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photocatalytic reduction of hexavalent chromium under visible light irradiation
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BiOCl/Bi,S; hollow hybrids were synthesised through a mild anion-exchange method from BiOCl microspheres and thiacetamide.
X-ray diffraction, scanning electron microscopy, transmission electron microscopy, nitrogen adsorption measurements, ultraviolet—visible—
near-infrared diffuse reflectance spectra, photocurrent, and electrochemical impedance spectroscopy (EIS) were employed to study
the composition, structure, and properties of the as-synthesised BiOCl/Bi,S; hybrids. Compared to pure Bi,S; and BiOCl products, the
as-prepared BiOC1/Bi,S; hollow hybrids exhibited superior capability for photocatalytic reduction of hexavalent chromium under vis light
irradiation. The photocurrent and EIS results demonstrated that the low recombination rate of photoinduced electron—hole pairs was

contributed to the enhanced photoreduction activity.

1. Introduction: Hexavalent chromium [Cr(VI)] is a highly toxic
contaminant and can cause health problem such as cancer, pulmo-
nary congestions, and liver damage [1, 2]. Therefore, much effort
has been made to develop efficient and economical technologies
to eliminate Cr(VI) contamination in the past decades [3, 4].
Semiconductor-based photocatalysis is regarded as one of most
attractive techniques for Cr(VI) removal via photocatalytic
reduction of Cr(VI) to Cr(Ill), which shows relative low toxicity
[5, 6]. To achieve this goal, it is significant to explore excellent
semiconductors for constructing an efficient photocatalysis
system. In general, single semiconductor-involved photocatalysis
system suffered from the drawback of recombination of photo-
induced electron-hole pairs [7, 8]. Accordingly, a semiconduct-
or—semiconductor composited photocatalysis system possessing
enhanced charge separation and interfacial charge-transfer effi-
ciency has been one of the major concerns in contaminants
removal over the past decades [9-11].

In recent years, Bismuth Oxychloride (BiOCl) semiconductor
has been widely used as the photocatalyst for pollutants removal
due to its unique optical and electrical properties [12-14].
However, most of the studies focused on the photocatalytic degrad-
ation of organic contaminants, and there are few reports relevant to
photoreduction of Cr(VI) [15]. On the other hand, BiOCl has a wide
bandgap and can only be excited by ultraviolet light, which ex-
tremely limits its practise application. Although coupling with
another bismuth (Bi)-containing semiconductor such as Bismuth
Molybdenum Oxide (Bi,Mo0Qg) [16], bismuthyl iodide (BiOI)
[17], and Bismuth Vanadate (BiVO,) [18] has been attempted to
broad the light absorption and improve the separation efficiency
of photogenerated electrons and holes, it is an interesting topic to
explore suitable Bi-based candidate for fabrication of highly effi-
cient composited photocatalysis system to achieve the remediation
of highly toxic Cr(VI) wastewater. Bismuth Sulfide (Bi,S3) is one
of good candidates as it displays narrow bandgap, but most of the
Bismuth Oxychloride/Bismuth Sulfide (BiOC1/Bi,S;) photocata-
lysts were employed to degrade organic pollutants such as rhoda-
mine B and 2,4-dichlorophenol [19-21].

Herein, combining with the advantages of both BiOCl and Bi,S3,
anovel hollow BiOCI/Bi,S; hybrid was successfully synthesised by
a mild anion-exchange method using thiacetamide (TAA) as an
etching agent and BiOCl microspheres as Bi-precursor. The
as-prepared hollow BiOCl/Bi,S; hybrid was used as an efficient
photocatalyst for Cr(VI) photoreduction under visible (vis) light
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irradiation. The improved photoreduction capability of the BiOCl/
Bi,S; hybrid was also discussed.

2. Experimental section: Sodium chlorate (NaClO;), ethylene
glycol (EG), and triethylene glycol (TEG) were provided by
Sinopharm Chemical Reagent Co., Ltd. (China). Bismuth Nitrate
Pentahydrate (Bi(NO3);-5H,0), thiacetamide, Sodium sulfide
nanohydrate (Na,S-9H,0), and tetrabutyl titanate were purchased
from Aladdin (Shanghai, China). All chemicals were of analytical
grade and used directly without further purification. Deionised
water was used throughout this Letter.

In a typical synthesis of pure Bi,S3, 1 mmol Bi(NO3)3-5H,0 was
dispersed in 35 mL EG and then added into 2 mmol Na,S-9H,0.
After that, the mixture was put into in a 50 mL Teflon-lined auto-
clave and keep at 180°C for 6 h. The final products were collected
and washed with ethanol five times.

BiOCI microspheres were synthesised according to the previous
report with a minor modification [13]. In a typical synthesis,
1.455 g Bi(NOs)3'5H,0 (3 mmol) was put into a round-bottom
flask which contained 75 ml TEG. The mixture was stirred and
sonicated until Bi(NO3);-5H,0 was dissolved, followed by the add-
ition of 0.318 g NaClO; (3 mmol), resulting in the formation of
homogeneous suspension. Then, the mixture was transferred to
a teflon-lined stainless steel autoclave to perform solvothermal
process at 150°C for 3 h. After cooling down to room temperature,
the solid product was collected by centrifugation and washed with
deionised water for five times to remove possible remaining
impurity.

BiOCl/Bi,S; hybrid was synthesised through an anion-exchange
method. In a typical procedure, 0.26 g BiOCl was put into 20 ml
deionised water and sonicated for 10 min, and then added into
20 ml of TAA (2.5 mmol) aqueous solution to get a homogeneous
suspension. The resulting suspension was transferred into a
50 ml teflon-lined autoclave and then maintained at 150°C for
2 h. Finally, the products were collected and washed thoroughly
with deionised water and ethanol five times. For comparison,
pure Bi,S; products were also prepared and the detail was presented
in supporting information.

The composition and structure of the as-prepared products were
characterised by powder X-ray diffraction (XRD, Bruker axs D8
Discover), scanning electron microscopy (SEM, Hitachi SU8000)
and transmission electron microscopy (TEM, Philips Tecnai G2
20). Brunauer—-Emmett-Teller (BET) specific surface area was
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analysed by nitrogen adsorption in a Micromeritics Accelerated
Surface Area and Porosimetry System (ASAP) 2020 nitrogen ad-
sorption apparatus (USA). Ultraviolet—vis—near-infrared (UV—-vis—
NIR) diffuse reflectance spectra (DRS) were recorded on a UV—
vis spectrophotometer (Shimadzu UV-2550) equipped with an inte-
grating sphere attachment. The photoelectrochemical measurements
were performed on a CHI660E electrochemistry workstation
(Shanghai, China) at room temperature.

In a typical Cr(VI) photoreduction experiment, a 500 W xenon
lamp with a 400 nm cut-off filter was used as light source. In a
typical test, 20 mg of photocatalyst was dispersed in 40 ml Cr(VI)
solution (40 and 80 mg/l) and magnetically stirred in dark for
60 min to achieve an adsorption—desorption equilibrium of
Cr(VI) solution. The solutions got at each irradiation time interval
were analysed by a Shimadzu UV2800 spectrophotometer, and
the characteristic absorption of dichromate ions at 350 nm was
used to monitor the photoreduction process. In addition, the
cycling experiments of BiOCl/Bi,S; hollow hybrids for Cr(VI)
reduction were carried out as follows: 20 mg of BiOCl/Bi,S;
sample was dispersed in 40 ml Cr(VI) solution and magnetically
stirred in dark to achieve an adsorption—desorption equilibrium.
At specific irradiation time interval, the suspension was collected
and then centrifuged to get the supernatant liquid. Then, the super-
natant liquid was analysed by a Shimadzu UV2800 spectrophoto-
meter and finally the Cr(VI) photoreduction curve was drawn.
The above whole process finished the first cycle experiment.
Then, all the solid sample in the first cycle was collected and
dried in oven at 60°C and finally used as the photocatalyst in the
second cycle. The sampling and analysis process of Cr(VI) solution
in the second cycle are same to the first cycle. Analogously, the
circulating runs of the photocatalytic reduction of Cr(VI) solution
were performed five times in the end.

All the experiments were carried out in a standard three-electrode
cells containing 0.5 mol/l Sodium Sulfate (Na,SO,) aqueous solu-
tion with a platinum foil and a saturated calomel electrode as the
counter electrode and the reference electrode [22]. The working
electrode was prepared according to the following process:
20 mg of as-prepared sample was mixed with 1ml of N,
N-Dimethylformamide (DMF) and 0.0l ml of nafion solution
(5%, DuPont) to form homogeneous ink. Then, 0.1 ml of the cata-
lyst ink was dip coated on a 10 mm x 10 mm indium—tin oxide
glass electrode. The estimated loading amount of the sample is
2 mg/cm?. After drying in room temperature, the as-prepared elec-
trode was further annealed at 150°C for 4 h in a vacuum oven to
remove the resin. Photocurrent responses of the photocatalyst as
light on and off were measured at open-circuit potential, with simu-
lated light irradiation provided by a 50 W xenon lamp.
Electrochemical impedance spectroscopy (EIS) was carried out at
the open-circuit potential in 0.5 M potassium ferricyanide solution.
Samples were dip coated into a glassy carbon working electrode. A
sinusoidal AC perturbation of 5 mV was applied to the electrode
over the frequency range 1-10° Hz.

3. Results and discussion: As shown in Fig. 1a, all the diffraction
peaks are readily indexed to the tetragonal phase of BiOCI (JCPDS
Card No. 6-249), indicating the high purity of BiOCl synthesised
according to the previous method. The SEM (Fig. 15 and inset)
and TEM image (Fig. 1¢) show that the BiOCI products display a
hierarchical microsphere structure with the diameter of ~2 um,
which composed of many tiny nanosheets and a large number of
pore channels.

When 1 mmol BiOCl and 2.5 mmol TAA (excess amount) were
used as the precursors and hydrothermally treated for 2 h, the
XRD pattern (Fig. 1d) revealed the final product was BiOCl/
Bi,S; hybrid instead of pure Bi,S;. It means an absolute transform-
ation from BiOCl to Bi,S; did not occur, which might be due to a
rapid formation of Bi,S; covered on the surface of BiOCI micro-
sphere via an anion-exchange etching, preventing the thorough
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Fig. 1 The characterisation of

a XRD patterns

b SEM image and

¢ TEM image of the BiOCI samples

d XRD patterns

e SEM image

f, g TEM image and

h, i High-resolution TEM of the BiOCI/Bi,S;3 products

transformation of BiOCl to Bi,S; [23]. As can be seen in Fig. le
and inset, the BiOC1/Bi,S3 hybrid still keeps the spherical structure,
but it comprises of curved nanorods. However, the TEM images
(Figs. 1f and g) indicate that the as-synthesised BiOCl/Bi,S;
hybrids were composed of aggregated hollow nanostructures.
Each hollow microsphere has a diameter of about 1pm and
plenty of rod-like structures were embedded in the spherical
hollow structure. As shown in Fig. 1k, a lattice fringe spacing
with 0.50 nm corresponding to (120) plane of Bi,S; was observed,
indicated the formation of Bi,S3 on the surface of the microspheres,
which might be attributed to the etching of TAA. Furthermore, as
displayed in Fig. 1i, the lattice fringe spacing with 0.50 and
0.34 nm are agreement with (120) plane of Bi,S; and (101) plane
of BiOCI, respectively, further confirming the formation of
BiOCl/Bi,S; hybrids. On the basis of the above results, it is pro-
posed that Bi,S;3 crystal was first formed on the surface through
the initial anion-exchange reaction between BiOCI and S*~
during the hydrothermal process. Subsequently, the outward diffu-
sion rate of Bi** was faster than the inward diffusion rate of S*~,
resulting in the evacuation of Bi** in the inner region and formation
of the hollow interior [10, 24].

As shown in Fig. 2a, the N, adsorption—desorption isotherm
shows a typical type-IV isotherm with a hysteresis loop, which sug-
gests that the BiOCI/Bi,S; products contain abundant mesopores.
The BET surface area of the hollow BiOCl/Bi,S; hybrid was
calculated to be 27.5m%g. The Barrett—Joyner—Halenda pore
size distribution curve as shown in Fig. 2b displays the average
size of mesopores is about 28.6 nm. It is noted that the hollow
BiOCl/Bi,S; products with mesoporous structure are capable of
boosting the light absorption and photochemical reactions even
inside the interior region of the catalyst.

The Cr(VI) photoreduction capability of the as-synthesised pure
Bi,S; nanorod, BiOCI microsphere and BiOCl/Bi,S; hybrid (SEM
images were shown in on top of Fig. 3) were shown in Fig. 3a. It
was found the as-prepared BiOCl/Bi,S; hybrid exhibits higher
photocatalytic activity toward 80 mg/l Cr(VI) solution compared
with pure BiOCl and Bi,S; samples, though the Cr(VI) solution
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Fig. 2 The characterisation by BET measurement
a N, adsorption—desorption isotherm
b Pore size distribution of the hollow BiOCI/Bi,S; hybrids
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Fig. 3 Photocatalytic reduction of

a 80 mg/l Cr(VI)

b 40 mg/l Cr(VI)

¢ Reaction kinetics

d Rate constant k of the different samples

e Recycling performance of the BiOCI/Bi,S; hybrids
f Corresponding removal rate of Cr(VI)solution

was not reduced completely. However, when the concentration of
Cr(VI) solution was tuned to 40 mg/l, it was found the hollow
BiOCl/Bi,S; hybrid showed the superior photoreduction capability,
and the Cr(VI) solution was almost completely removed within
180 min. The corresponding reaction kinetics was also discussed
using the pseudo-first-order model, In(C\y/C,)=kt, where k is the
rate constant (min~"), C'y and C, are the concentrations of Cr(VI)
solution at initial time and ¢ time in photocatalytic process.
Fig. 3¢ describes the photoreduction reaction kinetics on the basis
of data plotted in Fig. 3b. The determined reaction rates constant
k was listed in Fig. 3d. It can be clearly seen that the rates constant
of BiOCI/Bi,S; hybrid was larger than pure BiOCl and Bi,S;,
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Fig. 4 The enhanced photocatalytic mechanism characterisation of

a Transient photocurrent density

b EIS Nyquist plots

¢ UV-VIS-NIR DRS spectra and

d Possible charge separation and transfer process of hollow BiOCl/Bi,S;
samples

which further confirms the remarkable photoreduction activity of
such BiOCl/Bi,S; hybrid. In addition, the recycling performance
of the photocatalysts was a critical issue for long-term use in prac-
tical applications. As shown in Fig. 3e, the five cycling experiments
were carried out and the photocatalytic activity of BiOCl/Bi,S;3
hollow hybrids for Cr(VI) reduction was relatively stable though
having a weak decreasing trend. It also can be observed that the
removal rate of Cr(VI) solution after five cycles is still over 80%
(Fig. 3f). The above results indicated that the BiOCl/Bi,S;
hollow hybrid was an efficient and relatively stable photocatalyst
toward Cr(VI) removal.

Photocurrent response and EIS were widely used to investigate
separation efficiency and charge-transfer capability of the photoin-
duced electron and holes in the photocatalyst during the photo-
catalysis reaction [22, 25]. As shown in Fig. 4a, there is almost
no photocurrent on BiOCI regardless of whether there is light or
not. However, the BiOCI/Bi,S; hybrid showed a rapid and dramatic
photocurrent generation during vis light illumination, revealing
a higher separation efficiency of photoinduced electron—hole
pairs in the BiOCl/Bi,S; hybrid. As shown in the EIS spectra
(Fig. 4b), the arc radius of BiOCl/Bi,S; is much smaller than that
of pure BiOCl and Bi,S;, demonstrating that the BiOCl/Bi,S;3
hybrid has a positive effect on photoinduced carriers transfer
[26, 27]. In other words, the higher photoreduction capability of
the BiOCI/Bi,S; hybrid was attributed to the higher separation
efficiency of photogenerated carriers and lower recombination
efficiency of photoinduced electron—hole pairs.

As a matter of fact, the bandgap of BiOCl and Bi,S; could be
calculated to be 3.37 and 1.21 eV, respectively, according to the
UV-vis—NIR DRS (Fig. 4c). The positions of conduction and
valence band can be calculated by the following equation [28, 29]:

Eg=X—-E,— O.SEg 1)
Eyg = Ecg + Eg (2

where Ecp is the conduction band (CB) edge potential. The
X values for BiOCl and Bi,S; are about 6.36 and 5.27 eV, respect-
ively [21]. The E, value is ~4.5 eV. The E, values of BiOCl and
Bi,S; are 3.37 and 1.21 eV, respectively. The Ecg values are cal-
culated at about 0.18 and 0.17 eV. Correspondingly, the Valence
Band (VB) edge potentials (Evg) are estimated to be about 3.55
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and 1.38 eV, respectively. On the basis of the above results, a pos-
sible pathway for Cr(VI) photocatalytic reduction was proposed.
As shown in Fig. 4d, Bi,S; would be excited on the vis light
irradiation. Consequently, the excited electrons on the CB of
Bi,S;3 could migrate to the CB of BiOCl, which inhibits the recom-
bination of photogenerated electron—hole pairs, resulting in more
electrons to react with Cr(VI) adsorbed on the surface of BiOCl/
Bi,S3 and final improvement of the photoreduction capability.

4. Conclusion: In summary, BiOCl/Bi,S; hybrid with hollow
nanostructure was successfully synthesised by a facile anion-
exchange approach. Compared to pure BiOCl and Bi,S;, the
BiOCl/Bi,S; hybrid exhibited higher photocatalytic activity in
reduction of Cr(VI) solution under vis light irradiation. The
enhanced photoreduction capability of the BiOCI/Bi,S; hybrid
was attributed to separation of photoinduced electron—holes pairs
and fast transfer ability of photogenerated charge carriers. It is
expected that the as-prepared BiOCl/Bi,S; composite materials
could have great potential in Cr(VI) photoreduction removal.
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