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tests find the optimal temperatures of Bi2 WO6 and Bi2 MoO6 are 180 and 160°C (BW-180, BM-
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160). Then, BW-180 and BM-160 are further compounded with different contents of CuS. The
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results of photoelectrochemical (PEC) tests show that CuS can improve the PEC performance
of semiconductor materials, and it has better performance when CuS mass fraction is 5%.
These maybe the photoelectron potentials generated by CuS/Bi2 XO6 (X = Mo, W) heterojunc-
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tion reduce the combination of photogenerated electrons and holes. When the PEC sensor
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based on 5%-CuS/BW-180 detects Cr(VI), it has a linear range of 1–80 μmol/L with detection
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limit of 0.95 μmol/L, while the PEC sensor based on 5%-CuS/BM-160 detects Cr(VI) has a lin-
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ear range of 0.5–230 μmol/L and a detection limit of 0.12 μmol/L. Thus, 5%-CuS/Bi2 XO6 has
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potential application in hexavalent chromium detection.
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Introduction
Heavy metal pollution poses a serious threat to human health
due to its important biological toxicity and accumulation in
human body (Wang et al., 2017). Chromium (Cr (VI)) is one of
the most representative highly toxic ions, and has attracted
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great attention of many researchers for its carcinogenic effect, high toxicity and mobility (Gu et al., 2018a; Zhou et al.,
2020). Nowadays, chromium (Cr (VI)) is widely used in electroplating, dyes, leather manufacturing and other industries,
causing great threat to the safety of groundwater and drinking water (Han et al., 2017; Gu et al., 2018b; Yu et al., 2018;
Zhao et al., 2019a). The World Health Organization (WHO) has
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set the maximum total amount of chromium allowed in drinking water to 0.96 μmol/L (Chen et al., 2017). Thus, accurate detection and determination of Cr (VI) in water environment is
essential to environmental protection and human security.
Recently, the methods for detecting Cr (VI) include fluorescent, photocatalytic, electrochemical, colorimetric biosensor,
and photoelecrochemical (PEC), etc. (Tu et al., 2018; Xu et al.,
2019; Shen et al., 2017; Li et al., 2020; Zhou et al., 2018; Gao et al.,
2018; Dong et al., 2019; Kasem et al., 2018). Among these methods, Fluorescence analysis has been applied in Cr (VI) detection due to the advantages of simple equipment, simple operation and fast analysis speed. However, its selectivity is poor
and its application scope is not extensive (Zhang et al., 2020).
Electrochemical detection Cr (VI) has attracted much attention, due to its advantages such as rapid response, high sensitivity and real-time detection, while its selectivity is low
(Wang et al., 2020a; Cai et al., 2019). Photocatalytic method
is an effective and promising way to detection Cr (VI), owing to its high efficiency (Jaihindh et al., 2019). Therefore, a
simple, rapid, sensitive and accurate method to detect Cr (VI)
in water environment becomes more and more necessary.
The PEC method emerges to be a promising candidate for detecting Cr (VI) because it possesses the advantages of both
electrochemical and photocatalytic technology (Zhao et al.,
2014). PEC method mainly depends on the properties of
materials.
Due to the PEC sensor is a kind of detection device based
on the photoelectric conversion characteristics of semiconductor materials to determine the concentration of the substance to be measured, the photoelectric conversion efficiency
of semiconductor materials is crucial to the performance of
the PEC sensor. Semiconductors widely used for Cr (VI) detection include TiO2 , Graphitic carbon nitride (g-C3 N4 ), and
bismuth-based (Yu et al., 2020; Wang et al., 2020b; Zhao et al.,
2019b). Among numerous semiconductor materials, bismuthbased semiconductors materials have been supposed to be excellent optical and electrical properties due to their intrinsic
physical and chemical properties. Such as BiOI, Bi2 S3 , Bi2 XO6
(X = Mo, W) and so on (Liu et al., 2014; Stelo et al., 2020;
Hou et al., 2020), which have received extensive interest in
the study of PEC owing to abundance, low toxicity, and low
cost. Particularly, Bi2 XO6 (X = Mo, W), an aurivillius type oxide
and constructed by alternating flfluorine-like layers (Bi2 O2 )2+
and perovskite layers (MoO4 )2− , possess high chemical and
thermal stability, suitable band-gap energies and nontoxic
properties (Tang et al., 2020). Moreover, Bi2 MoO6 (BM) and
Bi2 WO6 (BW) have been one of the promising visible-lightdriven photocatalysts with moderate band gaps (about 2.5 and
2.7 eV) (Liu et al., 2015; Dumrongrojthanath et al., 2015). Recently, BM and BW have been widely applied in PEC solar cells
(Huang et al., 2020), PEC sensors (Ruan et al., 2020), photoelectrocatalytic hydrogen production (Yu et al., 2019), and water
splitting (Gu et al., 2018a; Vairale et al., 2020). However, the high
recombination of photoexcited carriers, relatively weak ability
in utilization, and its low photocatalytic activity, largely limits its practical applications in environment (Voronkova et al.,
2009). In order to overcome these disadvantages, many efforts
have been made, such as semiconductor coupling, metal particles deposition coupling with carbon materials, composite
with MOF materials (Xiang et al., 2018).

Semiconductor chalcogenides have received tremendous
interest, owing to their high abundance and low cost
(Ding et al., 2020). Copper sulfide (CuS) is regarded as one of the
major p-type semiconductors because of its versatility, availability and low-toxicity nature (Bano et al., 2020). Particularly,
CuS is a narrow-band gap semiconducting material (about
1.7 eV), which has been used to couple with bismuth-based
semiconductors to improve photocatalytic performance, such
as CuS/BiVO4 , CuS/Bi2 W2 O9 and CuS/Bi2 S3 (Lai et al., 2019;
Bhoi et al., 2018; Zhang et al., 2016).
In this work, CuS/Bi2 MoO6 and CuS/Bi2 WO6 were prepared
by two-step hydrothermal method. Further, PEC sensors based
on CuS/Bi2 MoO6 and CuS/Bi2 WO6 were constructed for detection of Cr (VI). The results show that the sensor based on
CuS/Bi2 MoO6 possesses better application prospects for the
practical detection of Cr (VI).

1.

Materials and methods

1.1.

Reagents

All reagents were analytical grade and used without further
purification. Bismuth nitrate pentahydrate (Bi(NO3 )3 5H2 O),
sodium molybdate (Na2 MoO4 5H2 O), sodium tungstate dihydrate (Na2 WO4 5H2 O), thiourea (CH4 N2 S), copper nitrate
hydrate (Cu(NO3 )2 3H2 O) and ethanol were purchased from
Sinopharm Chemical Reagent Co., Ltd. (www.sinoreagent.
com).

1.2.

Preparation of all materials

Bi2 XO6 (X = W, Mo): the mixed solutions of 2 mmol
Bi(NO3 )3 5H2 O, 40 mL water or ethylene glycol (EG), and
1 mmol of Na2 XO4 5H2 O (X = W, Mo) were transferred to a
100 mL Teflon-lined autoclave for 20 hr at different temperature (160, 180, 200°C or 140, 160, 180°C). The obtained products
of Bi2 WO6 were named BW-160, BW-180, and BW-200 according to the temperature. Similarly, the products of Bi2 MoO6 obtained were named BM-140, BM-160, and BM-180. The results
of electrochemical tests showed that BW-180 and BM-160 had
excellent PEC properties and would be further used to compound with CuS.
CuS/Bi2 XO6 (X = W, Mo): the contents of all the materials
were shown in Table S1. The target products were synthesized
by hydrothermal method at 200°C for 12 hr.

1.3.

Characterization

X-ray diffraction (XRD) was performed on a Bruker D8 (D8 Advance, Bruker, Germany) Advance diffractometer with Cu Kα
radiation. X-ray photoelectron spectroscopy (XPS) was conducted on an ESCALAB 250Xi (ESCALAB 250Xi, Thermo Fisher
Scientific, USA) with a monochromatic Al Kα source. Diffuse
reflection spectra (DRS) of the materials were collected on
a UV–visible (UV–vis-NIR-3600, Shimadzu, Japan) spectrophotometer with BaSO4 as reference. The morphology of the samples was characterized by scanning electron microscopy (SEM,
JSM7–100F, Japanese electronics, Japan) and transmission electron microscopy (TEM, Tecnai G2 F30, FEI, USA). The photolu-
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trodes (10 mm × 15 mm) were washed separately with water,
acetone, and ethanol for 5 min. Then 3 mg catalyst powders
were dispersed into a mixed solution of chitosan and ethanol
(0.5 mL) to form a homogeneous suspension. Then, 20 μL of
the suspensions were coated on ITO electrodes (0.5 cm2 ).

Fig. 1 – X-ray diffraction (XRD) patterns of (a) CuS/BW-180
and (b) CuS/BM-160 materials. BW: Bi2 WO6 .

minescence (PL, RF-6000, Shimadzu, Japan) spectra were characterized with the excitation wavelength at 325 nm.

1.4.

Electrochemical experiments

All electrochemical experiments were carried out on a CHI
660E (CHI 660E, ShanghaiChenhua, Shanghai) electrochemical workstation with a three-electrode system. Pt wire and
saturated calomel electrode (SCE) were used as counter electrode and reference electrode, respectively. Indium tin oxide (ITO) glass was used as the working electrode. A xenon
lamp (100 mW/cm2 , λ ≥ 420 nm, PLS-SXE 300, Beijing Perfect light, China) was used as the light source. The ITO elec-

2.

Results and discussion

2.1.

Choice of materials

The XRD of Bi2 XO6 (X = W, Mo) and CuS/Bi2 XO6 (X = W, Mo) at
different temperatures are shown in Figs. 1 and S1. In Fig. 1a,
the characteristic diffraction peaks of CuS/BW-180 at 28.30,
32.79, 47.14, 55.82 can be indexed to (131), (200), (202) and
(331) lattices of Bi2 WO6 (JCPDS 39-0256). Moreover, in Fig. 1b,
28.31, 32.52, 46.74, 55.58 are consistent with the (131), (200),
(202) and (133) of Bi2 MoO6 (JCPDS 21-0102). While, the XRD patterns of composites are not only consistent with the diffraction peaks of BM and BW, but also the diffraction peaks at
27.52, 31.78, 53.04 correspond to (100), (103) and (108) of CuS
(JCPDS 06-0464). The results indicate that CuS/Bi2 XO6 (X = W,
Mo) were synthesized successfully. However, the total diffraction peak intensity of the composites is too weak, which may
be caused by the CuS gradually covering the surface of the
Bi2 MoO6 (Feng et al., 2015). Moreover, the content of CuS is
small, the total diffraction peak intensity of the composites
is not obvious (Yang et al., 2019).

Fig. 2 – (a) Photocurrent responses of CuS/BW-180 and CuS/BM-160 in 0.1 mmol/L HNO3 for five on-off pulses at +0.3 V vs.
SCE under visible light excitation; EIS spectra of the (b) CuS/BW-180 and (c) CuS/BM-160 samples with the insets showing
the equivalent circuit. Cdl : double layer capacitance; Rs : solution resistance; Rct : charge transfer resistance; Zw :
a diffusion element called the warburg impedance; Z’: real part of impedance; Z”: imaginary part of impedance.
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Fig. 3 – X-ray photoelectron spectroscopy (XPS) spectra of CuS/BM-160 and CuS/BW-180 composites: (a) Bi 4f, (b) O 1s, (c) Cu
2p, (d) S 2p, (e) Mo 3d and (f) W 4f.

Fig. 4 – Scanning electron microscopy (SEM) images of
(a) BM-160, (b) BW-180, (c) 5%-CuS/BW-180, and
(d) 5%-CuS/BM-160; Scanning transmission electron
microscopy (STEM) images of (e) 5%-CuS/BW-180 and
(f) 5%-CuS/BM-160.

The comparison of CuS/Bi2 XO6 (X = W, Mo) is shown in
Fig. 2a. Obviously, the photocurrents of all compounds are
higher than these of BM and BW (Fig. S2). The photocurrent values are in the order of 5%-CuS/BW-180 > 7%-CuS/BW180 > 2%-CuS/BW-180. While for the CuS/BM-160, the photocurrent value of 5%-CuS/BM-160 is the highest. Furthermore, the photocurrent value of 5%-CuS/BM-160 is significantly higher than that of 5%-CuS/BW-180. Fig. 2b-c are the
electrochemical impedance spectroscopy (EIS) spectra. According to our current understanding, the equivalent circuit
should include the solution resistance (Rs ), double layer capacitance (Cdl ), charge transfer resistance (Rct ), and a diffusion
element known as the Warburg impedance (Zw ). The charge
transfer resistance (Rct ) can be quantified using the semicircle
diameter. The impedance values of composites are in the order of 2%-CuS/BW-180 (about 1175 ) > 7%-CuS/BW-180 (about
986 ) > 5%-CuS/BW-180 (about 859 ), and 2%-CuS/BM-160
(about 1040 ) > 7%-CuS/BM-160 (about 938 ) > 5%-CuS/BM160 (about 741 ). The above results are consistent with the
photocurrent tests. Indicating that CuS can improve photo-

journal of environmental sciences 103 (2021) 185–195

189

Fig. 5 – Mapping of (a) 5%-CuS/BM-160, and (b) 5%-CuS/BW-180; High-resolution transmission electron microscopy (HRTEM)
image of the (c) 5%-CuS/BM-160 and (d) 5%-CuS/BW-180. d: interplanar crystal spacing.

electric conversion efficiency and electron transfer rate, but
excessive CuS may occupy too many active sites and hinder
electron migration (Yan et al., 2018; Kumar et al., 2019). Therefore, 5%-CuS/BM-160 and 5%-CuS/BW-180 will be further studied.

2.2.

Physical characterization

XPS was further used to investigate the composition and valence of 5%-BW-180 and 5%-BM-160. Fig. 3a showed the highresolution XPS spectra of Bi 4f of 5%-BW-180 and 5%-BM-160.
The two main peaks at 164.73 and 159.48 eV are corresponding to Bi 4f5/2 and Bi 4f7/2 , respectively. This indicates Bi element exists in Bi3+ state in 5%-BW-180 and 5%-BM-160 samples (Phu et al., 2020). The O 1s peak centered at 529.82 eV in
Fig. 3b is attributed to the oxygen element in the composite
structure (Liu et al., 2018.). Fig. 3c shows the XPS spectrum of
Cu 2p with peak centers at 932.2 and 952.0 eV, corresponding
to Cu 2p3/2 and Cu 2p1/2 . Satellite peaks at 941.5 eV indicates
the presence of Cu2+ (Lu et al., 2017; Prakash et al., 2018). In
Fig. 3d, the doublet peaks at 167.7 and 162.3 eV correspond to
S 2p1/2 and S 2p3/2 , indicating the presence of metal sulfides
(Zhao et al., 2017; Radhakrishnan et al., 2016). The S 2p1/2 and
S 2p3/2 peaks have shifted compared with the literature, indicating the interaction between CuS and Bi2 MoO6 or Bi2 WO6
(Shao et al., 2016). For Mo 3d shown in Fig. 4e, the two strong
peaks at 231.7 and 234.9 eV in 5%-BM-160 are consistent with

Mo 3d5/2 and Mo 3d3/2 of Mo6+ (Chou et al., 2019). The characteristic peaks of W 4f7/2 and W 4f5/2 at 34.9 and 36.9 eV (Fig. 3f)
can be attributed to the existence of W in the +6 oxidation
state (Yang et al., 2018).
The morphology of BW-180, BM-160, 5%-CuS/BW-180 and
5%-CuS/BM-160 were studied by SEM. It can be seen from
Fig. 4a-d that the composites is stacked in layers. While
5%-CuS/BW-180 is stacked in thick and short layers, and
5%-CuS/BM-160 is composed of thin and long sheets. This
may provide multiple active sites to improve catalytic performance.
Fig. 5a–b are the mappings of 5%-CuS/BW-180 and 5%CuS/BM-160, showing the elements in the materials. Fig. 5c-d
shows three lattice spacing of 0.328, 0.315, and 0.316 nm, respectively, which are consistent with the CuS (100), Bi2 WO6
(131), and Bi2 MoO6 (131) planes in XRD. These results further
prove that 5%-CuS/BW-180 and 5%-CuS/BM-160 heterostructures were successfully prepared.
To further study the ability of absorbing visible light, UV–
vis DRS tests were performed. Fig. 6a shows that all catalysts have strong absorption of visible light. CuS has strong
absorption between 200 and 800 nm wavelength. BW-180
and 5%-CuS/BW-180 have absorption intensity in the visible light region. At the same time, the absorption strength
of 5%-CuS/BW-180 and 5%-CuS/BM-160 is also higher than
that of BW-180 and BM-160. Moreover, 5%-CuS/BM-160 shows
higher absorption than that of 5%-CuS/BW-180. Which shows

190

journal of environmental sciences 103 (2021) 185–195

of BW-180, BM-160, 5%-CuS/BW-180 and 5%-CuS/BM-160 are
1.57, 1.64, 1.98, and 2.03 nsec, which indicate that 5%-CuS/BM160 has excellent charge carrier transport capacity (Cao et al.,
2013). According to the above discussion, 5%-CuS/BM-160 has
excellent PEC performance.

2.3.

Fig. 6 – (a) UV–Vis diffuse reflectance spectra, plots of
(αhv) n /2 vs. photon energy (hv) for (b) CuS, (c) BW-180 and
(d) BM-160; (e) photoluminescence (PL) spectra and (f) PL
decay of the BW-180, BM-160, 5%-CuS/BW-180 and
5%-CuS/BM-160. α: absorption coefficient; n: the type of
optical transition.

the composite effect of CuS: BM-160 is higher than BW-180
(Huang et al., 2019). On the basis of the basic electronegativity concept, the band-gap energy (Eg ) is computed by applying
Eq. (1).

n/2
αhν = A hν − Eg

(1)

where α is absorption coefficient, h is Planck’s constant, ν is incident light frequency, A is constant, and n is the type of optical transition. As shown in Fig. 6b-d, CuS, BM-160 and BW-180
are all direct band gap semiconductors, so n = 1. Therefore,
the band gap widths of CuS, BW-180 and BM-160 are 2.18, 2.82,
and 2.32 eV, respectively. In order to further study the charge
transfer and recombination process of the carrier in the PEC
process, the PL spectrum of the synthetic material was measured, as shown in Fig. 6e. It can be seen that the PL emission
spectra of BW-180 and 5%-CuS/BW-180 show a strong peak at
about 470 nm. Compared with the BW-180, the peak intensity of 5%-CuS/BW-180 is lower. A strong peak appeared at
500 nm for BM-160 and 5%-CuS/BM-160, the peak intensity
of 5%-CuS/BM-160 was significantly lower than that of BM160. The results indicated that the composites can reduce the
recombination efficiency of charge carriers, and the composite effect of BM-160 is higher than that of BW-180. Additionly,
Fig. 6f shows the fitting curve of the material’s electronic decay
time through the time-resolved PL spectrum. The life spans

Photoelectrochemical sensor

The PEC performance of BM-160, BW-180, 5%-CuS/BW-180 and
5%-CuS/BM-160 towards 1 μmol/L Cr (VI) are shown in Fig. 7a.
When 1 μmol/L Cr (VI) is added to 0.1 mmol/L HNO3 , the photocurrent rapidly increases under light, indicating that the
electrode material has good sensitivity and stability to Cr (VI).
At the same time, the response of composites to Cr (VI) is more
obvious than that of monomers. The PEC sensor based on 5%CuS/BM-160 has the most obvious response, which indicates
that CuS composite with BM is better than BW.
The PEC sensor based on 5%-CuS/BW-180 for different concentrations of Cr (VI) is shown in Fig. 7b–c. As in Fig. 7b,
the photocurrent response gradually increases with increasing the concentration of Cr (VI), but its photocurrent response
is significantly higher than that of 5%-CuS/BM-160. The PEC
sensor based on 5%-CuS/BM-160 has a linear relationship between 0.5 and 230 μmol/L for detecting Cr (VI), and the detection limit is 0.12 μmol/L. Based on the above discussions,
the sensor based on 5%-CuS/BM-160 has better performance
in both optical and electrical characterization compared with
the above 5%-CuS/BW-180 sensor (Fig. S4). Furthermore, Table S2 shows the comparison of 5%-CuS/BM-160 with other Cr
(VI) sensors reported in the literatures. The prepared sensor
shows similar or superior to other Cr (VI) sensors. This may
be 5%-CuS/BM-160 stacked in layers, with loose structure and
many active sites, which promotes the effective separation
of photogenic electron holes and improves the photocurrent
(Zhao et al., 2016).
Fig. 8a shows the stability of PEC sensor based on 5%CuS/BM-160. The PEC sensor was monitored by repeating the
photoexcitation process within 820 sec. It can be observed that
during the process of avoiding light, the dark current is very
stable. When the light is turned on, the photocurrent increases
rapidly and remains stable for 20 sec. And during the continuous switch light avoidance test, the photocurrent and dark
current remained stable. In order to further study the longterm stability, we compare the current changes of the sensors
within 14 days, as shown in Fig. 8b. The response photocurrent after 14 days is 97.9% of its initial value. Moreover, the
Fig. S5 shows the SEM image of 5%-CuS/BM-160 after the PEC
test, and compared with Fig. 4d shows that the morphology of
5%-CuS/BM-160 basically remains unchanged before and after
PEC test, indicating that 5%-CuS/BM-160 has excellent stability. These results show that the sensor has excellent stability.
The reproducibility of the sensor was tested by detecting 20
μmol/L Cr (VI) with five parallel electrodes (Fig. 8c). The photocurrents of the five parallel electrodes do not show any significant changes, indicating good reproducibility.
The selectivity of sensor was determined by adding Cr (VI)
and coexisting ions (including Na+ , Zn2+ , K+ , Co2+ , Cu2+ , Pb2+ ,
Fe3+ , Cl− , NO3 − , VO3 − , and MoO4 2− ) into 0.1 mmol/L HNO3 solution (Li et al., 2020; Chen et al., 2020; Wang et al., 2018). Fig. 8d
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Fig. 7 – Photocurrent responses (a) of the BM-160, BW-180, 5%-CuS/BW-180, and 5%-CuS/BM-160 in the absence and
presence of 1 μmol/L Cr (VI); (b) Photocurrent responses of 5%-CuS/BM-160 towards Cr (VI) at increasing concentrations of Cr
(VI); (c) Corresponding calibration plot of the Cr (VI) concentration in 0.1 mmol/L HNO3 at 0.3 V vs. SCE with visible light
excitation. t: time; I: the difference between the photocurrent with and without Cr (VI).

Fig. 8 – (a) Stable photocurrent response curve of the 5%-CuS/BM-160; (b) Stability test of PEC sensor based on
5%-CuS/BM-160 towards Cr (VI); (c) Current responses of five parallel 5%-CuS/BM-160 photoelectrodes to 20 μmol/L Cr (VI);
(d) Photocurrent responses to 1 μmol/L Cr (VI), and 1000 μmol/L of Na+ , Zn2+ , K+ , Co2+ , Cu2+ , Pb2+ , Fe3+ , Cl− , NO3 − , VO3 − ,
and MoO4 2− in 0.1 mmol/L HNO3 at 0.3 V vs. SCE with visible light excitation.
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Table 1 – PEC detection of Cr(VI) in tap and lake water samples.
Sample

Tap

1
2
3
1
2
3

Lake

Detected

Not found
Not found
Not found

Cr (VI) concentration (μmol/L)
Added

Found

1.00
110.00
200.00
1.00
110.00
200.00

1.02
109.96
201.96
0.97
110.26
200.12

Recovery (%)

RSD (%)

102.00
99.96
100.98
97.00
100.24
100.06

3.12
2.51
3.96
3.62
2.81
4.77

observed that the photocurrent change is not obvious when
coexisting ions are added.
In order to verify the practical application performance of
the prepared Cr (VI) sensor, tap water and lake water containing Cr (VI) were used. The results are shown in Table 1. The
relative standard deviation (RSD) values are less than 4.77%,
and the recoveries are 99.96%–102.00% and 97.00%–100.24%,
respectively. In summary, the results show that the sensor
based on 5%-CuS/BM-160 can be used for actual Cr (VI) detection.

2.4.

Proposed mechanism of PEC detecting Cr (VI)

In order to explore the mechanism of PEC sensor based
on CuS/Bi2 XO6 for detecting Cr (VI), the following equations
(Xu et al., 2000) were used to study the conduction band energy (ECB ) and valence band energy (EVB ) of CuS, BW-180 and
BM-160, respectively:
EVB = χ − Ee + 0.5Eg

ECB = EVB − Eg

(2)

(3)

Ee is Free electron energy relative to hydrogen standard electrode, χ is the electronegativity of the semiconductor, and the values of CuS, BW-180 and BM-160 are 5.29, 6.22,
and 5.94 eV, respectively. The calculation results show the ECB
of CuS, BW-180 and BM-160 are divided into −0.3, 0.31 and
−0.12 eV, while the EVB of CuS, BW-180 and BM-160 is divided
into 1.88, 3.13 and 2.2 eV. As shown in Fig. 9a, the forbidden
band width of BM-160 is significantly smaller than that of BW180, indicating that the ability of BM-160 to absorb visible light
is significantly higher than that of BW-180. This further confirms that the PEC performance of BM-160 is better than that
of BW-180 (Voronkova et al., 2009; Šalkus et al., 2015). Fig. 9b–
c shows the mechanism of CuS recombination with BW-180
and BM-160, respectively. CuS, BW-180 and BM-160 all generate electron-hole pairs when the light is irradiated to the semiconductor material, and the excited electrons will all transition from the valence band to the conduction band. Since the
conduction and valence band potentials of BW-180 and BM160 are both higher than that of CuS, so the electrons in the
CuS conduction band will migrate to the BW-180 and BM-160
conduction bands, and the photogenerated electrons in the
BW-180 and BM-160 conduction bands will be used to reduce

Fig. 9 – (a) Potential and PEC mechanism of (b) CuS/Bi2 WO6
and (c) CuS/Bi2 MoO6 for the detection of Cr (VI). NHE:
hydrogen standard electrode; e− : electron; h+ : hole; CB:
conduction band; VB: valence band.

Cr (VI) to Cr (III). The holes in the valence bands of BW-180 and
BM-160 will be transferred to the valence band of CuS, which
is very beneficial for promoting charge carrier separation and
reducing electron-hole recombination (Zhang et al., 2015). It
shows that CuS promotes the composite Bi2 XO6 semiconductor material to improve the electron transfer rate, promote
charge separation, and enhance optical and electrical properties. Among them, the energy level matching of BM-160 and
CuS may be better than BW-180, resulting in its excellent PEC
performance.

3.

Conclusions

In this work, Bi2 XO6 (X = W, Mo) were synthesized at different
temperatures. While the results show the optimum synthesis temperatures of Bi2 MoO6 (BM) and Bi2 WO6 (BW) are 160
and 180°C, respectively. Then BM-160 and BW-180 were compounded with different contents of CuS. The results found
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that 5%-CuS/BW-180 and 5%-CuS/BM-160 have better catalytic
property for Cr (VI). Furthermore, the performance of PEC
sensors based on 5%-CuS/BM-160 is better than that of 5%CuS/BW-180, which exhibits a wide linear range of 0.5–230
μmol/L, with low detection limit of 0.12 μmol/L. Thus, the sensor based on 5%-CuS/BM-160 has potential application in the
detection of hexavalent chromium.
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