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A B S T R A C T

In this work, we have assembled Bi2WO6 nanoparticles on the surface of honeycomb-like porous carbon skeleton
(PCS) via a hydrothermal route to achieve a new type of PCS@Bi2WO6 hybrid composite photocatalysts. The
PCS@Bi2WO6 hybrid structures are determined by SEM, TEM and XPS characterizations. UV–vis DRS in-
vestigation suggests an enhanced visible-light absorption of the PCS@Bi2WO6 composites. Transient photo-
current response, EIS and PL spectroscopy characterizations demonstrate that the composites exhibit an efficient
separation of photoproduced electron/hole pairs. The photocatalytic performance of the composites were
evaluated by using RhB as the model pollutant and simulated sunlight as the light source. It is revealed that the
PCS@Bi2WO6 hybrid composites manifest much enhanced photocatalytic performance. The 5 wt%PCS@Bi2WO6

composite manifests the highest photocatalytic activity, which is ca. 2.1 times as large as that of bare Bi2WO6

nanoparticles. This can be mainly ascribed to two factors: (1) The photogenerated electron/hole pairs in Bi2WO6

are efficiently separated due to the electron transfer between Bi2WO6 and PCS; and (2) PCS induces enhanced
visible-light absorption and the visible-light-excited electrons in PCS could also take part in the photocatalytic
reactions.

1. Introduction

To date, environmental pollution and energy shortage have become
two of the biggest problems that urgently need to be solved.
Particularly, the wastewater discharged from chemical industries re-
sults in serious contamination of water bodies, which poses a great
threat to human health and survival. The most common pollutants in
the industrial wastewater include organic dyes and pigments, and most
of them are carcinogenic to humans and hardly self-decomposed
(Brown and De Vito, 1993; Khataeea and Kasiri, 2010). In the energy
shortage context, sunlight has been considered as an important power
source that is available for dealing with water pollution. Photocatalysis
technology based on semiconductors is particularly interesting since it
can utilize solar energy for the ablation of organic dyes, and moreover,
this technology allows the complete decomposition of organic dyes into
harmless inorganic substances (Zhao et al., 2018a; Xia et al., 2018a;
Yan et al., 2018a; Reddy et al., 2019). The photocatalytic degradation
of dyes is highly dependent on electrons (e−) and holes (h+) photo-
generated from semiconductor photocatalysts, as well as their reduction
and oxidation capabilities. Recently much work has been devoted to Ti-
contained oxide semiconductors as the photocatalysts (Zhao et al.,

2018b; He et al., 2017; Wang et al., 2019a; Akpan and Hameed, 2009).
However, due to their wide bandgap (Eg= 3.0–3.3 eV), this class of
photocatalysts can only use ultraviolet (UV) light, which occupies
merely a minor fraction of the total solar radiation, to drive their
photocatalytic activity. Furthermore, only a small fraction of photo-
excited e− and h+ carriers in the semiconductors are available to
participate in the photocatalytic reactions because of the easy re-
combination of the charge carriers. To develop an excellent photo-
catalyst that can make the best use of solar energy and possesses a high
photocatalytic efficiency, the following two points have to be con-
sidered: (1) increasing the visible-light absorption of the photocatalyst
and (2) facilitating the separation of photoproduced e−/h+ pairs. Thus,
various methods have been widely applied to modify semiconductor
photocatalysts (Zheng et al., 2017; Xia et al., 2018b; Shirzad-Siboni
et al., 2017; Tiwari et al., 2018; Wang et al., 2019b; Tayyebi et al.,
2018; Zhao et al., 2019a).

Low-dimensional nanomaterials (e.g. zero-/one-/two-dimensional
carbon materials, metal nanoparticles) generally exhibit many inter-
esting physicochemical characteristics. Due to their excellent proper-
ties, low-dimensional nanomaterials can be technologically applied in
many fields, such as bioimaging, energy conversion, optoelectronic
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devices, wave absorption and sensors (Fernando et al., 2015; Devi1
et al., 2018; Jiang et al., 2018; Cen et al., 2019a,b; Yi et al., 2019a,b;
Wang et al., 2019c‒e; Tong et al., 2019). More interestingly, these
nanomaterials, as excellent modifiers or cocatalysts, have been widely
used to modify semiconductor photocatalysts armed at improving their
photocatalytic performances (Zhao et al., 2019b; Sharma et al., 2019;
Mahdiani et al., 2018; Cruz-Ortiz et al., 2017; Di et al., 2018a; Yan
et al., 2019; Tayyebi et al., 2018; Ahmadi et al., 2017). In particular,
low-dimensional carbon nanomaterials can act as excellent electron
acceptors. This means that when carbon nanomaterials are hybridized
with semiconductors, photoproduced electrons in the semiconductors
will migrate to the carbon nanomaterials, thus efficiently leading to the
e−/h+ pair separation. Furthermore, the carbon nanomaterials have a
strong visible-light absorption in the solar spectrum, implying that the
hybridization of carbon nanomaterials with semiconductors can sig-
nificantly enhance the visible light absorption and utilization in the
photocatalysis. Up to now, graphene, carbon nanotubes and carbon
quantum dots have been frequently used to modify semiconductor
photocatalysts (Sharma et al., 2019; Mahdiani et al., 2018; Cruz-Ortiz
et al., 2017; Di et al., 2018a). However, there is little work concerned
with another type of carbon nanomaterial, honeycomb-like porous

carbon skeleton (PCS), as the photocatalyst modifier. Compared to
other carbon nanomaterials, PCS is more efficient at harvesting light by
multiple scattering and utilizing photons. It is expected to achieve ex-
cellent composite photocatalysts by hybridizing PCS with semi-
conductors.

Much recent interest has been paid to bismuth tungstate (Bi2WO6)
because of its pronounced photocatalytic performance. Bi2WO6 is
crystallized in an Aurivillius-type layered structure, and has a special
valence band (VB) that is composed of hybrid orbitals of O 2p + Bi 6s
(Oshikiri et al., 2002). Owing to its unique crystal structure and band
structure, Bi2WO6 manifests a promising photocatalytic degradation of
organic pollutants, as well as O2 evolution from water splitting (Chen
et al., 2018; Shad et al., 2017; Zhou et al., 2016; Liu et al., 2015;
Panmand et al., 2015). Nevertheless, the practical application of
Bi2WO6 as a photocatalyst is still limited because it can only be excited
by the light with λ < 420 nm and moreover the photon utilization is
low due to the easy e−/h+ recombination. To improve its overall
photoactivities, Bi2WO6 has been widely modified by various strategies,
such as heterostructure construction, impurity element doping, noble
metal decoration, surface disorder engineering and carbon material
modification (Zheng and Yang, 2018; Ma et al., 2016;
Issarapanacheewin et al., 2016; Wang et al., 2019g; Lv et al., 2016;
Etogo et al., 2016; Phuruangrat et al., 2015; Yu et al., 2019;
Hojamberdiev et al., 2018; Zhang et al., 2017; Kuo et al., 2018). In this
work, we designed and prepared a new type of PCS@Bi2WO6 composite
photocatalysts by assembling Bi2WO6 nanoparticles on the surface of
honeycomb-like PCS. It is demonstrated that the as-prepared PCS@
Bi2WO6 composites exhibit a powerful degradation of rhodamine B
(RhB), which is much higher that of bare Bi2WO6 nanoparticles.

2. Experimental

2.1. Preparation of PCS@Bi2WO6 composites

PCS@Bi2WO6 composites composed of Bi2WO6 nanoparticles as-
sembled on the surface of PCS were prepared in two-step methods. In
the first step, PCS was prepared via a simple heat-treatment method
using sucrose as the precursor. In a typical preparation process, 1 g of
sucrose (C12H22O11) and 3 g of ammonium chloride (NH4Cl) were
uniformly mixed and ground in an agate mortar. The obtained mixture
was loaded in a tubular furnace for the heat-treatment under nitrogen
atmosphere (temperature 800 °C,time 3 h). During this process, NH4Cl
was decomposed into NH3 and HCl, and the formed NH3/HCl gas

Fig. 1. Schematic illustration of the preparation of PCS@Bi2WO6 composites.

Fig. 2. XRD patterns of Bi2WO6 and 5wt%PCS@Bi2WO6.
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bubbles expanded the melted and carbonized sucrose, and as a result,
honeycomb-like porous carbon skeleton was formed. A washing process
with deionized water and absolute ethanol was performed to remove
the impurities. After drying several hours at 60 °C, the final PCS product

was obtained. The second step was to assemble Bi2WO6 nanoparticles
on the surface of PCS by a hydrothermal method. Typically, acetic acid
(3.0025 g, 0.05mol) and Bi(NO3)3·5H2O (0.9702 g, 0.002mol) were
added in deionized water (20mL) to form solution A. Na2WO4·2H2O

Fig. 3. (a,b) SEM images of bare Bi2WO6 particles. (c) Statistical estimation of the primary particle size distribution. (d) SEM image of PCS. (e,f) SEM images of the
5 wt%PCS@Bi2WO6 composite.

Fig. 4. TEM image (a), high-resolution TEM image (b), SAED pattern (c), EDS spectrum (d), DF-STEM image (e), and energy-dispersive X-ray elemental mapping
images (f–i) of the 5 wt%PCS@Bi2WO6 composite.
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(0.3298 g, 0.001mol) was added in deionized water (20mL) to form
solution B. Then solution A was slowly mixed into solution B under mild
stirring with a magnetic stirrer. To the above mixture was added 2.2 g
(0.055mol) of NaOH and an amount of deionized water (total volume
of the mixture: 70mL). After 30min of magnetic stirring, 0.0367 g of
PCS was loaded in the mixture solution and magnetically stirred for
another 30min to make PCS uniformly dispersed in the solution. The
resultant mixture was put into a Teflon-lined autoclave (100mL) for the
hydrothermal reaction. The reaction temperature was 200 °C and re-
action time was 24 h. Deionized water and ethanol was used to wash
the product to remove impurities. After 12 h of drying at 60 °C, the final
product was obtained as 5 wt%PCS@Bi2WO6 (PCS occupies a mass
fraction of 5% in the composite, i.e., mPCS/
(mPCS + mBi2WO6)× 100%=5%). Fig. 1 shows the flow chart for the
preparation of PCS@Bi2WO6 composites. By loading different contents
of PCS, we also prepared 2 wt%PCS@Bi2WO6, 8 wt%PCS@Bi2WO6 and
10 wt%PCS@Bi2WO6 composites based on the same experimental pro-
cedure.

2.2. Sample characterization

The crystal structure of the samples was identified by means of X-
ray powder diffraction (XRD) on a Bruker D8 Advance powder X-ray
diffractometer (λCuKα=0.15406 nm). Field-emission scanning/trans-
mission electron microscopy (SEM/TEM) was used to investigate the

morphology and microstructure of the samples. The instruments used
for the SEM/TEM observations were a JEOL JSM-6701F scanning
electron microscope and a JEOL JEM-1200EX transmission electron
microscope. Energy-dispersive X-ray spectroscopy (EDS) attached to
TEM was use to analyze the chemical composition and elemental dis-
tribution of the samples. The N2 adsorption-desorption technique was
used to analyze the Brunauer–Emmett–Teller (BET) area of the samples
on a Tristar II 3020 porosimetry analyzer. X-ray photoelectron spec-
troscopy (XPS) was used to determine the chemical states of elements in
the samples on a PHI-5702 multi-functional X-ray photoelectron spec-
trometer with Mg Kα radiation. The optical absorption and bandgap
energy of the samples were characterized by ultraviolet–visible diffuse
reflectance spectroscopy (UV–vis DRS) on a TU-1901 double beam
UV–vis spectrophotometer. A fluorescence spectrophotometer was used
to measure the photoluminescence (PL) spectra of the samples at an
excitation wavelength of 315 nm. A CST 350 electrochemical work-
station with a three-electrode cell configuration was employed for the
photoelectrochemical measurements. The working electrode prepara-
tion and measurement procedures were the same as those reported in
the literature (Di et al., 2018a, 2018b; Bi et al., 2019). The used elec-
trolyte was 0.1mol L−1 Na2SO4 aqueous solution, and the light source
was simulated sunlight emitted from a 200-W xenon lamp. The EIS
measurement was carried out by the use of a sinusoidal voltage pulse
with amplitude of 5mV.

2.3. Photocatalytic test

To assess the photocatalytic performance of the samples, RhB aqu-
eous solution (5mg L−1) was used as the model pollutant and a 200W
xenon lamp was used as the simulated sunlight source. The photo-
catalyst dosage was 0.1 g in 100mL RhB solution. Before the photo-
catalytic experiment, the reaction solution was placed in the dark for
30min under magnetic stirring to examine the adsorption of RhB on the
photocatalyst. At every 30min of photocatalysis, the RhB concentration
was monitored by sampling 2.5mL of the reaction solution. After re-
moving the photocatalyst by centrifugation, the absorbance of the re-
action solution was measured on a UV–vis spectrophotometer at
λ=554 nm. The degradation efficiency of RhB can be derived ac-
cording to D% = (C0− Ct)/C0× 100%, where C0 and Ct are the initial
and residual RhB concentration, respectively.

3. Results and discussion

The crystal structures of Bi2WO6 and 5wt%PCS@Bi2WO6 were de-
termined by XRD patterns, as depicted in Fig. 2. For both the samples,
the diffraction peaks including their positions and relative intensities
match well with the standard pattern of PDF#73–2020. This implies the
synthesis of single orthorhombic Bi2WO6 phase and its structure dose
not change when decorated on the surface of PCS. No characteristic
peaks of PCS are detected for the 5 wt%PCS@Bi2WO6 composite, which
is due to the extremely low content and amorphous feature of PCS.

Fig. 3(a) and (b) display the SEM images of bare Bi2WO6 particles.
The statistical estimation of the primary particle size distribution is
presented in Fig. 3(c). One can see that the particles have a regularly
spherical morphology, and their main size ranges from 60 to 120 nm
(average size: 85 nm). The SEM image of PCS depicted in Fig. 3(d) re-
veals the successive preparation of honeycomb-like porous carbon
skeleton. The pore size ranges from 1.5 to 3 μm and the average pore
size is ca. 2 μm. Fig. 3(e) and (f) depict the SEM images of the 5 wt%
PCS@Bi2WO6 composite, from which Bi2WO6 nanoparticles are clearly
seen to be uniformly assembled on the surface of PCS.

The chemical composition and microstructure of the 5 wt%PCS@
Bi2WO6 composite was further investigated by TEM. The TEM image
(Fig. 4(a)) demonstrates the good decoration of sphere-like Bi2WO6

nanoparticles (average size: 85 nm) on the surface of PCS. The high-
resolution TEM image (Fig. 4(b)) depicts the good crystallization of

Fig. 5. N2 adsorption-desorption isotherms of (a) Bi2WO6 and (b) 5 wt%PCS@
Bi2WO6. The insets depict the corresponding pore size distribution curves de-
rived from the adsorption branch of the isotherms using the BJH method.
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Bi2WO6 nanoparticles but a amorphous structure for PCS. The observed
lattice fringes of 0.318 nm in the d-spacing match perfectly with the
(113) crystal plane of Bi2WO6. The good crystallization of Bi2WO6 can
be further confirmed by the selected area electron diffraction (SAED)
pattern. As illustrated in Fig. 4(c), obvious diffraction spots being
characteristic of orthorhombic Bi2WO6 crystals are detected on the
SAED pattern. However, these diffraction spots are not regularly ar-
ranged in a single lattice period, indicating the possible existence of
subgrains in the individual particle. To determine the chemical com-
position 5 wt%PCS@Bi2WO6, its EDS spectrum was measured, as shown
in Fig. 4(d). The elements Bi, W, O and C are clearly included in the
composite. The observed Cu signal on the EDS spectrum could come
from the TEM microgrid holder (Ye et al., 2019). The Bi/W atomic ratio
derived from the EDS spectrum agree well with that in the Bi2WO6

phase, but the obtained O content is very low. One possible reason is
that EDS is not sensitive to light elements like oxygen (Ye et al., 2019).
To further elucidate the element distribution of 5 wt%PCS@Bi2WO6,
energy-dispersive X-ray elemental mappings are obtained in
Fig. 4(f)–(i). These mapping images correspond to the dark-field scan-
ning TEM (DF-STEM) image shown in Fig. 4(e). The bright particles on
the gray lamella clearly shows the distribution of Bi/W/O elements, and
the C-element distribution is observed throughout the lamella. This
result further confirms the decoration of Bi2WO6 nanoparticles on the
surface of PCS.

Fig. 5(a) and (b) show the N2 adsorption-desorption isotherms of
Bi2WO6 and 5wt%PCS@Bi2WO6, respectively. Both the isotherms can
be characterized as type II based on the IUPAC classification (Sing and
Williams, 2004). The desorption and adsorption curves coincides per-
fectly with each other and no obvious hysteresis loop is observed. This
implies minor micro-/meso-/macropores structures exist in the sam-
ples. Using the Barrett–Joyner–Halenda (BJH) method, the pore size
distribution curves are derived from the adsorption branch of the

isotherms, as shown by the insets in Fig. 5(a) and (b). It is seen that the
Y-axis (i.e. dV/dD) values appear very small, further implying the ex-
istence of minor micro-/meso-/macropores structures in the samples.
The BET surface area of Bi2WO6 and 5wt%PCS@Bi2WO6 is obtained as
0.37 and 24.75m2 g−1, respectively. The much enhanced BET surface
area of the composite could be beneficial to the photocatalysis.

XPS analysis was performed on 5wt%PCS@Bi2WO6 to reveal its
composition and chemical states of the elements. The XPS survey scan
spectrum illustrated in Fig. 6(a) clearly shows the composite includes
the Bi, W, O and C elements. Fig. 6(b)–(e) illustrate the high resolution
XPS spectra of Bi 4f, W 4f, O 1s and C 1s core levels, respectively. As
illustrated in Fig. 6(b), two sharp peaks at 159.0 (Bi 4f7/2) and 164.3 eV
(Bi 4f5/2) are observed on the Bi 4f XPS spectrum (Wang et al., 2019g;
Seddigi et al., 2016; Pooladi et al., 2019). On the W 4f spectrum
(Fig. 6(c)), the peaks at 35.2 and 37.3 eV are attributed to the W 4f7/2
and W 4f5/2 binding energies (Wang et al., 2019g; Seddigi et al., 2016).
No additional Bi 4f and W 4f binding energy peaks are detected on the
XPS spectra. This indicates that W species behaves as +6 oxidation
state and Bi species behaves as +3 oxidation state. The O 1s XPS
spectrum (Fig. 6(d)) is composed of three peaks at 530.1, 531.7 and
533.3 eV, which are contributed by the crystal lattice oxygen of
Bi2WO6, chemisorbed oxygen species and water species, respectively
(Wang et al., 2019g; Seddigi et al., 2016; Pooladi et al., 2019). The C 1s
XPS spectrum (Fig. 6(e)) shows two peaks at 284.8 and 282.9 eV. The
binding energy peak at 284.8 eV is contributed by the C–C sp2-hy-
bridized carbon of PCS and adventitious carbon that is used for the
binding energy scale calibration (Yu and Kwak, 2012; Yan et al.,
2018b). The peak at 282.9 eV could be characteristic of the formed
carbide (Cheng et al., 1998; Moulder et al., 1992).

It is noted that the photocatalytic performances of semiconductors
are highly dependent on their optical absorption properties, which can
be determined by UV–vis DRS measurements (Zhang et al., 2019; Wang

Fig. 6. Survey scan (a), Bi 4f (b), W 4f (c), O 1s (d) and C 1s (e) core-level XPS spectra of 5 wt%PCS@Bi2WO6.

S. Wang, et al. Journal of Environmental Management 248 (2019) 109341

5



et al., 2019f). Fig. 7(a) depicts the UV–vis DRS spectra of PCS, Bi2WO6

and 5wt%PCS@Bi2WO6. It is seen that PCS shows full-spectrum ab-
sorption in the measured wavelength range (230–850 nm). Due to the
strong light absorption of PCS, the 5 wt%PCS@Bi2WO6 composite

therefore manifests enhanced light absorption compared to bare
Bi2WO6. The digital images of the samples inserted in Fig. 7(a) de-
monstrate that bare Bi2WO6 and PCS manifest a cream-like color and
black color, respectively, whereas 5wt%PCS@Bi2WO6 presents a gray
color. It is obvious that the 5 wt%PCS@Bi2WO6 composite shows a
deeper apparent color than bare Bi2WO6, confirming that the composite
has an enhanced visible-light absorption and thus can utilize sunlight
more efficiently during the photocatalysis. To determine the bandgap
energy (Eg) of the samples, the first derivative curves of their UV–vis
DRS spectra are obtained in Fig. 7(b). The peak on the derivative curves
is characteristic of the absorption edge of the samples. A similar ab-
sorption edge at 423.9 eV is observed for Bi2WO6 and 5wt%PCS@
Bi2WO6, from which their Eg is obtained as 2.93 eV according to the
relationship Eg= 1240/λabs (λabs represents the absorption edge wa-
velength).

Fig. 8 shows the FTIR spectra of sucrose, PCS and 5wt%PCS@
Bi2WO6. On the FTIR spectrum of sucrose, numerous absorption peaks
or bands being characteristic of sucrose are observed in the region of
500–1500 cm−1 (Yang et al., 2018). When sucrose was heat-treated to
obtain PCS, the absorption peaks corresponding to sucrose disappear
and new absorption peaks are detected on the FTIR spectrum of PCS.
The absorption peak at 1620 cm−1 is characterized as the C–C
stretching vibration (Xie et al., 2017). The observed peaks at 796 and
879 cm−1 can be attributed to the C–H deformation vibrations and the
peak at 954 cm−1 can be assigned to the C–O stretching vibration. This
implies the possible formation of C–H and C–O functional groups in
PCS. The peaks located at 1393and 1099 cm−1 arise from the O–H in-
plane deformation and C–OH stretching vibrations of alcohols left on
the sample during the washing process. The presence of NH3+ group is
confirmed from the broad absorption band centered around 3146 cm−1

(N–H stretching vibration) (Mert et al., 2012). For 5 wt%PCS@Bi2WO6,
additional absorption peaks are detected at 445, 580 and 732 cm−1,
which correspond to the Bi–O stretching, W–O stretching and W–O–W
bridge stretching modes, respectively (Li et al., 2017; Chong et al.,
2017). This suggests that Bi2WO6 nanoparticles are successfully as-
sembled on the PCS surface.

Photocurrent response, EIS and PL spectroscopy analyses were
performed on Bi2WO6 and 5wt%PCS@Bi2WO6 to assess the e−/h+ pair
separation and transfer behavior. The transient photocurrent response
curves are recorded with 10min irradiation of simulated sunlight fol-
lowed by 10min interval, as shown in Fig. 9(a). Both Bi2WO6 and 5wt
%PCS@Bi2WO6 samples show an obvious photocurrent on the irra-
diation with simulated sunlight, but a higher photocurrent density is
observed for the composite. Fig. 9(b) depicts the EIS spectra (Nyquist
plots) of Bi2WO6 and 5wt%PCS@Bi2WO6, both of which manifest a
shape of a semicircle in the high-frequency region and a straight line in
the low-frequency region. The semicircle diameter of the Nyquist plots
corresponds to the electrode/electrolyte interface charge-transfer re-
sistance (Wang et al., 2019h; Zhu et al., 2018). The observed smaller
semicircle diameter for 5 wt%PCS@Bi2WO6 suggests a smaller charge-
transfer resistance in the composite. From the photocurrent responses
and EIS spectra, it is concluded that a higher separation efficiency of
photogenerated e−/h+ pairs occurs in the 5 wt%PCS@Bi2WO6 com-
posite. This result is further confirmed by the PL spectroscopy analysis.
As depicted in Fig. 9(c), a PL emission peak at ca. 580 nm is observed
for both Bi2WO6 and 5wt%PCS@Bi2WO6, which could arise due to the
recombination of photogenerated electron/hole pairs. However, the PL
emission peak from 5wt%PCS@Bi2WO6 is obviously lower than that
from bare Bi2WO6, indicating a decreased electron-hole recombination
in the composite.

The Mott-Schottky measurement was performed according to the
procedure reported in the literature (Fattah-alhosseini, 2016; Cardon
and Gomes, 1978), aimed at determining the conduction band (CB) and
VB potentials of Bi2WO6 nanoparticles. Fig. 9(d) illustrates the Mott–-
Schottky plots measured at two voltage frequencies of 3000 and
5000 Hz. The linear portion of the Mott–Schottky plots is extrapolated

Fig. 7. (a) UV–vis DRS spectra of Bi2WO6, 5 wt%PCS@Bi2WO6 and PCS, along
with the corresponding digital images of the samples (inset). (b) First derivative
curves of the UV–vis DRS spectra.

Fig. 8. FTIR spectra of sucrose, PCS and 5wt%PCS@Bi2WO6.
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to the V axis to yield a same flat band potential (VFB) at both fre-
quencies, i.e., −0.47 V vs SCE. The SCE potential can be converted to
the potential with reference to normal hydrogen electrode (NHE) ac-
cording to the relationship: V(NHE)= V(SCE) + 0.059 pH + 0.242
(here pH = 7) (Zhao et al., 2018b). Bi2WO6 behaves as an n-type
semiconductivity since the Mott–Schottky plots have a positive slope.
For an n-type semiconductor, the CB edge potential can be approxi-
mately equal to the flat band potential. Thus, the CB and VB potentials
of Bi2WO6 nanoparticles are estimated as +0.19 and + 3.12 V vs NHE
(Eg= 2.93 eV).

To assess the photocatalytic degradation performances of the sam-
ples, RhB was chosen as a model pollutant and simulated sunlight was
used as the light source. Fig. 10(a) displays the adsorption and photo-
catalytic degradation of RhB over the samples. The adsorption of RhB
on the samples was measured at 30min of contact time in the dark, and
is obtained to be 9.1% for bare Bi2WO6. With increasing the PCS con-
tent, the dye adsorption on the PCS@Bi2WO6 composites gradually
increases, and reaches 19.9% for 10 wt%PCS@Bi2WO6. It is generally
accepted that an appropriate increase in the dye adsorption on the
photocatalyst is beneficial to the photocatalytic degradation reactions.
Compared to bare Bi2WO6, the PCS@Bi2WO6 composites exhibit an
obviously enhanced photocatalytic activity. The optimal composite
sample is observed to be 5wt%PCS@Bi2WO6 with a PCS mass fraction
of 5%. This is due to the fact that an appropriate ratio between PCS and
Bi2WO6 can create the highest level of PCS@Bi2WO6 hybrid structures
which are beneficial to the enhanced photocatalytic performance. After
180min illumination, the 5 wt%PCS@Bi2WO6 composite photo-
catalyzes 77.9% degradation of RhB, whereas only 49.5% of the dye is
degraded over bare Bi2WO6 (see Table 1). The photocatalytic activity
between the samples is further compared by the kinetic analysis on the
dye degradation. As shown in Fig. 10(b), the plots of Ln(Ct/C0) vs ir-
radiation time t manifest a good linear relationship, indicating that the

dye degradation process can be perfectly modeled using the pseudo
first-order kinetic equation: Ln(Ct/C0)=−kappt (kapp represents the
apparent first-order reaction rate constant) (Konstantinou and Albanis,
2004). The value of kapp derived from the slope of the regression lines is
presented in Table 1, revealing that the optimum composite sample
5 wt%PCS@Bi2WO6 (kapp= 0.00825min−1) possesses a photocatalytic
activity ca. 2.1 times as large as that of bare Bi2WO6

(kapp= 0.0039min−1). The photocatalytic performance of 5 wt%PCS@
Bi2WO6 is compared with that of previously reported Bi2WO6-based
composite photocatalysts toward the RhB degradation, as shown in
Table S1, implying that the present 5 wt%PCS@Bi2WO6 manifests ex-
cellent photocatalytic performance.

To reveal the role of various reactive species in the photocatalysis,
the effect of ethanol, benzoquinone (BQ) and ammonium oxalate (AO)
on the dye degradation was investigated. Ethanol, BQ and AO were
used as the scavengers of hydroxyl (•OH), superoxide (•O2

−) and pho-
togenerated h+, respectively (Zhao et al., 2019c). 5 mL ethanol,
0.1 mmol BQ and 0.1mmol AO were separately added into the photo-
catalytic system (0.1 g of 5 wt%PCS@Bi2WO6 + 100 mL of 5 mg L−1

RhB solution), and then the photocatalytic degradation experiment was
performed in the same procedure without addition of the scavengers. As
illustrated in Fig. 10(c), the addition of ethanol has a very small effect
on the degradation of RhB, whereas an obvious suppression of the dye
degradation is observed with the introduction of AO or BQ. It is con-
cluded from the reactive species trapping experiments that the dye
degradation is mainly dependent on the •O2

− and h+ reactive species,
but the role of •O2

− is relatively larger than that of h+.
The reusability of the 5 wt%PCS@Bi2WO6 composite was examined

by recycling photocatalytic degradation of RhB. After each photo-
catalysis cycle, the photocatalyst was collected and recovered by
washing with deionized water and drying at 60 °C for 5 h. The re-
covered photocatalyst was used for the next cycle of the photocatalytic

Fig. 9. Photocurrent response curves (a), Nyquist EIS spectra (b), PL spectra (c) and Mott–Schottky plots (d) of Bi2WO6 and 5 wt%PCS@Bi2WO6.
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experiment under the same conditions. As seen from Fig. 10(d), the 5 wt
%PCS@Bi2WO6 composite shows a good stability for the photocatalytic
degradation of RhB. After reaction for 180min, the degradation per-
centage of RhB is about 77.9% and 72.3% at the 1st and 4th cycles of
the photocatalysis, respectively, indicating a loss of only 4.7% of the
dye degradation.

Fig. 11 schematically shows the photocatalytic mechanism of PCS@
Bi2WO6 toward the dye degradation. Under simulated sunlight irra-
diation, electrons in the VB of Bi2WO6 are excited to its CB, simulta-
neously creating holes in its VB. PCS can also undergo the electronic
excitation, i.e., electrons in a low-energy state (e.g. the highest occu-
pied molecular orbital, HOMO) are excited to a high-energy state (e.g.
the lowest unoccupied molecular orbital, LUMO) (Li et al., 2012). The
photoexcited PCS can be acted as a good electron donor and acceptor.
Consequently, the CB electrons of Bi2WO6 will migrate to the HOMO of
PCS, and conversely the photoexcited electrons in the LUMO of PCS will
transfer to the CB of Bi2WO6. This electron excitation and transfer
process is very similar to the case occurring in the carbon quantum dots
modified semiconductor photocatalysts (Li et al., 2012). Due to the
interesting electron transfer process, the recombination of the

photogenerated electrons and holes in Bi2WO6 can be efficiently sup-
pressed, resulting in more photogenerated carriers participating in the
photocatalytic reactions. As a result, the PCS@Bi2WO6 composites ex-
hibit much enhanced photocatalytic performance under irradiation of
simulated sunlight (especially in the UV region). On the other hand,
PCS is excited by the visible-light absorption, and the photoexcited
electrons could also take part in the photocatalytic reactions. This is the
secondary reason resulting in the enhanced photocatalytic performance
of the PCS@Bi2WO6 composites (especially in the visible-light region).
The enough positive VB potential of Bi2WO6 (+3.12 V vs NHE) means
that the photogenerated VB holes in Bi2WO6 can react with H2O or
OH− to generate •OH (E0(H2O/•OH) = +2.38 V vs NHE, E0(OH−/
•OH) = +1.99 V vs NHE (Gao et al., 2019; He et al., 2016). However,
•OH plays only a minor role in the degradation of RhB according to the
reactive species trapping experiments, whereas direct hole oxidation is
confirmed to be a main mechanism casing the dye degradation. •O2

− is
also determined to an important reactive species in the photocatalysis.
The production of •O2

− could be derived from the combination of ad-
sorbed O2 with the photoexcited e− at higher excited states of Bi2WO6

or in PCS. It is noted that, however, the photogenerated e− in the CB of
Bi2WO6 can not react with O2 to produce •O2

− since the CB potential of
Bi2WO6 (+0.19 V vs NHE) is not negative to the O2/•O2

− (−0.13 V vs
NHE) (Di et al., 2019).

4. Conclusions

Bi2WO6 nanoparticles (average size: ~85 nm) have been success-
fully assembled on the surface of honeycomb-like PCS (average pore
size: ~2 μm) via a hydrothermal route. The achieved PCS@Bi2WO6

hybrid composite photocatalysts exhibit an excellent photocatalytic
degradation of RhB under simulated sunlight irradiation. Especially, the

Fig. 10. (a) Time-dependent photocatalytic degradation of RhB over Bi2WO6 and the PCS@Bi2WO6 composites with different PCS contents under simulated sunlight
irradiation. (b) Plots of Ln(Ct/C0) vs irradiation time t for the RhB degradation photocatalyzed by the samples. (c) Effect of ethanol, BQ and AO on the degradation of
RhB over 5 wt%PCS@Bi2WO6. (d) Recycling ability of 5 wt%PCS@Bi2WO6 toward the photocatalytic degradation RhB.

Table 1
Degradation percentage of RhB (reaction for 180min) and apparent first-order
reaction rate constant kapp for Bi2WO6 and the PCS@Bi2WO6 composites.

Samples Degradation (%) kapp (min−1)

Bi2WO6 49.5 0.0039
2wt%PCS@Bi2WO6 64.5 0.00581
5wt%PCS@Bi2WO6 77.9 0.00825
8wt%PCS@Bi2WO6 73.5 0.00735
10wt%PCS@Bi2WO6 66.9 0.00604
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5wt%PCS@Bi2WO6 composite with a PCS mass fraction of 5% man-
ifests a photocatalytic activity about 2.1 times larger than that of bare
Bi2WO6 nanoparticles. There are two key factors for the enhanced
photocatalytic activity of the PCS@Bi2WO6 hybrid composites. One is
that the electron transfer between Bi2WO6 and PCS promotes the se-
paration of photoproduced e−/h+ pairs in Bi2WO6. The other is that
the visible-light excited electrons in PCS could also cause the dye gra-
dation, thus increasing the visible-light utilization. Photogenerated
holes and •O2

− radicals are determined, from the active species trap-
ping experiments, to be the dominant reactive species. Moreover, the
composite photocatalysts also exhibit a good reusability for the pho-
tocatalytic degradation of the dye. However, in the present PCS@
Bi2WO6 hybrid composites, the aggregation phenomenon of Bi2WO6

particles still need to be solved, so as to achieve a much better photo-
catalytic performance.
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