;WOs, (b) 0.5%
Bi,WOg:Er™, (c) 1% Bi,WOg:Er*, (d) 1.5% Bi,WOg:Er*, (e) 2% Bi;WOs:Er™, (f) 3%
Bi,WOg:Er*"

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a and b) TEM, (c and d) HRTEM images of 1.5% Bi,WOg:Er"

The chemical states and surface compositions of 3% Bi2W06:Er3+
(Fig. 4) and 1.5% Bi2W06:Er3+ (Fig. S1) were investigated by XPS
surface measurements. Fig 4a shows the full scan XPS spectra of 3%
Bi2W06:Er3+; Bi, W, O, and Er were detected. Fig 4b—e show high-
resolution XPS spectra of four primary elements: Bi 4f, W 4f, Ols,
and Er 4d, respectively. Fig 4b shows the XPS spectra of Bi 4f. The
major peaks at 159.42 eV and 164.72 eV were assigned to Bi 4f 7/2
and Bi 4f5/2, respectively. As shown in Fig 4c, in the XPS spectra of
Bi 4f, peaks were observed at 35.67 eV and 37.82 eV, corresponding
to W 4f7/2 and W 4f5/2, respectively. Fig 4d shows the XPS
spectrum of O 1s. A peak was observed at 530.34 eV, assigned to
the Bi-O bonds in the (BiZOZ)2+ sheets of the Bi,WOg layered
structure. Besides, another peak was observed at 532.15 eV,
attributed to the surface hydroxyl groups. As shown in Fig 4e, the
binding energy (BE) of Er 4d5/2 increased to 169.8 eV; however, the
BE of Er 4d5/2 in erbium oxide has been reported to be 168.0
eV[32], attributed to the Bi—O bonds in the (Bizoz)2+ slabs of the
Bi,WOg layered structure because of the replacement of Bi by Er.
XPS results prove the existence of Er¥*in Bi,WOg.

Photocatalytic activity

The photocatalytic activities of P25, undoped Bi,WOg and
BiZWOG:Er3+ were evaluated by the degradation of RhB dye in water
under visible light irradiation. Fig. 5a shows the efficiencies of
photocatalytic degradation under visible light irradiation. The
photolysis of RhB dye was negligible in the absence of the samples,
indicating that RhB dye is stable under visible light. Er-doped
Bi,WOg exhibited photocatalytic activity significantly better than
that exhibited by undoped Bi,WOg and P25. Among these
photocatalysts, 1.5% BiZWOS:Er3+ exhibited the highest
photocatalytic activity, and the photocatalytic degradation of RhB
reached 99% within 4 h. As compared to undoped Bi,WQg, 1.5%
Bi2W06:Er3+ exhibited an obviously enhancement in photocatalytic
activity. The strongest absorbance of the RhB solution in the visible
region shifted from 554 to 500 nm after 4 h of visible irradiation (Fig
5b), reflecting the emergence of N-demethylation and de-ethylation
in the photodegradation processes. We research what happens to
the total organic content. In the photodegradation process, the
major absorption band shifted to 500 nm step by step. Under visible

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 XPS spectra of the 3.0% BizWOE:Er3+: (a) survey, (b) Bi 4f, (c) W 4f, (d) O 1s, and (e)

Er4d

irradiation, deethylation of the fully N,N,N’,N’-tetraethylated
rhodamine molecule (i.e., RhB) has the wavelength position of its
major absorption band moved toward the blue region, Amax, RhB,
552 nm; N,N,N’-triethylated rhodamine, 539 nm; N,N’-diethylated
rhodamine, 522 nm; N-ethylated rhodamine, 510 nm;
rhodamine, 498 nm. Besides, the reaction kinetics of the

degradation rate of the RhB solution was quantitatively compared

and

under visible irradiation (A > 420 nm). The pseudo-first-order model
based on the Langmuir—Hinshelwood kinetics model was applied, as
shown in the following equations:

-d[C]/dt = k[C].

-In(C/CO0) = kt.

Here, k is the apparent pseudo-first-order rate constant, C, is the
initial concentration after the adsorption—desorption equilibrium, C
is the RhB concentration during the irradiation time. As shown in Fig
5c, from experimental data, the apparent rate constants k of
undoped Bi,WOg, 0.5% Bi,WOg:Er’", 1.0% Bi,WOsEr", 1.5%
Bi,WO4:Er*", 2.0% Bi,WOg:Er*’, and 3.0% Bi,WOg:Er’" were 0.229,
0.565, 0.783, 0.846, 0.458, and 0.413 h'l, respectively. Notably, the
photocatalytic activity of 1.5% Bi2W06:Er3+ was 3.69 times that of
undoped Bi,WOg.
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Fig. 5 (a) Photocatalytic degradation curves of RhB over undoped Bi,WOg and
BiZWOE:Ery under visible irradiation (A > 420 nm) (b) UV-vis spectra of RhB in the
presence of 1.5% Bi,WOg:Er’ at different irradiation times (visible irradiation) (c)
Apparent rate constants for the photodegradation of RhB over undoped Bi;WOs and
Bi,WOg:Er*" under visible irradiation (A > 420 nm)

To further investigate the photocatalytic properties of the Bi,WOg
and BiZWOG:Er3+ catalyst, methyl orange (MO) and methylene blue
(MB) dye was also selected to evaluate the photocatalytic activity33
(Fig. S2). The 1.5% BiZWOG:Er3+ catalyst exhibited better
photodegraded efficiency for the photocatalytic decomposition of
RhB, MO and MB dye under visible-light irradiation. Thus, Er
doping is an effect way to enhance the photocatalytic activity of
Bi,WOs.
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Fig. 6 The stability of the 1.5% Bi,WOgEr’" after 4 cycles for photocatalytic
decomposition of RhB under visible irradiation (A > 420 nm)

To evaluate the stability of the as-prepared 1.5% Bi2WO6:Er**
photocatalysts?’s'?’4 experiments  for  the
performed (Fig 6). The
concentration of RhB during the first run was decreased by 99%
after 4 h. After being used 4 times for RhB degradation, the catalyst

4 recycling

photodegradation of RhB were

did not reveal any significant loss of photocatalytic activity.

For elucidating the photocatalytic mechanism in the degradation
process of RhB over the BiZWOG:Er3+ photocatalyst, trapping
experiments were conducted with the aim of detecting active
species during the degradation of RhB. For active species trapping
experiments, IPA, BQ, and EDTA-2Na were utilized to trap -OH,
superoxide radicals -0,7, and h*, respectively. As shown in Fig 7, the
degradation of RhB was almost not affected by the addition of 1
mM IPA, indicating that -OH is dispensable in the photooxidation of
RhB. The degradation behavior of RhB obviously decreased with the
addition of 1 mM BQ, indicating that -O, plays a significant role in
the photooxidation of RhB. Notably, the degradation of RhB almost
ceased with the addition of 1 mM EDTA-2Na, indicating that h*
plays a critical role in the photooxidation of RhB. Thus, trapping
experiments of active species demonstrated that -O, and
photogenerated h* serve as the main active species in the
photodegradation of RhB over BiZWOG:Er3+ under visible light
irradiation.

Bi,WOg:Er** + visble light — Bi,WOg:Er"* (¢ + h")

h* + RhB — degradation

0,+e — 0,

-0, + RhB — degradation

In order to further confirm the proposed role of O,, we do the
photocatalytic study under reduced pressure (10 Pa) (Fig. S3). The
result is in agreement with the conclusion above.

Mechanism of photocatalytic activity enhancement

Fig 8a shows UV-vis DRS of synthesized samples. As can be
observed, the substitution of Bi>* with Er®* resulted in the blue-shift
of the absorption edge. For a semiconductor, UV-vis absorption
near the band edge follows the equation.

Ahv = (ahv - Eg)"/2

This journal is © The Royal Society of Chemistry 20xx
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impedance spectroscopy (EIS) Nyquist plots of undoped Bi,WOg and 1.5% Bi,WOg:Er**

with light on—off cycles under visible light irradiation (A > 420 nm, [Na,SO,] = 0.1 M).

Here, a, v, Eg, and h represent the absorption, light frequency, band
gap, and Planck’s constant, respectively. The n value is associated
with different types of transitions, n = 4 and 1, which correspond to
indirect and direct absorption, respectively. Bi,WOg is an indirect
band gap-type semiconductor.”® The band gaps of undoped Bi,WOgq
and 1.5%Er-Bi,WO¢ were determined to be 2.67 eV and 2.72 eV,
respectively, as shown in Fig 8b.% The band gap of 1.5% BiZWOG:Er3+
was wider than that of Bi,WOg, which is favorable for visible-light-
driven photocatalytic activity.37

The generation and transfer of the photogenerated charge carriers
in the photocatalytic process can be indirectly monitored by the
generation of photocurrent.38 Typically, the higher the
the higher the separation efficiency of the
photogenerated electron—holes. Fig 9a shows the photocurrent—
time testing curves of undoped Bi,WOg and 1.5% BiZWOG:Er3+ in the
presence or absence of visible light irradiation. As compared to
undoped Bi,WOg, 1.5% BIZWOG:Er3+ exhibited a distinctly enhanced
photocurrent response. The results indicate that the
photogenerated electron—hole pairs of 1.5% BiZWOG:Er3+ could be
separated more effectively than those of undoped Bi,WOg. Hence,
Er® improves the photoelectrochemical property of Bi,WOs.

photocurrent,
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Electrochemical impedance spectroscopy (EIS) is an available
method for representing the transfer processes of photogenerated
electron-holes in the photocatalyst. A small arc radius was
observed for the electrode, indicative of low transfer resistance for
the interfacial charge carriers. The lower the transfer resistance of
the charge carrier, the higher the charge-transfer efficiency. Fig 9b
shows the EIS Nyquist plots of undoped Bi,WOgs and 1.5%
BiZWOG:Er3+ in the presence or absence of visible light irradiation.
As compared to undoped Bi,WOs, 1.5% BiZWOG:Er3+ exhibited a
smaller charge-transfer resistance.

PL measurements are a useful technique for investigating the
recombination rate of the photogenerated electron—hole pairs in a
semiconductor, because PL emission mainly results from the
recombination of photogenerated electron—hole pairs.39 In general,
a lower PL intensity indicates a lower recombination rate of
photogenerated electron—hole pairs, and thus higher photocatalytic
activity for semiconductor photocatalysts. Fig 10 shows the PL
spectra of the BiZWOG:Er3+ photocatalysts at different molar ratios
as compared to those of undoped Bi,WOg. By contrast, 1.5%
BiZWOG:Er3+ exhibited the lowest emission intensity, suggesting that
it exhibits the highest photocatalytic activity; this result is in
agreement with that obtained for the degradation of RhB under
visible light.

In the light of the optical property analysis and active species
trapping experiments, the possible photocatalytic mechanism of
BiZWOG:Er3+ under visible light irradiation was clarified in Fig 11.
Under visible light irradiation, the photogenerated electrons were
excited to the conduction band (CB), and the photogenerated holes
were left in the valence band (VB) in the photocatalytic process. The
blue-shift of the optical absorption edge occurred after the
substitution of Bi** with Er3+, indicating that some energy levels are
formed under the VB. The doping of Er3+ induces a slight
modification of band positions. Such small shift, denoted by the
band gap value enlargement, clearly affects to the photogenerated
charge pairs, causing a better electron hole separation. Besides,
under visible light irradiation, the photogenerated electrons were

Er®* at the defects sites. Then, the trapped electrons are transferred

6 | J. Name., 2012, 00, 1-3
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Fig. 11 Schematic of the photocatalytic degradation of RhB on Bi,WOg:Er** under visible

light irradiation

to the oxygen molecules adsorbed on the surface of Bi,WQg. Those
processes can significantly decrease the recombination rate of the
photogenerated electron—hole pairs, contributing to the enhanced
degradation of RhB by the active hole species. Meanwhile, oxygen
molecules adsorbed on the surface of BiZWOG:Er3+ can react with
the released electrons to generate another active species, -0, , for
the degradation of RhB. However, those processes can effectively
enhance the photocatalytic activity of BiZWOG:Er?”. The possible
photocatalytic mechanism was in agreement with the result
obtained from the active species trapping experiments.
Nevertheless, excess Er** would cover the active sites or operate as
the recombination center on Bi,WOQg, decreasing the separation
efficiency of the photogenerated electron—hole pairs. Hence, the
optimum doping concentration of Er*is 1.5%.

Conclusions

BiZWOG:Er3+ with hierarchical flower-like microstructures was
successfully synthesized by a one-step hydrothermal method. The
result showed that doping with Er** led to the hierarchical flower-
like microstructures of Bi,WOg. Under visible light irradiation, 1.5%
BiZWOG:Er3+ exhibited the highest photocatalytic activity, and the
photocatalytic degradation of RhB reached 99% within 4 h. As
compared to undoped Bi,WOq 1.5% BIZWOG:Er3+ exhibited
approximately 3.69 times enhancement in photocatalytic activity as
the separation efficiency of the photogenerated electron—hole pairs
is enhanced. This study suggests that the use of doping ions into
Bi,WOg could be a simple method for the enhancement in
photocatalytic activity.
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