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We report a heterojunction photocatalyst by coupling CdS with Bi;,0,,Cl, via a facile thermal annealing process. Such
heterostructure can promote the charge separation between CdS and Bi;,0,,Cl,, thereby leading to a considerable
improvement on the performance for CO, reduction into valuable CH, and phenol conversion under visible light exposure.
The CdS/Bi;,0,,Cl, heterojunction with mass ratio of 1:1 (50% CdS/Bi,,O,,Cl,) shows the highest CH, production rate
(1.28 umol-h™.g™"), which is as 9.8 and 5.8 times as the CH, generation rate of pure Bi,,O,Cl, and CdS (0.13 and
0.22 ymol-h.g™"), respectively. Also, the 50% CdS/Bi,,O,,Cl, sample shows the highest activity of phenol conversion with
a conversion ratio of 92%, which is as 2.2 times and 1.9 times as the conversion ratio of pristine Bi;,O,,Cl, (41%) and
CdS (48%), respectively. The present study demonstrates the great potential of the CdS/Bi ,O,,Cl, heterojunction for

efficient charge separation towards increased photocatalytic CH, production and phenol conversion.

1. Introduction

Nowadays, photocatalytic technology has garnered numer-
ous attentions for solar fuel production and environmental
purification [1-5]. After decades of studies, hundreds of
photocatalysts have been reported on hydrogen generation
[6, 7], CO, reduction [8-11], NO removal [12], and organic
pollutant degradation [13, 14]. Bismuth oxychlorides refer to
compounds with different ratios of Bi:O:Cl (e.g., BiOCl,
Bi,O,Cl, Bi;,0,,Cl,, and Bi,,0,,Cl,,) [15-18], which has
become one of the research hotspots of photocatalytic appli-
cations in recent years. Among these compounds,
Bi;,0,,Cl, photocatalyst has aroused great interest of scien-
tists due to its excellent visible light absorption capacity,
strong oxidation capacity, and small bandgap energy
[19-22]. Zhang et al. prepared a two-dimensional BiOCl/
Bi;,0,,Cl, heterojunction photocatalyst, which improved
the photocatalytic removal efficiency of nitric oxide (NO)

[23]. Ma et al. prepared a new two-dimensional layered
MoS,/Bi;,0,,Cl, photocatalyst, which increased the visible
light absorption range and accelerated the degradation rate
of Rhodamine B (RhB) [24]. He et al. synthesized a novel
three-dimensional flower-like Bi,;,0,,Cl,/3-Bi,O;, which
enhanced the photocatalytic activity of 4-tert-butyl phenol
under visible light irradiation [25]. Thus, the photocata-
Iytic performance of Bi;,0,,Cl, can be effectively
improved by forming heterojunction structure with other
semiconductors.

CdS is narrow bandgap semiconductor with strong visi-
ble light capture capability, which can be used in photocata-
lytic CO, reduction, hydrogen generation, and pollutant
degradation [26-30]. However, the application of CdS is
limited by photocorrosion and rapid recombination of
photogenerated electron-hole pairs [31, 32]. Studies have
shown that the construction of heterojunction photocata-
lysts can effectively separate photocarriers and significantly
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FiGurk 1: The preparation flow chart of CdS/Bi,,0,,Cl, heterojunctions.

improve the photocatalytic performance; the multicompo-
nent photocatalysts made of different semiconductors
become a feasible method to improve the photocatalytic effi-
ciency [33-36]. Herein, we report on the fabrication of a
visible-light-driven CdS/Bi,,O,,Cl, heterostructure for both
CO, reduction and phenol conversion. The results showed
that CdS/Bi;,0,,Cl, heterojunction could effectively
improve the photocatalytic reduction rate of carbon dioxide
and the removal ratio of phenol.

2. Experiments

2.1. Synthesis of Catalysts. Bi;,O,,Cl, samples were prepared
by a hydrothermal method [37]. In this preparation method,
Bi(NO,);-5H,0 (9mmol) and KCI (1.5mmol) were dis-
solved in an appropriate amount of ethylene glycol, respec-
tively. Add the KCl solution to the bismuth nitrate solution
slowly. The compound was stirred for 0.5h and then kept
160°C for 15h in a Teflon-lined stainless-steel autoclave
(100 mL). The acquired precipitation was collected, washed,
and dried. And the powder was further heated at 550°C for
1h in a muff furnace. Finally, the product was ground to
yield the yellow Bi,,0,,CL,

In a typical synthesis of CdS [38], cadmium acetate dihy-
drate (6.4 mmol) and thiourea (32 mmol) were first added to
deionized water (70 mL) under magnetic stirring for 0.5h.
The compound was then kept 140°C for 24h in a Teflon-
lined stainless-steel autoclave (100 mL). And the product
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FIGURE 2: XRD patterns of Bi;,O,,Cl, (a), 34% CdS/Bi,,0,,Cl, (b),
50% CdS/Bi,;,0,,Cl, (c), 60% CdS/Bi,;,0,,Cl, (d), and CdS (e).

was collected, washed, and dried to obtain the orange
powder.

To prepare the CdS/Bi;,0,,Cl, heterojunction catalyst,
Bi;,0,,Cl, (0.3mmol) and a certain amount of CdS thus
obtained were first mixed in 30 mL deionized water under
the ultrasonic treatment for 1h and then dried in a water
bath at 80°C. And the mixture was heated at 300°C for 1h
to gain the CdS/Bi,,0,,Cl, sample. The complete process
of heterojunction preparation is shown in Figure 1. By
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FIGURE 3: XPS spectra of Bi 4f (a), O 1s (b), Cl 2p (c), S 2p (d), and Cd 3d (e).

changing the dosage of CdS, a series of CdS/Bi;,0,,Cl, sam-
ples were prepared. According to the mass content of cad-
mium sulfide, the samples were named as 34% CdS/
Bi,,0,,Cl,, 50% CdS/Bi,,0,,Cl,, and 60% CdS/Bi,,0,,Cl,,
respectively.

2.2. Characterizations. X-ray diffraction (XRD) patterns
were recorded by a Bruker D8 X-ray diffractometer with a
Cu Ka radiation source. X-ray photoelectron spectroscopy
(XPS) and valence XPS spectra were carried out on a photo-
electron spectrometer (VG ESCALAB 210). The microstruc-
ture was analyzed by transmission electron microscopy

(TEM, JEM-2100F) and high-resolution transmission elec-
tron microscopy (HRTEM, JEM-2100F). Ultraviolet-visible
(UV-vis) absorption spectra were collected with a UV-vis
spectrophotometer (TU-1901). The specific surface areas
were measured on a Micromeritics 3Flex apparatus by nitro-
gen adsorption-desorption isotherms at 77 K.

2.3. Photoelectrochemical Test. An electrochemical worksta-
tion (CHI660C) with a three-electrode system was used to
examine the photoelectrochemical properties under visible
light irradiation. Platinum was chosen as the counter elec-
trode, the saturated calomel electrode was used as the
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Figure 4: TEM and HRTEM images of Bi,,0,,Cl,, CdS, and 50% CdS/Bi,,0,,CL,.

reference electrode, and the working electrode was the thin
film formed by coating the sample on ITO glasses. 5mg
sample was ultrasonically dispersed in N, N-dimethylforma-
mide, and the mixture was then uniformly applied to ITO
glass with an area of approximately 1cm? and dried. The
working electrode was ready to be completed. A 300 W Xe
lamp was chosen as the light source, and Na,SO, solution
(0.1 mol- L") was selected for ion transport.

2.4. Photocatalytic Performance Measurements. The photo-
catalytic CO, reduction was carried out in an air-closed
reactor (100 mL), which is equipped with a quartz window
and two side sampling ports. A 300W xenon lamp
(A >420nm) was chosen as the light source. High-purity
CO, was pumped into the reactor for 30 minutes to remove
O,. The sample (20 mg) with a Pt load of 0.5wt% was scat-
tered on a 4cm” glass substrate. Then, the glass containing
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samples was placed into the reactor. Ultrapure water
(0.2mL) was injected into the reaction system. Gas product
from the reactor was fed into a gas chromatograph (GC-
7890A, Agilent) at an interval of 1 h. The gas phase product
was firstly separated in a carbon molecular sieve TDX-01
column and then entered the flame ionization detector to
detect the content of methane. Qualitative analysis was car-
ried out according to the retention time of the peak on the
chromatographic outflow curve, and quantitative analysis
was carried out according to the area of the peak.

The photocatalytic conversion of phenol was evaluated
under the irradiation of a 300 W Xe lamp (A >420nm).
Firstly, catalysts with mass of 50mg and 10 mg-L™" phenol
solution were stirred in the dark for 0.5h. The light source
was then turned on, and 5mL of the reaction solution was
taken every 15 minutes for analysis. A UV-vis spectropho-
tometer (TU-1901) was then used to determine the concen-
tration of phenol solution.

3. Results and Discussion

3.1. Characterization Analysis. The phase composition of
Bi,,0,,Cl,, CdS, and CdS/Bi,,0,,Cl, samples was charac-
terized by XRD (Figure 2). All diffraction peaks shown in
Figures 2(a) and 2(e) were well matched with those of tetrag-
onal Bi,,0,,Cl, (JCPDS No. 37-0702) [39] and CdS (JCPDS
No. 77-2306) [38], respectively. Noticeably, no phase
changes of CdS and Bi;,0,,Cl, and no indication of any
new phase generation were observed after a thermal anneal-
ing procedure. For CdS/Bi;,0,,Cl,, peaks corresponding to
(100), (002), (101), (110), and (112) facets of CdS are clearly
shown in Figure 2, and the peak intensity increased gradu-
ally with the increase of CdS content. However, the peak
strength of (103) facet was very weak.

The surface chemical composition of Bi;,0,,Cl,, CdS,
and 50% CdS/Bi;,0,,Cl, samples was measured by XPS.
The binding energies of Bi 4f (Figure 3(a)) of the 50%
CdS/Bi;,0,,Cl, (158.9 and 164.2eV) were shifted slightly
to high value than those of pure Bi;,0,,Cl, (158.6 and
163.9¢eV) [39]. For pure Bi;,0,,ClL,, the XPS spectrum of
O 1s (Figure 3(b)) could be divided into two peaks with
binding energies of 529.2eV and 530.9 eV, corresponding
to the Bi-O bond and the O-H bond of H,O that was
adsorbed on the surface, respectively [37]. And the binding
energy of O 1s XPS spectrum in the 50% CdS/Bi;,0,,Cl,
sample (529.6 and 531.2eV) was higher than that in pure
Bi;,0,,Cl,. Furthermore, the binding energies of Cl 2p
(197.9 and 199.5eV) for the 50% CdS/Bi;,0,,Cl, sample
(Figure 3(c)) were shifted slightly to high value than those
of pure Bi;,0,,Cl, (197.6 and 199.1eV) [40]. For pure
CdS, the binding energies of S 2p (Figure 3(d)) were 161.1
and 162.3eV, and the binding energies of Cd 3d
(Figure 3(e)) were 404.4 and 411.2eV [41]. In the 50%
CdS/Bi;,0,,Cl, sample, the binding energies of S 2p
(160.1 and 161.3eV) and Cd 3d (403.5 and 410.2eV) were
shifted to a lower level. The shift of binding energy is
resultant from the strong interaction between Bi;,0,,Cl,
and CdS [42, 43], which is in accordance with the
HRTEM results as discussed below.

Intensity (a.u.)
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Figure 5: The Raman spectra of Bi;,0,,Cl,, CdS and 50% CdS/
Bi,,O,,CL,.

The intimate contact between CdS and Bi,,0,,Cl, com-
ponent is highly essential for charge transfer across the inter-
faces of CdS/Bi,,0,,Cl,. TEM and HRTEM were carried out
to visualize such contact in the samples. Figures 4(a)-4(c)
showed the TEM image of Bi;,0,,Cl,, CdS, and 50% CdS/
Bi;,0,,CL,, respectively. It can be observed that Bi;,0,,Cl,
was an irregular block-shaped structure accumulated by
nanometer slices (Figure 4(a)). In contrast, the CdS particles
thus obtained were of typical microspheres with a diameter
of ~250nm (Figure 4(b)). HRTEM image in Figure 4(f)
illustrated the clear lattice streaks, the spacing of 0.585nm
corresponded to (006) facet of Bi;,O,,Cl,, and the spacing
of 0.336 nm corresponded to (002) facet of CdS [23, 38].
This result was well consistent with the HRTEM results of
pristine Bi,,0,,Cl, (Figure 4(d)) and CdS (Figure 4(e)).
Thus, a heterogeneous interface was formed between CdS
and Bi,,0,,Cl, which was conducive to charge transfer.

The Raman spectra were measured to research the
chemical bonding information of Bi,,0,,Cl,, CdS, and
50% CdS/Bi,,0,,Cl, (Figure 5). For the Bi,,O,,Cl, phase,
the bands situated at about 96 and 165cm™" could be attrib-
uted to the A}, and E, modes of external Bi-Cl stretching
patterns [43]. For the CdS phase, two peaks at 298 and
595cm™" were attributed to the first-order and second-
order longitudinal optical modes, respectively [44]. In the
pattern of 50% CdS/Bi,,0,,Cl,, both the characteristic peaks
of Bi;,0,,Cl, and CdS could be observed. In addition, the
peak at 165cm™" was obviously shifted to the right, indicat-
ing that CdS affected the Bi-Cl stretching patterns of
Bi;,0,,Cl,, which could prove the existence of bonds
between CdS and Bi,,0,,Cl, [37].

3.2. Light Absorption and Band Structure Analysis. Figure 6
shows the light absorption patterns and bandgap energies
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of the samples. The UV-vis absorption spectra (Figure 6(a))
of CdS/Bi;,0,,Cl, heterostructures mainly exhibited the
absorption feature of CdS owing to the relatively high content
(34%-60%) of CdS in the heterostructures. Interestingly, CdS/
Bi;,0,,Cl, heterostructures showed an absorption edge at
~550 nm, although the CdS content in CdS/Bi,,0,,Cl, hetero-
structures increased. This result indicated that the light would
be mainly absorbed by CdS during the photocatalytic reac-
tions. The bandgap energies of these samples were calculated
following the formula

ahv=A(hv-E,)", (1)

where «, h, v, Eg, and A represent the light absorption coeffi-
cient, Planck constant, frequency, bandgap energy, and con-
stant, respectively [45]. Bi;,0,,Cl, is an indirect bandgap
semiconductor, while CdS belongs to direct bandgap semicon-

ductors, so their #n values are 4 and 1, respectively [46-48]. As
shown in Figures 6(b) and 6(c), the bandgaps of CdS, 60%
CdS/Bi,,0,,CL, 50% CdS/Bi,;,0,,ClL,, 34% CdS/Bi,;,0,,ClL,,
and Bi,0,,Cl, were 2.26, 229, 232, 235, and 2.33eV,
respectively.

3.3. BET-BJH. The N, adsorption-desorption isotherms and
pore size distribution of all samples are shown in Figure 7.
The specific surface areas were measured to be 4, 20, 13,
22, and 16 m*g™", and the pore sizes were 11.7, 3.8, 14.6,
16.1, and 16.0 nm for Bi;,0,,Cl,, CdS, 34% CdS/Bi,,0,,CL,
50% CdS/Bi,,0,,Cl,, and 60% CdS/Bi,,0,,Cl,, respectively.
It can be observed that the specific surface area and pore size
of CdS/Bi;,0,,Cl, samples increased at first and then
decreased with the increase of CdS content.

3.4. Photocatalytic Activity and Stability. We compared the
photocatalytic CO, reduction activity of samples under
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FIGURE 7: N, adsorption-desorption isotherms and pore size distribution of Bi,,0,,Cl,, CdS, 34% CdS/Bi,,0,,Cl,, 50% CdS/Bi,,0,,CL,

and 60% CdS/Bi,,0,,CL,.

visible light exposure, revealing the contribution of the CdS/
Bi;,0,,Cl, heterojunction (Figure 8). Bi;,O,,Cl, and CdS
offered a very low activity for CH, generation, with a rate
of 0.13 and 0.22 umol-h'-g"', respectively. Very encouraging,
CdS/Bi;,0,,Cl, heterojunctions resulted in a highly
increased performance for CH, generation. The CH, gener-
ation rate for 34% CdS/Bi,,0,,Cl, (0.65 yumol-h™-g™") was as
5.0 and 3.0 times as the CH, generation rate of pristine
Bi;,0,,Cl, and CdS, respectively. The highest CH, genera-
tion rate was 1.28 umol-h™.g™" on the 50% CdS/Bi,,0,,Cl,
sample. In comparison, a physical mixture of CdS and
Bi;,0,,Cl, with a mass ratio of 1:1 only had a CH, genera-
tion rate of 0.29 umolh'-g"'. The above results validated
that 50% CdS/Bi,,0,,Cl, heterostructure could efficiently
separate the photon-generated carriers in CdS and
Bi;,0,,Cl, and thus lead to enhanced CH, generation. Fur-
ther increasing of CdS content led to a decreased CH, gener-
ation rate of 1.02 umolh™".g"' (60% CdS/Bi,,0,,Cl,). The
photocatalytic performance of CdS was better than that of
Bi;,0,,Cl,, which may be due to the larger specific surface
area, better visible light absorption performance, and smaller
bandgaps of CdS than Bi;,0,,CL,

Furthermore, we tested the photocatalytic conversion of
phenol on CdS/Bi;,0,,Cl, samples since the band energy
positions of CdS and Bi,,0,,Cl, were suitable for oxidation
reactions as discussed below. As shown in Figure 9, phenol
was hard to be converted under visible light irradiation as
exemplified by the blank experiment. After 2.5h photocata-
lytic reaction, the conversion ratios of phenol for Bi;,0,,CL,
CdS, 34% CdS/Bi,,0,,Cl,, 50% CdS/Bi,,0,,CL, 60% CdS/
Bi;,0,,Cl,, and mechanical mixing 50% CdS/Bi,;,0,;,Cl,
were about 41%, 48%, 69%, 92%, 81%, and 59%, respectively.
Also, Bi;,0,,Cl, and CdS exhibited weak activity for phenol
conversion, as occurred for CH, generation. However, upon

Ch, evolution (umol-h™'.g™!)

Catalyst

Ficure 8: Yields of CH, for Bi;,0,,Cl, (a), CdS (b), 34% CdS/
Bi,,0,,Cl, (c), 50% CdS/Bi,,0,,Cl, (d), 60% CdS/Bi,,0,,Cl, (e),
and mechanical mixing 50% CdS/Bi;,0,,Cl, (d') under visible
light irradiation (A > 420 nm).

coupling CdS with Bi;,0,,Cl,, an evidently increased rate
for phenol conversion was realized. Phenol could be almost
totally converted on 50% CdS/Bi;,O,,Cl, heterostructure
in less than 3 hours. By contrast, the simple mixture of
CdS and Bi,,0,,Cl, at this weight ratio only converted about
59% phenol under the same condition. As shown in
Figure 10, the photodegradation process was consistent with
the pseudo-first-order kinetic model, as expressed by the fol-

lowing equation:
C
—In (— | =kt 2
! <C0> )
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FIGURre 10: The conversion ratio constants under the pseudo-first-
order kinetics model of Bi;,0,,Cl, (a), CdS (b), 34% CdS/
Bi,,0,,Cl, (c), 50% CdS/Bi,,0,,Cl, (d), 60% CdS/Bi,,0,,Cl, (e),
and mechanical mixing 50% CdS/Bi,,0,,Cl, (d").

where k represents the apparent rate constant calculated
from the pseudo-first-order reaction kinetics model and C
and C, are the concentration at time of ¢ and zero, respec-
tively [33]. As shown in Figure 10, the apparent rate con-
stants for Bi;,0,,Cl,, CdS, 34% CdS/Bi;,0,,Cl,, 50% CdS/
Bi;,0,,Cl,, 60% CdS/Bi;,0,,Cl,, and mechanical mixing
50% CdS/Bi,,0,,Cl, were 0.0036, 0.0043, 0.0078, 0.0151,
0.0116, and 0.0059min™', respectively. Obviously, 50%
CdS/Bi;,0,,Cl, revealed the highest photocatalytic activity
for phenol conversion. In addition, the removal ratio of
chemical oxygen demand (COD) of phenol solution
(10mg-L™", 50 mL) with 50 mg 50% CdS/Bi,,0,,Cl, reached
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30% after 4 h illumination (a 300 W xenon lamp was used as
the light source).

The above results clearly demonstrated that the thermal
annealing could ensure activity for phenol conversion.
Moreover, 50% CdS/Bi;,0,,Cl, heterostructure exhibited
the highly stable activity for both CH, generation and phe-
nol conversion. Only little change was observed on the reac-
tion rates for CH, generation and phenol conversion in
three consecutive experiments, as shown in Figure 11, illus-
trating the excellent durability of 50% CdS/Bi,,0,,Cl, for
long-term reaction.

3.5. Photocatalytic Mechanism Analysis. The active sub-
stances for the conversion of phenol on CdS/Bi;,0,,Cl,
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were studied by free radical capture experiments, in which
ammonium oxalate monohydrate (AO) was selected as the
trapping agent for holes, isopropanol (IPA) for ‘'OH, and
benzoquinone (BQ) for ‘O,, respectively. As illustrated in
Figure 12, the addition of BQ and AO could greatly hinder
the phenol conversion under visible light exposure, indicat-
ing that ‘O, and h™ are two prime active substances for phe-
nol conversion. In comparison, only a slight decrease of
phenol conversion occurred when IPA was added to the
reaction suspension, thereby excluding ‘OH as the active
substance in present case.

The increased photocatalytic activity for CH, generation
and phenol conversion could be attributed to the enhanced
interfacial charge transfer between CdS and Bi;,0,,Cl,. This

Phenol

S - : .Products

=7

E vs. NHE, pH

Phenol

Products

FiGure 15: Proposed photocatalytic conversion mechanism of
CdS/Bi;,0,,Cl, heterojunction under visible light irradiation
(A > 420 nm).

efficient charge separation was verified by the photoelectro-
chemical tests. As illustrated in Figure 13(a), the 50% CdS/
Bi;,0,,Cl, sample provided the highest transient photocur-
rent compared to pristine CdS and Bi;,0,,Cl,, in spite of
relatively low value. In addition, the low interface impedance
in the 50% CdS/Bi,,0,,Cl, sample was also favorable for
charge transfer, as exemplified by the small arc radius shown
in Figure 13(b).

The band energy positions for CdS and Bi,,0,,Cl, were
determined by the XPS valence spectra. As shown in
Figure 14, the maximum valence band (VB) value of
Bi;,0,,Cl, was 1.42 eV, while that of CdS was 1.19¢eV. The
bandgaps of pristine Bi;,0,,Cl, and CdS were 2.33 and
2.26 eV, respectively. Therefore, the conduction band (CB)
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minimum was -1.07eV for CdS and it was -0.91eV for
Bi;,0,,CL,. The electrons in the VB are excited by light to
transition to the CB, as shown in Figure 15. Since the CB
of Bi;,0,,Cl, is lower than that of CdS, the photoexcited
electrons of CdS would transfer to Bi;,0,,Cl,, and the hole
would transfer reversely, namely, from Bi;,0,,Cl, to CdS.
Such charge transfer can efficiently separate the electron-
hole pair, thus enhancing the photocatalytic property for
CH, generation and phenol conversion. The electrons accu-
mulated in Bi,;,0,,Cl, would reduce CO, and H,O to CH,.
Meanwhile, photoexcited electrons can also react with oxy-
gen to produce superoxide radical ‘O,". Superoxide radicals
and holes have strong oxidation ability, which can convert
phenol into small molecules such as H,0 and CO,.

4. Conclusions

In summary, the CdS/Bi;,0,,Cl, heterojunction has been
successfully synthesized by means of thermal annealing.
The results of photocatalytic activity experiments showed
that CdS/Bi;,0,,Cl, heterojunctions could considerably
improve the performance for CO, reduction to CH, and
phenol conversion under visible light exposure. In addition,
50% CdS/Bi;,0,,Cl, showed the highest photocatalytic
activity with a CH, generation of 1.28 yumol-h".g”" and phe-
nol removal ratio of 92% after 2.5h of light irradiation. The
activity enhancement is resultant from the effective division
of photogenerated electron-hole pairs across the CdS/
Bi;,0,,Cl, interfaces. The study offers a new insight on
exploring effective heterostructure photocatalysts for fuel
manufacture and organic pollutant conversion.
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