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Fabrication of one dimensional hierarchical WOz/
BiOl heterojunctions with enhanced visible light

activity for degradation of pollutants
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One-dimensional (1D) hierarchical WO3/BiOl p—n (WB) heterojunctions with different mass percentages of
WOs were fabricated through a precipitation process. Various analytical techniques were employed to
characterize the resulting WB composites, and their photocatalytic properties were measured by the

degradation of rhodamine B (RhB) and methylene blue (MB) under irradiation of visible light. The WB

heterojunctions showed largely enhanced photocatalytic performance as compared to the pure
photocatalysts. Notably, the degradation rate constant of RhB by WB-10 was 3.3 and 33.6 times higher
than those of pure BiOl and WOs3z, respectively. The enhanced activity could be attributed to the

hierarchical p—n heterostructures, which can supply more reaction sites and effectively promote the
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separation of photogenerated charge carriers, as confirmed by PL and photocurrent. Trapping

experiments implied that holes (h*) and superoxide anion radicals (‘O,7) were the dominant active

DOI: 10.1039/d1ra01665b

rsc.li/rsc-advances

1. Introduction

With industrialization and sharp increase of the population,
water pollution is becoming more and more serious, which
needs to be solved urgently. So far, a variety of strategies have
been explored to eliminate the kinds of pollutants found in
aquatic environments, such as microwave-induced catalytic
degradation," electrochemical filtration*> electrosorption,® etc.
Among them, semiconductor photocatalysis has been deemed
as an efficient and clean technology to purify wastewater
because of its advantages in economic conservation, easy
operation and being environmentally friendly.** Many semi-
conductors were explored as photocatalysts, such as BiVO,,°
TiO,,” Bi,M0Os,* Ag;PO, (ref. 9) and Bi,WO.'* However, the low
photocatalytic efficiency greatly restricted the practical appli-
cation of a single semiconductor since it was incapable of
simultaneously possessing lower band gaps and efficient charge
separation. Fortunately, heterojunction design based on multi-
component semiconductors makes it possible for humans to
fabricate more effective photocatalysts for environmental
remediation.

Recently, one-dimensional (1D) hierarchical hetero-
structures made up of two-dimensional (2D) nanosheets and 1D
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species for organic pollutants decomposition on the WB composites. This work may benefit the
construction of hierarchical heterostructures with high photocatalytic efficiency.

nanowires or nanorods generally have excellent photocatalytic
performance and attracted a lot of attention due to their larger
surface area and improved separation -efficiency.™ As
a member of bismuth oxyhalides (BiOX, X = Cl, Br, I), BiOI is
easily to form unique layered structure and possesses narrow
band gap (E, = 1.7-1.9 eV) with excellent visible light absorp-
tion capacity.”**® It has been acknowledged as a promising p-
type semiconductor in photocatalytic” and photo-
electrochemical fields.***° However, the fast recombination rate
of e”/h" pairs in BiOI greatly limited its activity.?! Many strate-
gies like surface engineering®® and heterojunction design®***
have been made to enhance the activity of BiOI. Among these,
constructing heterojunctions by coupling BiOI with another
semiconductors has been suggested as an effective way to
facilitate the separation and transfer of e /h' pairs.'** For
example, Wei et al. prepared hierarchical Bi,O3/BiOI hetero-
junction, and its photocatalytic activity for Cr(vi) reduction was
significantly enhanced than Bi,O; and BiOI.>*® Wang et al. also
reported that hierarchical TiO,/BiOI p-n heterojunctions dis-
played enhanced photocatalytic activity towards the removal of
methyl orange.”” Nonetheless, it is still necessary to construct
high-efficient BiOI based composites photocatalysts.

Tungsten trioxide (WO3), as one outstanding class of n-type
semiconductor, has been widely utilized in the field of photo-
catalysis because of its non-toxicity, low cost, good photo-
stability as well as strong oxidization ability.”®* In spite of this,
the photocatalytic efficiency of WO; still need to be improved
because of some inherent drawbacks, such as low separation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of WOs3, BiOl and WB composites.

efficiency of charge carriers and relative large bandgap (~2.7
eV). To improve the photocatalytic efficiency of WO3;, lots of
WOs-based heterojunctions have been constructed, for
instance, WO;/Agl,** WO3/Bi;,0,,Cl, (ref. 31) and WO;/
CuBi,0,4,** and the photocatalytic efficiency of these hetero-
junctions was significantly improved. In addition, hierarchical
WO;/BiOBr heterojunctions fabricated by growing BiOBr
nanosheets on WO; nanotube bundles could remove 94.7%
ciprofloxacin hydrochloride under visible light irradiation
within 120 min.*?

Herein, a series of 1D hierarchical WB heterostructures with
different mass percentage of WO; were successfully synthesized
by coupling BiOI nanoflakes on the surface of WO; nanorods.
The obtained hierarchical WB as well as WO; and BiOI were
carefully characterized and their mineralization ability was tested
by decomposition of RhB or MB under visible light irradiation.
Compared with pure WO; and BiOI, the hierarchical WB heter-
ostructures showed enhanced photocatalytic property towards
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the decomposition of dyes, which could be put down to a p-n
heterostructure formed between WO; and BiOI that effectively
promoted the separation and transfer of electrons and holes.

2. Experimental section
2.1 Synthesis of samples

All chemicals were analytical grade reagents, and used as
received without further purification. WO; nanorods were
fabricated by hydrothermal method according to a previous
report.** To be specific, 0.99 g sodium tungstate dehydrate and
1.19 g sodium hydrogen sulfate monohydrate were dissolved in
40 mL deionized water (DW). Subsequently, the above solution
was moved to a Teflon-lined stainless-steel autoclave. The
hydrothermal reaction was operated at 180 °C for 24 hours.
Finally, the precipitate was collected and rinsed with DW and
ethanol several times, and then dried at 80 °C for one night.

The 1D hierarchical WB heterojunctions were synthesized
through a precipitation method.* Firstly, a certain number of
WO; was distributed in 30 mL DW by ultrasonic treatment, then
a solution made up of 30 mL ethylene glycol and 2 mmol
bismuth nitrate pentahydrate was added into the WO,
suspension. The above mixture solution was stirred for 0.5
hours. Subsequently, an aqueous solution of KI (10 mL of DW,
0.332 g KI) was dropwise added into the above mixture solution.
After stirring for 5 hours, the precipitate was collected by
centrifugation and washed with DW and ethanol for 5 times.
The sediment was dried overnight at 70 °C. The WB hetero-
junctions with different weight percent of WO; (5%, 10% and
20%) were named as WB-5, WB-10 and WB-20, respectively. For
comparison, bare BiOI was also synthesized via the same
method without WO;.

Fig. 2 SEM images of (a) pure BiOl, (b) pure WOz and (c and d) WB-10 composite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM (a) and HRTEM (b) images of WB composites.
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2.2 Materials characterization

The X-ray diffraction (XRD) patterns of catalysts were acquired
on the X-ray diffractometer with Cu Ko radiation. The
morphology and structure were characterized by a field emis-
sion scanning electron microscope (FESEM, SU8220, Hitachi,
Japan) equipped with an energy dispersive X-ray (EDX) spec-
troscope. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) were performed on a FEI Tecnai
TF20. The UV-vis diffuse reflectance spectra (DRS) of all samples
were obtained on a UV-vis spectrophotometer (PerkinElmer
Lambda 950). Elemental composition and surface chemical
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state of photocatalyst were determined with X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi). The Brunauer-Emmett-
Teller (BET) surface area of the catalyst was measured by N,
adsorption on SASP 2460 (Micromeritics, USA). The photo-
luminescence (PL) spectrum of the samples was obtained on the
steady-state transient fluorescence spectrometer (FLS 920).

2.3 Photocatalytic experiment

The photocatalytic performance of all as-synthesized photo-
catalysts was measured by decomposition of RhB or MB irra-
diated by visible light. The light source was supplied by a 500 W
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Fig. 5 XPS spectra of WB-10 composite (a) survey spectra of the sample, high resolution XPS spectra of (b) Bi 4f, (c) | 3d, (d) W 4f and (e) O 1s.
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xenon lamp equipped with a 400 nm filter. Briefly, 30 mg
catalyst was dispersed in 100 mL RhB (15 mg L™') or MB
(10 mg L") aqueous solutions. Then, the above solution was
violently stirred for one hour in dark to get adsorption-
desorption equilibrium before visible light irradiation. During
the photocatalytic reaction, 4 mL solution was taken out in
a certain interval of time and the catalyst was removed by
centrifugation. The concentration of RhB (or MB) was measured
by UV-vis spectrophotometer according to characteristic peak at
554 nm (or 664 nm).

2.4 Photoelectrochemical test

Transient photocurrent response of photocatalysts was tested
on a CHI 760E electrochemical workstation with a standard
three-electrode system. A Pt wire and Ag/AgCl electrode was
employed as the counter electrode and reference electrode,
respectively. The electrolyte solution was Na,SO, (0.2 M)
aqueous solution. Working electrodes were prepared as follows:
30 mg catalyst was dispersed in a mixture of 100 uL ethanol and
20 pL Nafion for grinding. Then, the slurry was dip-coated onto
a 1.5 x 1.5 cm® FTO glass electrode.

3. Results and discussion

The crystal structures of WO, BiOI, WB-5, WB-10 and WB-20
were characterized by XRD, and the results were exhibited in
Fig. 1. For pure WOg3;, the distinct diffraction peaks at 13.9°,
22.7°, 28.2° and 36.6° can be indexed to the (100), (001), (200)
and (201) crystal planes of hexagonal WO; (JCPDS no. 33-
1387).%¢ As for BiOl, the characteristic diffraction peaks located
at 29.6°, 31.7°, 45.4° and 55.2°, were belonged to (102), (110),
(200) and (212) crystal planes of tetragonal BiOI (JCPDS no. 10-
0445).** As for the WB composites, with increase of WOj;
content, the diffraction peak intensity of WO; became stronger
while that of BiOI gradually weakens, suggesting the coexis-
tence of both WO; and BiOI phases in the WB composites.
FESEM was used to study the microstructure of WO;, BiOI
and WB composites. As displayed in Fig. 2(a), BiOI shows floral
structure with approximately 2 um in size, which consists of
abundant 2D interlaced nanoflakes. Fig. 2(b) displays that WO3
has a rod-like structure, the length and diameter of the
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(a) UV-vis absorption spectra of all as-prepared photocatalysts and (b) plots of (ahv
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nanorods are about 2-4 pm and 200-400 nm, respectively. The
SEM images of WB-10 were shown in Fig. 2(c and d). As we can
see, a large amount of BiOI nanoflakes were grown on the
surface of the WO; nanorods, which formed 1D hierarchical
structures. This hierarchical structures photocatalysts would
increase the specific surface area and supply more reactive sites.

EDX elemental mapping was employed to further study
elemental composition and distribution of WB-10 composite, as
shown in Fig. 3(b-e). The elemental mapping spectra indicated
that the Bi, I, W and O elements coexisted in the WB-10 sample.
Furthermore, the EDX mapping analysis of WB-10 also revealed
the BiOI nanoflakes evenly distributed on the surface of WO;
nanorods. Therefore, the results of SEM and EDX analyses
suggest that the WO; nanorods were anchored by BiOI
nanoflakes.

The morphological information of the WB heterojunction
was also revealed by TEM and HRTEM. As displayed in Fig. 4(a),
the 1D WO; nanorods were covered by numerous BiOI nano-
sheets, which was in accordance with the results of SEM.
Meanwhile, HRTEM image (Fig. 4(b)) showed two types of
lattice fringes, the lattice fringe spacings were 0.362 and
0.278 nm, which were attributed to (110) plane of hexagonal
WO; and (110) plane of tetragonal BiOI, respectively.

XPS was employed to detect the surface elemental compo-
sition and chemical state of the as-synthesized WB-10. As shown
in Fig. 5(a), W, Bi, I and O were observed in survey spectrum,
indicating the successful assembling of BiOI and WO,. Two
distinct peaks appeared at 158.7 and 164.0 eV were corre-
sponding to atomic orbitals of Bi 4f,, and Bi 4f;5;,>**"*
respectively (Fig. 5(b)). Fig. 5(c) exhibits two peaks centered at
618.4 and 630.0 eV, which related to I 3ds, and I 3dj,*
respectively. In addition, two peaks (Fig. 5(d)) situated at the
binding energy of 35.4 and 37.6 eV were attributed to W 4f;,
and W 4f;),, respectively.* The O 1s spectrum (Fig. 5(e)) can be
fitted with three peaks, two peaks at the binding energy of 529.8
and 530.3 eV were assigned to lattice oxygen of Bi-O or W-O
bonds, respectively, while the peak located at 531.7 eV was
indexed to hydroxyl groups.*

The light absorption spectra of all samples were shown in
Fig. 6(a), both WO; and BiOI can respond to the visible light,
and the absorption edge of bare WO; and BiOI was ca. 430 and
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650 nm, respectively. For the WB composite, the absorption
edge was between that of WO; and BiOI. The band gaps of BiOI
and WO; can be calculated by Kubelka-Munk formula: ahr =
Alhy — Eg)"/z, where «, h, v, E; and A were the absorption coef-
ficient, Planck constant, light frequency, band gap energy and
constant, respectively.*® Additionally, n depended on the optical
transition mode of semiconductor: n = 1 for direct transition
and n = 4 for indirect transition. WO; and BiOI were both
indirect band gap semiconductors.*** Therefore, the band gaps
of WO; and BiOI (Fig. 6(b)) were 2.67 and 1.79 eV, respectively,
which was similar to the previous reports.****

To investigate specific surface area of WO;, BiOI and WB-10,
the N, adsorption-desorption analysis was performed. As dis-
played in Fig. 7, the BET surface areas of pure WO3, pure BiOI
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Fig.8 The photocatalytic degradation performance of RhB (a) and MB (b) by photocatalysts under visible light irradiation. The first-order-kinetics
of RhB (c) and MB (d) degradation over photocatalysts. The rate constant for (e) RhB degradation and (f) MB degradation.
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and WB-10 composite were 6.1, 21.1 and 25.4 m* g™, respec-
tively. Among them, WB-10 composite has the highest specific
surface area. The larger surface areas can supply more reaction
sites, and higher photocatalytic performance can be expected.
The mineralization ability of samples was measured by
degrading RhB under visible light illumination. As illustrated in
Fig. 8(a), a blank experiment without photocatalysts evidenced
the high stability of RhB under visible-light irradiation. Bare
BiOI and WO; showed low photocatalytic activity, on which
about 77.9% and 10.0% of RhB dyes were removed under
30 min irradiation. With respect to the WB composites, when
the two semiconductors coupled together, they displayed much
higher mineralization ability than BiOI and WO;. Particularly,
WB-10 exhibited the best photocatalytic property, and it can
degrade 98.2% of RhB within 30 min. The excellent photo-
catalytic performance can be put down to higher separation
efficiency of photoexcited e /h* pairs and larger specific surface
area compared to the bare BiOI and WO;. To further study the
significant influence of heterojunction on the photocatalytic
performance of WB catalysts, WB-10 was compared to physical
mixture (WO; + BiOI, 1 : 9) for the removal of RhB under visible
light irradiation. The RhB degradation efficiency over the
mixture was only 69.5%, which was much lower than that of
WB-10 composite. This suggests that heterogeneous junctions
were formed between WO; and BiOI, which effectively promotes
the separation and transfer of the photogenerated e /h" pairs.
MB dye was further used to evaluate the photocatalytic
activity of WB heterojunction. Fig. 8(b) presents that all the WB
heterojunction photocatalysts showed higher photocatalytic
activity than single-component sample. The degradation
percentages of MB were about 15.7%, 54.8%, 59.2%, 94.0% and
70.8% for WO;, BiOI, WB-5, WB-10 and WB-20, respectively.
Obviously, WB-10 still exhibited the highest degradation
capacity towards MB degradation. The content of WO; in WB
composites was vital to their mineralization ability. The pho-
tocatalytic activity of WB first increased then decreased with
increasing content of WOj;. This could be due to the reason that
excess WO; might decrease quantities of heterojunctions and
active sites, resulting in inferior photocatalytic performance.
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The degradation kinetics of the RhB or MB with the as-
prepared samples were obtained by the pseudo-first-order
kinetic model:** In(Cy/C) = K,ppt, where C and C, are the
concentration of dyes at illumination time ¢ (min) and initial
time ¢, (min), respectively, K, refers to reaction rate constant.
As displayed in Fig. 8(c and d), the removal of RhB or MB with
different photocatalysts was accorded with the first-order reac-
tion dynamics, and the reaction rate constant (K) were given in
Fig. 8(e and f). The K values for RhB degradation over WOj3,
BiOI, WB-5, WB-10, WB-20 and mixture were 0.004, 0.0413,
0.0541, 0.1344, 0.0995 and 0.0351 min ", respectively (Fig. 8(e)).
The K value of the WB-10 was the highest, which was about 33.6,
3.3 and 3.8-folds higher than pure WOj;, BiOI and the mixture.
Consistent with the removal of RhB, the K value of MB degra-
dation by WB-10 was also highest, which was 3.1 and 13 times
higher than those of BiOI and WO;. These results demonstrated
that WB-10 exhibited excellent photocatalytic performance
towards removal of pollutants.

For the purpose of studying the effect of inorganic ions on
the degradation efficiency of RhB, some inorganic ions (Cl,
NO;, CO;*>  and SO,>7) were added to the RhB solution.
Fig. 9(a) presents that the addition of CI~ and NO;™ had slight
influence to the RhB degradation with WB-10. Oppositely, the
photocatalytic efficiency was declined markedly in the presence
of CO;*>~ and SO,>". Fig. 9(b) shows degradation kinetic curves
and rate constant of RhB degradation by WB-10. The K values
for WB-10 in the presence of Cl~, NO;~, CO;>~ and SO,>~ were
calculated to be 0.123, 0.116, 0.0004 and 0.021 min ™", respec-
tively (Fig. 9(b)). Compared to the K value (0.1344 min ")
without ion addition, the degradation rate of RhB was largely
decreased in the presence of CO;*~ and SO,>”, which was
similar to the previous literature.**

To study the separation, migration and recombination rate
of photogenerated carriers in catalysts, photoluminescence
spectroscopy (PL) and transient photocurrent response were
obtained. As shown in Fig. 10(a), the PL intensity of WB-10
composite was much lower than that of pristine BiOI and
WOg3;, indicating WB-10 has the lowest charge carrier recombi-
nation rate. Moreover, the photocurrent test was also executed

(b)
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(a) The effect of different anions on RhB degradation over WB-10 catalyst under visible light irradiation, (b) the corresponding reaction
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to assess the charge separation of BiOI, WO; and WB-10. As
displayed in Fig. 10(b), all the three samples exhibited stable
photocurrent response. WB-10 showed much higher current
than that of pure WO; and BiOI, which further provided
evidence that electron-hole recombination rate in the WB-10
heterjunction was the lowest. According to the results of
photocurrent and PL, separation and transfer efficiency of
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Fig. 12
of WB-10 after introduction of difference scavengers.
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photoexcited e /h" pairs can be improved by coupling BiOI with
WO;, hence enhance photocatalytic performance was obtained.

To assess the reusability and stability of the WB hetero-
junction, recycling degradation experiment was carried out,
where the catalyst with the optimal photocatalytic performance
was employed to remove RhB under visible light irradiation. As
presented in Fig. 11(a), after four consecutive cycles, the

(b)

No scavenger IPA TEOA BQ

(a) Effect of scavengers on the photocatalytic degradation of RhB by WB-10 under visible light irradiation. (b) Various degradation values
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Fig. 13 Mott—Schottky plots of (a) BiOl and (b) WOs.

degradation percentage of RhB with WB-10 composite dropped
to 79.7%, which could be due to the inevitable loss of sample
during the cycling experiment. Additionally, the XRD patterns
of the WB-10 composite before and after consecutive cycles were
shown in Fig. 11(b), there were negligible changes of the phase
structure, which indicated the moderate stability of WB-10
photocatalyst during the decomposition of RhB.

To explore the role of active species in degradation of RhB
with WB-10, isopropanol (IPA), triethanolamine (TEOA) and p-
benzoquinone (BQ) were introduced to quench hydroxyl radical
("OH), hole (h") and superoxide radical ("O,"), respectively. As
displayed in Fig. 12(a), when IPA was introduced, the decom-
position of RhB was hardly affected, suggesting ‘OH was not the
main active species in photodegradation process. Nevertheless,
the removal of RhB was significantly inhibited after addition of
TEOA and BQ, suggesting that h" and ‘O,” were the main
reactive species in photodegradation process. Fig. 12(b) exhibits
the histogram of the degradation of RhB by WB-10 composite in
the presence of various sacrificial agents. When TEOA and BQ
were added, the degradation efficiency of RhB declined to 15%

and 35%, respectively, which were much lower than the situa-
tion without any scavenger. These results suggested that h"
played the most crucial role in photodegradation of RhB, fol-
lowed by superoxide radicals, and hydroxyl radicals showed
negligible effect.

The Mott-Schottky (MS) tests were performed to determine
the flat band potential (E¢) and the conductive type of BiOI and
WO;. As shown in Fig. 13(a), the positive slope of the WO;
manifested that it was an n-type semiconductor with electron
conduction, while the BiOI exhibited a p-type nature due to the
negative slope for the MS plot (Fig. 13(b)). Additionally, the E¢
values of BiOI and WO; were 2.28 and —0.17 eV vs. Ag/AgCl,
respectively. Based on the formula: Exug = Eagagc + Egg/
agcl, where Egg/Agcl = 0.20 V, the E; of BiOI and WO; were 2.48
and 0.03 eV vs. NHE, respectively. Here, the E¢ of p-type semi-
conductor was 0.1 eV higher than valence band (VB), and the E;
of n-type semiconductor was 0.1 eV lower than conduction band
(CB).* Therefore, the VB of BiOI and the CB of WO; were 2.58
and —0.07 eV, respectively. Consequently, the CB of BiOI and VB
of WO; were calculated to be 0.76 and 2.6 eV, respectively.

S
ooy 0, =
007 eV 7 \v n ( RhB/MB
o\ oD
E S Fo A0,
. 0.79eV S L
EeV. ks - E,
— - —_—t
‘G' A b hth Deg:'ladc':d
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Fig. 14 Schematic diagrams of formation of p—n junction and proposed charge separation process in the WOz/BiOl composites under visible

light irradiation.
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Based on the above analyses, a possible mechanism of
pollutants degradation over WB p-n junctions was proposed in
Fig. 14. Before contact, the E; of BiOI located close to its VB
while that of WO; was near to its CB. After BiOI nanosheets were
combined with WO; nanorods, because of the higher E; of n-
type semiconductor, the electrons transferred from WO; to
BiOI, while holes migrated from BiOI to WO; until their Ef
reached equilibrium. As a result, the holes gathered in WO;
region while electrons accumulated in BiOI region, hence
a built-in electric field was formed, which can accelerate the
transfer of charge carriers.”>*” When the WB composites were
illuminated with visible light, the electrons in both WO; and
BiOI were excited from their VB to the CB, leaving holes on their
VB. Then, the electrons on the CB of BiOI rapidly transferred to
the CB of WO; and the holes on the VB of WO; rapidly trans-
ferred to the VB of BiOI under the drive of the inner electric
field. Consequently, the separation and transfer of photo-
generated carriers were significantly improved, which was
beneficial to the improvement of photocatalytic performance.
The electrons were then captured by O, to generate ‘O, ", which
could effectively oxidize organic pollutants. In addition, the
holes on the VB of BiOI could directly degrade the organic
pollutants.

4. Conclusions

In summary, the 1D hierarchical WB p-n heterojunctions with
various mass percent of WO; were successfully synthetized via
precipitating BiOI nanoflakes on the surface of the WO; nano-
rods. The hierarchical WB heterojunctions exhibited much
superior photocatalytic performance than bare BiOI and WO;
toward the removal of RhB or MB induced by visible light.
Especially, WB-10 heterojunction exhibited the highest photo-
degradation efficiency. The extraordinary degradation of RhB or
MB proved the universality for enhanced visible-light photo-
catalytic performance of the WB-10. Notably, degradation rate
of RhB over WB-10 was 3.3 and 33.6-folds higher than that of
pure BiOI and WO;, respectively. The largely improved photo-
catalytic property can be put down to the formation of hierar-
chical p-n junctions, which increased specific surface area as
well as enhanced the separation of photoinduced charge.
However, the photoefficiency of RhB on WB-10 was decreased
remarkably in the presence of CO;>~ and SO,>".
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