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ABSTRACT

Bismuth vanadate (BiVO4) is a promising photocatalyst material for photocat-

alytic degradation of organic pollutions. However, the fast recombination of

photo-induced charge and insufficient light absorption often lead to poor pho-

tocatalytic performance. Herein, novel fibrous BiVO4/CdS (BVO/CdS)

heterostructures are constructed by uniformly modifying caterpillar shaped

electrospun BiVO4 nanofibers with controllable quantity of CdS nanoparticles

through hydrothermal reaction. The absorption of visible light and separation

efficiency of photo-generated charge of BiVO4 are significantly promoted after

the decoration of CdS nanoparticles. As a result, the photocatalytic efficiency of

the optimized BVO/CdS sample (BVO/CdS-2 stands for the sample synthesized

with 0.05 mmol Cd(CH3COO)2 and CH4N2S) is 90.43%, which is 3.3 times as

high as that of pure BiVO4 after 180 min irradiation under visible light,

respectively. Moreover, the .O2
- and .OH are the predominant active species for

the degradation process indicated by scavengers added photocatalytic experi-

ments. Due to the simple, low-cost and controllable synthetic process, the BVO/

CdS heterojunctions are suitable for practical usage.

1 Introduction

It is well known that environmental contamination

has become one of the most urgent issues, especially

the water pollution caused by various synthetic dyes.

Photocatalytic technology based on nanostructured

semiconductors has emerged as an effective and

environmentally friendly strategy for the pollutant

control [1, 2]. Titanium dioxide (TiO2) has been used

for the photodegradation of organic pollutants due to

its low-cost, strong oxidizing ability and non-toxicity.

Nevertheless, the bandgap of TiO2 (3.2 eV) is rela-

tively large and only a small fraction of sunlight can

be utilized for photodegradation process. Thus, it

remains the key point for designing semiconductor
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photocatalysts that can harvest visible light of solar

energy.

Bismuth vanadate (BiVO4) has attracted great

attentions for the characteristics of narrow bandgap

energy, chemical stability and nontoxicity, which

make BiVO4 as a potential visible light photocatalyst

for photocatalysis and photochemistry applications

[3–5]. However, the photocatalytic activity of BiVO4

alone is severely hampered by the fast recombination

rate and low separation efficiency of photo-induced

charge carries, which significantly limit the practical

needs. To satisfy the photocatalytic usage of BiVO4,

more effective heterojunctions by coupling two dif-

ferent semiconductors were developed to assist

charge separation and increase lifetime of photo-

generated electron–hole pairs. To date, a variety of

nanostructure materials have been integrated with

BiVO4 to achieve high photocatalytic activity [6–14].

As a typical transition metal sulfide, cadmium sulfide

(CdS) is appropriate to be an excellent photoactive

material in pollutant degradation, hydrogen pro-

duction and solar cells due to the advantages of

narrow bandgap (2.4 eV) and high absorption coef-

ficient [15–18]. Meanwhile, the CdS has proper band

position to couple with BiVO4 to form heterojunc-

tions. Therefore, CdS featured with special bandgap

structure and strong visible light absorption has been

utilized to construct BiVO4/CdS (BVO/CdS) photo-

catalyst to achieve an ideal photocatalytic activity

[19–29]. In spite of this, it should be noted that the

powder shaped BiVO4/CdS samples generally fab-

ricated by hydrothermal and subsequent photode-

position or electrostatic adsorption procedures might

suffer from several shortcomings such as hard sepa-

ration from solution, easy to aggregation and possible

secondary pollution.

In contrast with other synthetic approaches, elec-

trospinning method has been extensively explored

for producing one-dimensional nanofabric materials

with various compositions and controllable mor-

phologies, which provide promising application in

electrochemistry and photocatalysis. The electrospun

fibers present excellent photocatalytic performance

owing to their merit of high surface-to- volume ratios

[30, 31]. Moreover, nanofibers can serve as suit-

able supports to avoid the aggregation of nanosized

interfacial contact when building heterojunction with

other materials. Taking advantages of such method,

BiVO4 with various morphologies such as porous

[32], nanobelt [33], solid [34], nanotube [35], bamboo

[36], etc., have been prepared via electrospinning. In

order to further boost the photocatalytic activity, Ag/

C [37] and Mo [38] composited with BiVO4 nanofi-

bers were successfully fabricated. Therefore, con-

struction of one-dimensional BiVO4/CdS

heterojunctions should be greatly desired for the

photocatalysis application. Motivated by the above

concerns, herein we report a successful attempt for

the preparation of BiVO4/CdS heterojunctions by

hydrothermal growth of CdS nanoparticles on elec-

trospun BiVO4 nanofibers for dye degradation. The

quantities of loaded CdS on the photocatalytic per-

formance was investigated, and the possible photo-

catalytic mechanism were proposed.

2 Experimental

2.1 Materials

Bismuth nitrate pentahydrate (Bi(NO3)3�5H2O), cad-

mium acetate dihydrate (Cd(CH3COO)2�2H2O),

thiourea (CH4N2S) and organic solvents were pur-

chased from Guoyao Chemical Co., China.

Polyvinylpyrrolidone (PVP,Mw = 1,300,000 g mol-1)

and vanadyl acetylacetonate (VO(acac)2) were

acquired from Aladdin Inc. All regents used in this

work are of analytical grade without any further

purification.

2.2 Fabrication of electrospun BiVO4

nanofibers

BiVO4 nanofibers were fabricated by electrospun

method (Fig. 1a, b). In a typical procedure, 1.21 g of

Bi(NO3)3�5H2O, 0.7 g of PVP and 0.662 g of VO(acac)2
were dissolved into a mixed solvent containing

1.9 mL of acetic acid, 3.2 mL of ethanol and 2.6 mL of

N,N-dimethylformamide. After being stirred for at

least 6 h at room temperature, the above homoge-

neous green precursor solution was loaded into a

1 mL syringe for electrospinning. The solution was

extruded out at a feeding rate of 8 lL min-1 under a

voltage potential of 9 kV with a fixed distance of

15 cm between the two electrodes. The collected as-

spun nanofibers from negatively charged foil were

calcined at a rate of 5 �C min-1 up to 500 �C for 2 h in

air to produce electrospun BiVO4 nanofibers.
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2.3 Preparation of BiVO4/CdS
heterojunctions by hydrothermal
method

The BiVO4/CdS composites were prepared by

hydrothermal method (Fig. 1c). First, the precursor

solution was prepared by mixing 15 mL of Cd(CH3-

COO)2 solution with 15 mL of CH4N2S aqueous

solution with equal concentration. Then the above

solution together with 30 mg of BiVO4 fiber was

transferred into a 50 mL Teflon-lined autoclave and

was maintained at 90 �C for 12 h in an electric oven.

After washed with deionized water for three times,

the products were dried at 70 �C for 6 h. The samples

synthesized with Cd(CH3COO)2 of 0.025, 0.05 and

0.1 mmol were simplified as BVO/CdS-1, BVO/CdS-

2 and BVO/CdS-3, respectively. The same concen-

tration of CH4N2S with Cd(CH3COO)2 was used for

the synthesis of each sample.

2.4 Characterization

Scanning electron microscopy (SEM) images were

captured with a Hitachi S-4800 microscope at an

accelerated voltage of 5 kV. Samples were directly

adhered on conductive tape substrate and deposited

with a thin layer of gold before SEM measurement.

Transmission electron microscopy (TEM) and high-

resolution transmission electron microscopy

(HRTEM) were performed using a JEM-2100 micro-

scope at an accelerated voltage of 300 kV. The TEM

samples were prepared by evaporating a drop of

aqueous product on a lacey carbon-copper TEM grid.

Phase composition and crystal structure were

measured with powder X-ray diffraction (XRD)

method (Shimadzu D6000) with Cu Ka radiation at a

scan rate of 0.02o per step. The ultraviolet–visible

diffuse reflectance (UV–vis DR) spectra were recor-

ded using a Shimadzu UV-2600 spectrometer by

using BaSO4 as a reference. X-ray photoelectron

spectroscopy (XPS) was detected with a PHI-5702

X-ray photoelectron spectrometer. The photoelectro-

chemical measurements were performed on an elec-

trochemical workstation (CHI 660E, Chenhua,

Shanghai). In the conventional three-electrode sys-

tem, a Pt foil and Ag/AgCl (saturated KCl) were

used as counter and reference electrode, respectively.

Fluorine doped tin oxide (FTO) glass covered with

1 cm2 of ethanol slurry including 0.2 mg of prepared

samples was used as work electrode. The photocur-

rents were measured in 0.1 M Na2SO4 electrolyte.

The photocatalytic performance of the products

was evaluated by photodegradation of RhB solution

in air. Typically, 10 mg of the catalyst was added into

10 mL RhB (10 mg L-1) solution and the solution was

kept for 30 min in dark to reach adsorption–desorp-

tion equilibrium. Then the photodegradation experi-

ment was conducted under visible light irradiation

using a Xe lamp (PLS-SEX 300UV) with a 400 nm UV

cut-off filter without stirring. The centrifuged solu-

tion was analyzed at given 30 min intervals using a

T6 UV–vis spectrophotometer. The maximum

absorption at 554 nm of RhB was used to calculate

the degraded efficiency. A radical trapping experi-

ment was carried out in the presence of scavengers of

ethylenediaminetetraacetic acid disodium (EDTA-

2Na, 0.5 mM), 4-benzoquinone (BQ, 0.01 mM) and

isopropanol (IPA, 1 mM), respectively. In this work,

all the BVO/CdS-1, BVO/CdS-2 and BVO/CdS-3

samples display better photocatalyltic activity than

that of pure BiVO4 nanofibers, and the BVO/CdS-2

has the best photocatalytic performance. Therefore,

the TEM, XPS, UV–vis DR and N2 adsorption–des-

orption isotherms characterization were conducted

only for the BVO/CdS-2 sample.

3 Results and discussion

3.1 Composition and microstructure
of BiVO4/CdS nanofibers

The crystallographic structure of BiVO4 and BVO/

CdS composites were examined by XRD. As

Fig. 1 Scheme for fabricating BVO/CdS heterojunctions:

electrospinning and calcination to form BiVO4 nanofibers (a, b);

hydrothermal deposition of CdS nanoparticles (c)
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illustrated in Fig. 2a, the XRD pattern of BiVO4

nanofibers shows peaks at 28.95o, 30.56o, 34.52o,

35.36o, 39.84o, 42.48o, 46.74o, 47.43o, 53.38o, 58.53o and

59.46o, corresponding to the (112), (004), (200), (020),

(211), (015), (204), (024), (116), (312) and (132) crystal

planes of monoclinic phase BiVO4 (JCPDS 15-2480)

[39], respectively. In the case of BVO/CdS-3 (Fig. 2d),

except for characteristic peaks of BiVO4, another two

diffraction peaks centered at 24.82o and 28.22o can be

indexed to (002) and (101) planes of hexagonal CdS

(JCPDS 41-1049) [40], indicating that BVO/CdS-3

nanofiber is made up of BiVO4 and hexagonal CdS.

Due to the relatively low quantity of CdS nanopar-

ticles, the peaks of CdS in BVO/CdS-1 and BVO/

CdS-2 samples are not as strong as that in the BVO/

CdS-3 sample (Fig. 2b and c).

The SEM and TEM images illustrating the mor-

phology of as-prepared samples are presented in

Fig. 3. It is clear that the obtained BiVO4 nanofibers

possess caterpillar fibrous shape with smooth surface

of around 200 nm in diameter (Fig. 3a). Some

nanoparticles can be observed uniformly distributed

on the fiber surface after the hydrothermal process,

indicating the formation of CdS nanoparticles. Par-

ticularly, only partial BiVO4 surface are coated by

CdS nanoparticles for BVO/CdS-1 and BVO/CdS-2

samples due to relatively small amounts of resulted

CdS nanoparticles. In contrast, the whole surface of

the BiVO4 is encapsulated with dense CdS nanopar-

ticles with continuously increasing the concentration

of CdS precursor for BVO/CdS-3, suggesting that the

quantity of loaded CdS nanoparticles can be easily

controlled by the precursor concentrations. The core/

shell structure of BVO/CdS-2 nanofibers was further

investigated by TEM and HRTEM images. In Fig. 3e,

the BiVO4 fibers display deep color inside and CdS

nanoparticles exhibit light color outside. The CdS

nanoparticles presents unregular morphology with a

dimeter of about 40 nm, which is much larger than

that synthesized with by electrostatic interaction

(* 20 nm). The lattice distance of 0.475 and 0.357 nm

agree well with (101) plane of BiVO4 and (100) facet

of CdS, respectively. Meanwhile, the CdS and BiVO4

have intact interface, which is important for the

charge transfer and enhancement of photocatalytic

activity. These observations reveal that CdS

nanoparticles with high crystalline are successfully

generated during hydrothermal process and BVO/

CdS nanofibers were acquired.

Figure 4a exhibits the energy dispersive spec-

troscopy (EDS) results of BVO/CdS-2 nanofibers. It

reveals that five elements including O, S, Bi, Cd and

V are co-existed in the resultant BVO/CdS-2 nanofi-

bers. Meanwhile, the atom and weight ratios of dif-

ferent atoms are constant with the composition of

BiVO4 and CdS, indicating that the CdS has a weight

ratio approximate 10.36% in the BVO/CdS-2 hybrid

nanofibers. The elemental mapping images of Bi, V

and O display even distribution throughout the

entire fiber (Fig. 4c–e). Moreover, signals from Cd

and S elements demonstrate that CdS nanoparticles

are homogeneously and densely grown on each

BiVO4 fiber body (Fig. 4f–g). Thus, the above results

further confirm the successful immobilization of CdS

nanoparticles on BiVO4 fiber surface, which is agreed

with TEM analysis.

XPS analysis was performed to characterize the

surface chemical compositions of BVO/CdS-2 nano-

fibers. In consistent with elemental mappings of

BVO/CdS-2, the survey spectrum confirms the exis-

tence of Bi, S, Cd, V and O elements in the hybrid

fiber (Fig. 5a). The high-resolution Bi 4f spectrum

(Fig. 5b) can be fitted to two peaks located at 158.5

and 163.6 eV corresponding to Bi 4f7/2 and Bi 4f5/2 of

Bi3? [41], respectively, while the peaks at around

161.2 eV belongs the presence of S2-. The peak cen-

tered at binding energy of 530.6 eV in the O 1 s

spectrum reveals the existence of V–O in BVO/CdS-2

nanofibers, and the peak at 532.9 eV can be assigned

to the surface adsorbed oxygen specie (Fig. 5c). For V

2p in Fig. 5d, a pair of peaks at about 517.3 and

524.9 eV are attributed to V 2p3/2 and V 2p1/2
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Fig. 3 SEM images of BiVO4

(a) and BVO/CdS composites

(b–d); TEM and HRTEM

images of BVO/CdS-2 (e, f)
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Fig. 4 EDS pattern (a) and

elemental mapping (b–g) of

the BVO/CdS-2
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orbitals, respectively. The Cd 3d spectrum can be

deconvoluted into two individual peaks at 405.7 and

412.4 eV matched well with Cd 3d5/2 and Cd 3d3/2,

respectively, which is characteristic of Cd2? in CdS

(Fig. 5e) [20].

3.2 UV–vis absorption of BiVO4/CdS
nanofibers

The optical absorption and energy band structure as

key factors for photocatalytic activity of semicon-

ductor were evaluated by typical UV–vis diffuse

reflection spectra. Both BiVO4 and BVO/CdS-2
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Fig. 5 Overall (a) and high resolution XPS spectrum of Bi 4f and S 2p (b), O 1 s (c), V 2p (d) and Cd 3d (e)
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exhibit absorption in visible light regions (Fig. 6a).

Nevertheless, the absorbance edge of BiVO4 nanofi-

bers (525 nm) is significantly expanded to visible

light region for the BVO/CdS-2 composites (560 nm).

The conspicuous red-shift of BVO/CdS-2 absorption

could be ascribed to narrow bandgap of CdS, which

would be beneficial to enhance the photocatalytic

activity. The bandgap energy of BiVO4 and BVO/

CdS-2 can be estimated from a plot of (ahm)2 versus

energy (hm) by intercepting the tangent to the x axis

[22, 42]. As illustrated in Fig. 6b, the as-calculated

bandgap value of the BiVO4 nanofibers is about

2.46 eV, which is slightly higher than that of the

BVO/CdS-2 (2.41 eV). The decoration of CdS

nanoparticles on BiVO4 nanofibers results in a

decrease of the bandgap energy.

3.3 Specific surface areas of BiVO4/CdS
nanofibers

The specific surface areas of obtained samples were

measured by using nitrogen adsorption and desorp-

tion isotherms. As exhibited in Fig. 7, the specific

surface area of BiVO4 and BVO/CdS-2 calculated by

Brunauer–Emmett–Teller (BET) method are 2.51 and

6.53 m2 g-1, respectively. The relatively high value of

BVO/CdS-2 should be ascribed to the loaded CdS

nanoparticles. Therefore, BVO/CdS-2 nanofibers

would provide more active sites for the adsorption of

dye molecules and photocatalytic reaction owing to

enhanced surface area, and hence promote the pho-

tocatalytic activity of the composite. Furthermore, in

comparison with the BiVO4/CdS hybrid nanofibers

synthesized by electrostatic interaction in our previ-

ous work (4.25 m2 g-1) [40], BVO/CdS-2 hetero-

junctions obtained by hydrothermal method in this

work show much larger specific surface area, which

is probably due to the much rougher surface illus-

trated by the TEM images in Fig. 3e.

3.4 Photocatalytic performance
and mechanism of BiVO4/CdS
nanofibers

To assess and compare the photocatalytic activity of

the samples, a series of experiments to photodegrade

RhB aqueous were tested under visible light irradia-

tion. Evolutions of the UV–vis spectral of RhB with

the addition of BiVO4 nanofiber and BVO/CdS

composites are presented in Fig. 8. BiVO4 nanofibers

show negligible photodegradation of RhB after 3 h

irradiation (Fig. 8a). Comparatively, a dramatical

decrease of the absorption is achieved within the

same time for BVO/CdS-2 sample, replying the

enhanced photocatalytic performance. The blue-shift

of the maximum absorption to short wavelength is

because of dye’s deethylation. Furthermore, the

degradataion efficiency of all the samples were cal-

culated according to a calibration curve of RhB
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solution (Fig. 8c), and the results are shown in

Fig. 8d. It can be noted that the degradation efficiency

of no catalyst, BiVO4, BVO/CdS-1, BVO/CdS-2 and

BVO/CdS-3 nanofibers are 6.2%, 27.61%, 68.02%,

90.43% and 87.64% within 3 h under visible light

irradiation, respectively. Evidently, the BVO/CdS

composites show greatly increased photocatalytic

performance after loading of CdS nanoparticles, and

BVO/CdS-2 exhibits the highest removal efficiency.

The photocatalytic performance increases along with

the more deposition of CdS nanoparticles. However,

too much CdS will result in the decrease of photo-

catalytic performance, which might be due to the low

charge transfer separation efficiency on the semi-

conductor interface caused by thick CdS shells. These

results are accordance with the SEM micromorphol-

ogy and similar with our previous research work.

Maintaining the high photocatalytic efficiency for

long-term use is an essential issue for photocatalysts

in practical application. RhB photodegradation was

repeated for three times to test the recyclability of

BVO/CdS-2 nanofibers and each experiment was

carried out under identical conditions. As shown in

Fig. 8e, the photocatalytic activity of BVO/CdS-2

nanofiber did not show a significant loss after three

cycles, indicating the good stability of the sample. To

determine the important roles of reactive species in

RhB photodegradation, Fig. 8f shows the RhB pho-

tocatalytic degradation efficiency with BVO/CdS-2

by introducing different capture agents of EDTA-

2Na, BQ and IPA, corresponding to the removement
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Fig. 8 UV–Vis spectral

changes of RhB degraded by

the BiVO4 (a) and BVO/CdS-
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of active holes (h?), superoxide radicals (.O2
-) and

hydroxyl radicals (.OH) reactive species, respectively.

The photodegradation efficiency of RhB solution is

obviously inhibited with the addition of BQ, IPA and

EDTA, suggesting the involvement of .O2
-, .OH and

h? in the degradation of RhB. The results confirm

that all the h?, .O2
- and .OH act as the main active

species in the photocatalytic process in the order of

.OH[ .O2[h?.

Considering the differences of the composition,

photocatalytic conditions by different researchers, we

also compare the photocatalytic performance and

improved ratio of the BVO/CdS-2 photocatalysts

hydrothermal synthesized in this work with some

other CdS-contained composites (Table 1). Patic-

ullarly compared with our previous BVO/CdS [40],

the BVO/CdS heterojunctions obtained by

hydrothermal method show much larger specific

surface area and CdS particle size, but lower photo-

catalytic efficiency than that of BVO/CdS hetero-

junctions prepared by electrostatic interaction. So, it

seems that the particle size plays more important role

to boost the photocatalytic activity of BiVO4. Besides,

a 3.28-time increase of degradation efficiency from

BiVO4 to BVO/CdS-2 was achieved, which is rela-

tivly higher than other CdS-contained composites in

the literature.

The interfacial charge transfer of BiVO4 and BVO/

CdS-2 were measured by photocurrent transient

response measurements with light on and off cycles

under intermittent irradiation (Fig. 9a). In compar-

ison with pure BiVO4, the immobilization of CdS

nanoparticles can enhance the reproducible pho-

tocurrent density, resulting in increase of the visible

light photocatalytic activity and charge separation of

BVO/CdS nanofibers. Furthermore, the photoelectro-

chemical characterization of surface-coated elec-

trodes was also investigated by electrochemical

impedance spectroscopy (EIS). As can be found in

Fig. 9b, a smaller semicircle radius implies that BVO/

CdS-2 nanofibers possess higher separation efficiency

of photo-induced carries, which is in accordance with

the larger photocurrent response of BVO/CdS-2

nanofibers.

On the basis of the above experimental results and

previous reports, a proposed mechanism of visible

light-induced photodegradation of RhB happened on

BVO/CdS is schematically shown in Fig. 10. The

Table 1 Comparation of the increased ratio (R) of the photocatalytic efficiency of the BVO/CdS and other samples in literature

Sample Light Dyes Irradiation time (min) Degradation efficiency (%) R Ref

CdS QDs/npg-C3N4 Visible RhB 90 88.2 1.85 [43]

CdS/BiVO4 Visible RhB 60 94.7 4.71 [27]

BiVO4/CdS Visible RhB 120 85 5.31 [40]

MnxZn1-xFe2O4/C/CdS Visible RhB 140 97.8 1.30 [44]

CdS/BiOBr Visible RhB 60 97 2.49 [45]

BiOBr/CdS Visible RhB 40 90 2.26 [46]

BiVO4/CdS Visible RhB 180 90.77 3.28 This work
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value band of BiVO4 is more positive than the redox

potential of .OH/H2O (? 1.99 eV) [47] and the con-

duction band (CB) of CdS is more negative than the

standard redox potentials of O2/.O2
- (- 0.33 eV)

[48]. Upon irradiation with visible light, the photo-

generated electrons in the CB of CdS are trapped by

dissolved oxygen molecules to yield superoxide

radical anions (.O2
-), which should respond for the

degradation of RhB. In addition, the .OH radicals

achieved by the reaction of hole with surface-bound

H2O have strong oxidization ability for decomposing

the RhB. Meanwhile, the photo-generated holes can

also directly decompose the RhB to products.

4 Conclusions

In summary, fibrous BiVO4/CdS heterojunctions

were synthesized by using simple electrospinning

and hydrothermal methods. The decoration of

around 40 nm CdS nanoparticles furnishes the

caterpillar shaped BiVO4 nanofibers coarse surface

with a specific area of 6.53 m2 g-1, accompanied with

apparently boosted visible light photodegradation

ability and charge separation efficiency. Under the

irradiation of visible light, the optimized BiVO4/CdS-

2 sample presents the highest photocatalytic effi-

ciency as high as 91% mainly via the active species of

.O2
- and .OH. Our results presented herein provide

new insights into the rational design of nanostruc-

tured BiVO4/CdS photocatalysts toward efficient,

stable and sustainable visible light photodegradation

application.
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