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� A novel BiVO4eZnCdS hetero-

structure is introduced as

photocatalyst.

� The developed catalyst was used

for visible light driven hydrogen

production.

� Interface among BiVO4 and ZnCdS

improved photocatalytic profile of

catalyst.

� BiVO4eZnCdS heterostructure

produced up to 152.5 mmol g�1 h�1

hydrogen.

� Z-scheme mechanism enhanced

the performance herein as noble-

metal-free catalyst.
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a b s t r a c t

Photocatalytic water splitting to produce H2 is a promising technology for clean energy

generation. However, the use of expensive noble metals, toxicity, low charge separation

efficiency and wide band gap of semiconductors hampering the widespread commercial-

ization. Herein, we showed the potential of combining BiVO4 nanorods with ZnCdS forming

a hetero-structure which extend the spectral responsive range, separate the charge carriers

effectively and enhances photocatalytic activity compared to single-component materials.

The two components of hetero-structure forms an interface contact which also mitigate
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the problems of lower conduction band position of BiVO4 and fast recombination of charge

carriers of ZnCdS. The BiVO4eZnCdS hetero-structure was studied through surface

morphology, crystallization properties, elemental analysis and optical properties. Under

visible light irradiation, the BiVO4eZnCdS heterostructure produced 152.5 mmol g�1 h�1

hydrogen from water splitting, which was much higher than that of the individual com-

ponents and stability of the hydrogen production was observed in three consecutive cycles.

The as-obtained heterostructure showed improved visible light harvesting ability, prolong

life of charges carriers and charge separation efficiency and Z-schememechanism features

which results in enhanced photocatalytic activity for water splitting.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
observed that the CdS component in ZnCdS deteriorates over

Introduction

Clean and renewable energy resources are one of the top

priorities for future generations to meet the growing global

energy demands due to depleting fossil fuel reserves and

global warming threats [1]. During last few decades, number

of strategies has been praised for clean energy production

including fuel cells, water splitting and solar energy harvest-

ing [2]. Water splitting to produce H2 is a promising clean

energy technology and has attracted major attention from

broad spectrum of researchers after the initial work by

Fujishima and Honda in 1972 [3]. As the core concept is based

on solar light driven reaction, photocatalysis jumped in as

auspicious choice for hydrogen production using photo-

catalyst and sacrificial agent operating under ambient condi-

tions which can be applied at scalable levels with better

recycling capabilities [4e6]. The characteristics of a suitable

photocatalyst for hydrogen production depend on its band gap

profile as wide band gap materials only utilize ultraviolet (UV)

portion of light which constitute only a small fraction of

incoming solar light [7e10]. Thus, the higher tendency to

absorb visible light portion from solar light proportionally

correlate with enhanced performance of photocatalyst for

hydrogen production [11,12]. In addition, the higher charge

separation efficiency, good redox capability and greater sta-

bility also joins the key features of excellent photocatalysts. In

order to combine all these exceptional characteristics, hetero-

structure based catalysts proved to be a better choice than

that of single component systemdue to enhanced flexibility in

modifying the structure [13,14]. Recent theoretical principles

studies, reaction mechanism and kinetic studies also shows

the importance of heterostructure based catalysts compared

to single component [15,16].

Cadmium sulfide (CdS) with band gap of 2.4 eV have been

considered a better choice for H2 production that have ten-

dency to absorb greater fraction of visible light from irradiated

solar light. However, the fast recombination of charge carriers

and photo-corrosion issues of CdS negatively affects its

practical long-term implementation [17]. To handle with this

drawback, intermixing CdS with ZnS constituting a ZnCdS

hetero-structure geometry have proved to positively affect the

characteristics of catalyst in a dual pathway i.e., improves its

resistance towards photo-corrosion and also improves the

visible light absorption ability [18,19]. However, it was
a period of time resulting in decreased photocatalytic perfor-

mance which also lower recyclability. While scratching the

fate of photocatalysts, it has also been found that bismuth and

vanadium oxides individually proved themselves in photo-

catalytic dye-degradation reactions as heterogeneous catalyst

in visible light driven processes due to their good photo-

conductivities, photo-luminescence and redox properties

[20e22]. It has also been observed that bismuth vanadate

(BiVO4) can serve as a potential photocatalyst for its advan-

tages of narrow band gap, low cost and good stability [23].

However, its poor adsorption performance and difficulty in

migration and separation of electron-hole pairs and lowers

conduction band position hinders its application for hydrogen

production [24]. To resolve these problems, BiVO4 is usually

coupled with another semiconductor forming a hetero-

structure based photocatalysts which improves the charge

separation efficiency and enhances photocatalytic perfor-

mance. Recent studies have shown the potential of combining

BiVO4 with other semiconductors such as g-C3N4, WO3 and

Pte/TiO2 for photocatalytic applications. However, these het-

erostructure combinations could not provide desired results

as few of them may work better in the presence of precious

metal co-catalyst which strongly hinders its economical

standards while others show low performance [25e27].

Alternatively, another strategy of heterostructure combina-

tions called “Z-scheme water-splitting system” is rapidly

gaining interests, H2 and O2 evolving photocatalysts are

combine together to form heterostructure, which follows Z-

scheme charge transfer mechanism similar to natural

photosynthesis [28]. There are many reports about use of

different combinations for Z-scheme photocatalysis such as

HxMoO3@ZnIn2S4, WO3/g-C3N4, Bi4O5Br2/g-C3N4, g-C3N4/

Ag2CrO4 and Pt/GaP-TiO2-SiO2:Rh. However, usually a charge

carrier transfer mediator is required which lowers photo-

catalytic performance owing to the shielding effect and high

cost or overall performance is not satisfactory [29e34]. In

addition, to achieve superior solar light utilization efficiency,

the developed photocatalysts should feature a wide light

response range, and simultaneously, should produce the

charge carriers with suitable energy levels for implementing

the specific photocatalytic redox processes. Thus, the selec-

tion of suitable semiconductors with appropriate band struc-

tures is a prerequisite for successful fabrication of direct Z-

scheme photocatalysts.
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Herein, we have introduced BiVO4eZnCdS hetero-

structure based on Z-scheme electron and hole trans-

portation mechanism. In particular, owing to the strong

visible light absorption and proper energy band level of

ZnCdS, the BiVO4eZnCdS heterostructure could effectively

utilize solar energy for photocatalytic application. Moreover,

the problems of lower conduction band position of BiVO4 and

photocorrosion ability of CdS are successfully mitigated. The

combination results in an interface contact between BiVO4

and ZnCdS to enables a Z-scheme type pathway which en-

hances the performance of photocatalyst by facilitating the

electrons transfer phenomenon, enabling the efficient charge

separation and improving the stability of photocatalysts.
Experimental

Chemicals

Bismuth(III) nitrate pentahydrate [Bi(NO3)3.5H2O], ammonium

metavanadate (NH4VO3), nitric acid (HNO3), sodiumhydroxide

(NaOH), zinc acetate [Zn(OAc)2], cadmium acetate [Cd(OAc)2],

sodium sulfide nonahydrate [Na2S$9H2O], sodium sulfite

(Na2SO3) were of analytical grade and used as received

without further purification.

Characterization

The structure and morphology of prepared sample was

measured through transmission electron microscope, high-

resolution transmission electron microscope and high-angle

annular dark-field scanning transmission electron microscope

(JEM-2100F, 200 kV accelerating voltage) with EDX elemental

mapping. The crystal phase of samples was measured by pow-

der X-ray diffraction (XRD) measurements with Philips X'Pert
Pro Super diffractometerwith Cu-Ka radiation (l¼ 1.54178�A) at

operating voltage of 40 kV and current at 200mA. The scanning

anglerangewasset from10to80�. Theelemental compositionof

the prepared catalyst was performedusing X-ray photoelectron

spectroscopy (XPS) analysis (PerkinElmer RBD). The UVevis

diffuse reflectance spectra for band gap calculation and ab-

sorption behavior were recorded with Shimadzu spectropho-

tometer (2501 PCmodel) in the region of 200e800 nm.

Preparation of BiVO4 nanorods

The BiVO4 nanorods were prepared using following protocol;

In a typical synthesis, equimolar amounts of Bi(NO3)3$5H2O

and NH4VO3 were dissolved in 2 M aq. HNO3 solution. The pH

of the mixed solution was adjusted to ~7.0 using ethylenedi-

amine and subsequently the mixture was heat treated in

Teflon-lined stainless-steel autoclave at 150 �C for 6 h. The

obtained powders were separated with centrifugation,

washed several times with MQwater and ethanol and dried at

60 �C in vacuum oven.

Preparation of BiVO4eZnCdS heterostructure

The heterostructure of BiVO4 and ZnCdS was prepared using

our previous protocol [35] described briefly as; BiVO4 nanorods
were first dispersed in deionized water, then appropriate

amount of Zn(OAc)2 and Cd(OAc)2 were added into the

dispersion to get a 10 wt% of ZnCdS onto BiVO4 nanorods.

Afterwards, pH of themixture was adjusted to ~7.0 with dilute

aqueous sodium hydroxide. Aqueous sodium sulfide solution

was subsequently added into the mixture and stirred at room

temperature for overnight. The samples were collected

through centrifugation, washed with water and ethanol and

dried in vacuum oven at 60 �C overnight. Finally, the obtained

powders were calcined for 2 h at 400 �C under nitrogen flow

with a heating rate of 5 �C/min.

Photocatalytic activity test

Hydrogen production under visible light over as-synthesized

samples was performed using vacuumed closed cell circula-

tion system equipped with 300 W Xe lamp and a cut-off filter

to block the ultraviolet light (l � 420 nm). The as-prepared

catalysts (100 mg) were dispersed in MQ water (100 mL) con-

taining sodium sulfide (0.25 M) and sodium sulfite (0.35 M),

which act as sacrificial agents. Agilent 6820 gas chromato-

graph systemwas attachedwith the apparatus tomeasure the

amount of hydrogen produced during the reaction.

Electrochemical and photo-electrochemical measurements

Photoelectrochemical tests were performed at CHI 660B elec-

trochemical potentiostat (Chenhua Instrument Co., Shanghai,

China) with three-electrode setup (modified Ti foil as working

electrode, Ag/AgCl as reference electrode, and Pt wire as

counter electrode) in 0.1 M Na2SO4 solution. The catalysts

films were prepared by dropping catalyst suspension onto Ti

foil (1 cm2) and heated at 100 �C for overnight. The ampero-

metric photocurrents were observed by switch on/off with a

bias voltage of 0.5 V under visible-light. The electrochemical

impedance spectroscopy (EIS) was recorded with �0.6 V bias

and the frequency ranged from 1 Hz to 100 kHz with an

alternating current signal amplitude of 5 mV.
Results and discussion

The morphological features and size of as-synthesized BiVO4

nanorods, ZnCdS nanoparticles and BiVO4eZnCdS hetero-

structure was studied by Scanning electron microscope (SEM)

(Fig. 1). As-shown in Fig. 1A, the BiVO4 photocatalystmaterial is

of rod shape ranging in size from200 to 300 nm in diameter and

about 1 mm in length. No other shape structures were observed

indicating the successful synthesis of nanorods. Fig. 1B shows

as-prepared ZnCdS sample which are mostly irregular shaped

nanoparticles with about 10e20 nm in diameter. After depos-

iting ZnCdS nanoparticles onto BiVO4 nanorods, a composite of

BiVO4eZnCdS heterostructure can be seen in Fig. 1C andD. The

ZnCdS nanoparticles are successfully loaded onto the BiVO4

nanorods and a composite type structure can be seen. Trans-

mission electron microscopy (TEM) analysis at different mag-

nifications was also used to characterize the as-synthesized

BiVO4eZnCdS heterostructure as shown in Fig. 2AeC. Pre-

sented in Figs. 2A & 1B, the desired catalyst material was suc-

cessfully synthesized with nanorods of BiVO4 fabricated with
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Fig. 1 e (A) SEM image for as-prepared BiVO4 nanorods, (B) SEM image ZnCdS nanoparticles, (C) SEM image of BiVO4eZnCdS

sample at low resolution, (D) SEM image of BiVO4eZnCdS sample at high resolution.

Fig. 2 e (A) TEM image for as-prepared BiVO4eZnCdS sample at lower magnifications, (B & C) TEM images for BiVO4eZnCdS

sample at higher magnifications. (D) selected area for SAAED element mapping for BiVO4eZnCdS sample, (EeJ) SAEED

element mapping images for individual elements i-e Bi, V, O, Zn, Cd & S, respectively, (K) overlay image for element

mapping.
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nano-sized ZnCdS nanoparticles on their surface. The charac-

teristic presence of ZnCdS nanoparticles on the surface of

BiVO4 is presented in Fig. 2C taken from the selected face side of

the hetero-structured material. The hetero-junction catalyst

material can also be proved with drawn red dotted lines in

Fig. 2C differentiating two different components within hetero-

structured material. As the fabricated ZnCdS nanoparticles

dispersed thoroughly on the surface of BiVO4, it was important

to evaluate the homogeneity of different component-based

catalyst material by elemental mapping analysis. The HAADF-

STEM elemental mapping analysis also confirmed the homo-

geneous dispersion of each metal within the defined structure

of material. Shown in Fig. 2D & E-J, the selected area of heter-

ostructured material for the scan of individual elements and

element mapping images for each metal enclosed in catalyst

material, respectively. The overlay image for combined

element mapping images presented in Fig. 2K also suggested

the uniform dispersion of Bi, V & O forming the BiVO4 and

similarly Zn, Cd & S composing ZnCdS nanoparticles, thereby

obtaining the overall homogenous BiVO4eZnCdS hetero-

structure material. This homogeneity in morphology analysis

may further support the metal-to-metal interactions for

transference of electrons and better ductile behavior required

for photocatalytic hydrogen production task.

The crystallite structure of BiVO4eZnCdS hetero-structure

was analyzed by X-ray diffraction (XRD) technique. The

characteristic XRD features of BiVO4eZnCdS were critically

examined by comparing the individual XRD spectra of BiVO4

and ZnCdS both the components with that of final hetero-

structured material, shown in Fig. 3. While analyzing the ob-

tained XRD spectrum of ZnCdS, it has been found that the

planes (111), (220) and (311) of cubic Zinc blend phase (ICSD #

80e0020) indexed at 27.34�, 45.32� and 53.66�, respectively,

indicate the formation of ZnCdS nanoparticles [35,36].

Whereas, the BiVO4 XRD spectrum contains the characteristic

featured peaks of both monoclinic (ICSD # 100,602) and

tetragonal (ICSD # 100,733) phases of BiVO4. The monoclinic
Fig. 3 e XRD spectrum for BiVO4eZnCdS sample in

comparison with BiVO4 and ZnCdS spectra and standard

for monoclinic and tetragonal phases of BiVO4.
phase of BiVO4 is a binary equivalents crystal structure consist

of a layered structure of V2O5 and Bi2O3. In accordance with

BiVO4, no additional peaks related to impurities were detected

[37,38]. The XRD spectra of BiVO4eZnCdS heterostructure

contains all characteristics peaks corresponding to BiVO4.

However, the diffraction peaks of ZnCdS in the BiVO4eZnCdS

heterostructure were not prominent, likely due to the low

content and smaller particle size. In order to provide critical

analysis, for intermixed lattice of ZnCdS nanoparticles fabri-

cated on the surface of BiVO4, the variation in specific peaks

intensities andminor shift was noticed. The shift in XRD peak

position may indicate that the crystal structure of BiVO4

nanorods influenced by ZnCdS nanoparticles most probably

due to interaction of ZneCdeS ions with BiVO4. The interac-

tion may cause structural distortions within the nano-

structurewhich produces lattice strains resulting in peak shift

[39]. These investigations strongly confirm the successful

synthesis of BiVO4eZnCdS hetero-structured catalyst based

on its crystallographic analysis.

The structural analysis of BiVO4eZnCdS was further

investigated by means of X-ray photoelectron spectroscopy

(XPS) to extend and strengthen the proof of synthesis. The full

survey scan of XPS was appeared with well-indexed charac-

teristic peaks of each element in BiVO4eZnCdSmaterial (i-e Bi,

V, O, Zn, Cd & S) positioned at their respective standard and

documented binding energies values, shown in Fig. S1 [40,41].

Furthermore, the high resolution XPS scan of Bi (4f) typically

owned two doublets correspond to Bi (4f)5/2 and Bi (4f)7/2 at

binding energy values of 164.26 eV and 158.97 eV, respectively,

shown in Fig. 4A. In comparison with reported binding energy

values of Bi (4f) domains, it has been noticed the up-shift in

binding energies of 0.49 eV in Bi (4f)5/2 and up-shift of 0.50 eV

in Bi (4f)7/2 happened. The high resolution XPS scan of V (2p)

signals are orbit splitting into V (2p)1/2 and V (2p)3/2 at binding

energy values of 524.13 eV and 516.58 eV, respectively [42],

shown in Fig. 4B. The shift in their binding energies towards

higher values were indexed compared from standard and

documented values of V (2p). This shift in binding energy to-

wards higher binding energy values suggests the change in

chemical environment due to effective charge transfer be-

tween BiVO4 and ZnCdS components indicating a strong

interaction in heterostructure composite [40,43]. The O (1s)

spectrum showed two peak proportions located at 529.68 eV

and 531.43 eV for characteristic features of lattice oxygen and

surface adsorbed oxygen coupled with water and CO2 in form

of OeH and OeC groups (Fig. 4C). The O1s spectra can be

further deconvoluted into Gaussian curves. The low-binding-

energy component is ascribed to the O2� ions in BiVO4, while

the component in the higher-binding-energy region is related

to the physisorbed water molecules and carbon components

[43]. The XPS high resolution scan of O (1s) also suggesting that

the adsorbed oxygen atoms on the surface of catalyst may

behave as captive of photogenerated electron-hole pairs in a

direct way that can also inhibit further photogenerated

electron-hole recombination. This phenomenon may also

enhance the lifetime of these photogenerated carriers,

thereby increasing the quantum efficiency of catalyst for

enhanced photocatalytic performance [43]. The high resolu-

tion XPS spectrum of Zn (2p) and Cd (3d) contain spin-orbit

components such as, Zn (2p3/2) & Zn (2p1/2) indexed at
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https://doi.org/10.1016/j.ijhydene.2021.12.193


Fig. 4 e XPS high resolution scans for (A) Bi 4f, (B) V 2p, (C) O 1S, (D) Zn 2p, (E) Cd 3d and (F) S 2p.
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1021.81 eV & 1045.09 eV, respectively, and Cd (3d5/2) & Cd (3d3/

2) at binding energy values of 404.97 eV & 411.80 eV, respec-

tively, shown in Fig. 4D & E. The obtained XPS peaks exis-

tences and positions for Zn (2p) and Cd (3d) are well agreed

with the values literature values of divalent Zn and Cd present

in pure metal sulphides molecules. The S (2p) high resolution

spectra show a peak proportion at 161.29 eV which can be

ascribed to S2� valent state of S in ZnCdS component of

BiVO4eZnCdS material, shown in Fig. 4F [41]. The smaller

difference in obtained binding energy values for Zn, Cd and S

was observed from that of standard values in BiVO4eZnCdS

which may correlate with the difference in valence electron

density and relaxation energy by intimate contact of ZnCdS

with BiVO4 in BiVO4eZnCdS material.

The absorption properties (UVevisible absorption) of semi-

conductor's can be used as a precursor to investigate the ma-

terial's photocatalytic performance and band gap calculations

which gives an approximation of photocatalyst's ability to

generate electrons and holes under visible light illumination

[44]. The as-prepared BiVO4 nanorods, Zinc-cadmium sulfide

nanoparticles and BiVO4eZnCdS hetero-structured catalysts

were characterized with UVevisible diffuse reflectance spectra

to observe the optical properties. As shown in Fig. 5A, the BiVO4

nanorods shows absorption in the visible-light region which

can be ascribed to the light illuminated electron's excitation to

Vanadium 3d orbital from Bismuth 6s and Oxygen 2p orbitals

[45]. The ZnCdS nanoparticles also shows strong absorption

characteristics due to movement of free electrons from the

conduction band to a higher Fermi level. However, the ab-

sorption edge shows red shift towards higher wavelength

indicating stronger absorption in the visible region due to low

band gap of CdS component and less energy requirement for

excitation of free electrons. The as-synthesized BiVO4eZnCdS

heterostructure on the other hand with a darker color displays

strong visible light absorption compared to bare samples indi-

cating the superior visible light response which could signifi-

cantly improve photocatalytic hydrogen production. The
visible-light absorption of semiconductors are related to the

electronic structure and band alignment and band gap values

can be calculated from UVevisible diffuse reflectance spectra

using Tauc formula ahn ¼ A(hn � Eg)
n/2 [46] where a is the ab-

sorption coefficient, h is the Planck constant, and n is the optical

frequency; A is a constant and Eg is the band gap. Fig. 5B shows

the Tauc plots and calculated corresponding band gap energies

obtained from the intercept of the tangent of the curve of

(ahn)2versus (hn) on the X-axis. The band gap energies for BiVO4

nanorods, ZnCdS nanoparticles and BiVO4eZnCdS hetero-

structure calculated to be 2.16 eV, 2.25 eV and 2.02 eV respec-

tively. The values for BiVO4 and ZnCdS are in close

approximation to the literature values indicating successful

synthesis of the catalysts [47,48]. The band gap energy value for

BiVO4eZnCdS heterostructure also strongly indicate strong

visible light absorption characteristics which might help in

enhancing the photocatalytic performance. The change in band

gap after combining heterostructure also indicate the structural

distortions within the nanostructure which produces lattice

strains. It has been observed that the change in lattice strain

significantly changes the electron band structure of the semi-

conductor and improve the photocatalytic performance.

The photocatalytic activities of as-prepared BiVO4 nano-

rods, ZnCdS nanoparticles and BiVO4eZnCdS heterostructure

samples were evaluated for the production of hydrogen from

water splitting under visible light irradiation. Catalysts were

dispersed in aqueous Na2S and Na2SO3 solutions, which act as

sacrificial agents to scavenge the photogenerated holes and

alleviate the electron-hole pair recombination while main-

taining the stability of the catalyst [49]. Fig. 6A displays the

photocatalytic hydrogen production curves of as-prepared

catalysts, indicating a linear progression of hydrogen pro-

duction with irradiation time. Bare BiVO4 nanorods are prac-

tically inactive for hydrogen production and does not show

any photocatalytic activity under visible light irradiation

because the photogenerated electron in the BiVO4 conduction

band has the potential to reduce oxygen into hydrogen
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Fig. 5 e UVevisible diffuse reflectance spectra (A) and corresponding Tauc plot (B) for BiVO4, ZnCdS and BiVO4eZnCdS; the

inset are the digital photographs of ZnCdS (a), BiVO4 (b) and BiVO4eZnCdS heterostructure (c).

Fig. 6 e Time courses of photocatalytic H2 evolution from water splitting on BiVO4 nanorods, ZnCdS nanoparticles and

BiVO4eZnCdS heterostructure under visibleelight illumination (l ≥ 420 nm) (A). Time courses of photocatalytic H2 evolution

from water solution on BiVO4eZnCdS heterostructure (B).
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peroxide but cannot reduce water into hydrogen due to low

conduction band position [50]. ZnCdS nanoparticles on the

other hand exhibited some photocatalytic activity

(15 mmol g�1 h�1). Despite the low band gap and ideal con-

duction band position of ZnCdS, the low photocatalytic per-

formance mainly ascribed to the intrinsic characteristic of

CdS to fast recombination of charge carrier and photo-

corrosion behavior [51]. However, after combining ZnCdS

with BiVO4 nanorods and heat treatment at 400 �C, the

hydrogen production rates were drastically enhanced

(152.5 mmol g�1 h�1). The performance reached a level of

702.3 mmol after 5 h of irradiation strongly indicating the

structural advantage of BiVO4eZnCdS heterostructure in

promoting the photocatalytic activities. The effect of calci-

nation temperature on photocatalytic H2 production have

been studied previously and it was observed that, 400 �C was

the optimum temperature with highest photocatalytic

hydrogen production rate compared to without calcination or

at lower/higher temperatures [35]. The change in photo-

catalytic performancewith respect to calcination temperature

was largely influenced due to change in crystallinity, surface

area, sintering and interface contact. At lower temperature,
the intimate contact between two photocatalysts cannot be

formed resulting in lower electron transfer while at higher

temperature the agglomeration of nanoparticles reduces the

available surface area for photocatalytic reaction resulting in

lower performance. Moreover, mixed phases of BiVO4 can

efficiently avail the transfer of electrons compared with

tetragonal or monoclinic phase [38]. At higher temperature,

BiVO4 change to monoclinic geometry which negatively affect

its photocatalytic performance. The significantly enhanced

activity of BiVO4eZnCdS heterostructure compared to bare

samples suggested an important synergistic link between

intimately contacted BiVO4 nanorods and ZnCdS nano-

particles after heat treatment at 400 �C. The stability of

BiVO4eZnCdS up to three consecutive cycles for photo-

catalytic H2 productionwas also assessed. As shown in Fig. 6B,

the BiVO4eZnCdS heterostructure does not exhibit any

obvious decrease in photocatalytic activity, suggesting the

excellent stability of the as-obtained heterostructure. The

photocatalytic H2 production rate at 5 h after three consecu-

tive cycles shows a small decrease (690.67 mmol g�1 h�1)

compared to initial value (702.3 mmol g�1 h�1). Moreover, XRD

analysis after three stability cycles was also performed and no
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Fig. 7 e A schematic diagram illustrating the band

positions and charge transfer process for BiVO4eZnCdS

heterostructure.
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change in crystal structure was observed indicating the

excellent stability of BiVO4eZnCdS heterostructure (Fig. S2).

To access the mechanism for enhanced photocatalytic

hydrogen production over BiVO4eZnCdS heterostructure, the

energy band alignments of ZnCdS nanoparticles and BiVO4
Fig. 8 e Photocurrent response vs. time for BiVO4, ZnCdS and B

BiVO4, ZnCdS and BiVO4eZnCdS heterostructure and correspon
nanorods were also calculated. The conduction and valence

band potentials of a photocatalyst can be calculated by

following equations [52,53]:

EVB ¼X� Ee þ 0:5Eg (1)

ECB ¼EVB � Eg (2)

where, EVB and ECB are the valence and conduction band po-

tentials, respectively, Eg is the band-gap energy, Ee is the en-

ergy of the free electrons on the hydrogen scale and X is the

absolute electronegativity. From Equations (1) and (2), the

conduction and valence band potentials were obtained for

ZnCdS nanoparticles (EVB ¼ 1.85 eV, ECB ¼ �0.39 eV) and BiVO4

nanorods (EVB ¼ 2.74 eV, ECB ¼ 0.58 eV). The band energy di-

agrams for ZnCdS and BiVO4 were depicted in Fig. 6 and re-

sults confirm that BiVO4eZnCdS can form an overlapping

band structure. As shown in Fig. 7, the conduction band of

BiVO4 is higher than the valence band of ZnCdS but lower than

the potential required for hydrogen evolution, which was the

reason of no photocatalytic hydrogen production over BiVO4

nanorods. The ZnCdS nanoparticles showed some water

splitting capabilities for the production of hydrogen which

implies to the low band gap values and suitable conduction

band position. But the lower valuesmay be ascribed to the fast

recombination of electron-hole pairs. BiVO4eZnCdS hetero-

structure on the other hand shows highest hydrogen pro-

duction among studied catalysts which strongly implied the

construction of a Z-scheme system [28]. The Z-scheme
iVO4eZnCdS heterostructure (l ≥ 420 nm) (A); EIS curves of

ding bode plot (B-D).
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electron transfer pathway needs to satisfy three conditions;

i.e., Photosystem-I can only produce O2, Photosystem-II can

only produce H2 and overall water splitting can occur in the

presence of both. BiVO4 photocatalyst have been reported to

produce O2, while Zn1-xCdxS have also shown potential to be

used for photocatalytic H2 production. Our results also

showed that the BiVO4 nanorods were not able to produce H2

indicating lower band gap position while ZnCdS nanoparticles

alone showed some H2 production. After forming hetero-

structure, the rate of photocatalytic H2 production increased

drastically which indicates that the photogenerated electrons

in conduction band of BiVO4 nanorods tend to recombine with

holes in valence band of ZnCdS, while photogenerated elec-

tron of ZnCdS implies to hydrogen production. This is

consistent with the Z-scheme electron transfer pathway [54].

To further illustrate thewell-maintainedZ-schemepathway,

the formation and migration of photogenerated charge carriers

over pure BiVO4 nanorods, ZnCdS nanoparticles and BiVO4-

eZnCdS heterostructure were investigated using photo-

electrochemical testsundervisible-light irradiation (l� 420nm).

The transient photocurrent response of semiconductors under

light switch on/off can be used as a method to understand the

charge separation ability [55]. It can be seen fromFig. 8A that the

photocurrent response of bare BiVO4 nanorods and ZnCdS

nanoparticles is very low strongly suggesting the fast recombi-

nation of electron-hole pairs which hindering their widespread

application for solar water splitting [56]. However, the transient

photocurrent values for BiVO4eZnCdS heterostructure were

muchhigher compared tobaresamples indicatinghigher charge

separationefficiencywhile reducingsurface recombination.The

higher photocurrent response further strengthens the proposed

Z-scheme interface electron transfer forwater splittingwhich is

responsible for enhanced photocatalytic hydrogen production.

Theelectronintheconductionbandcanbeefficientlyconsumed

by the holes at the valence band of ZnCdS resulting in higher

photocurrent abilities and charge separation. Moreover, elec-

trochemical impedance spectroscopy (EIS) was also used to

determine the contribution of the independent components to

theelectrochemicalpropertiesofBiVO4eZnCdSheterostructure.

The arc radius of the semicircular part of theNyquist plot shows

the surface reaction rate and electrode resistance. It has been

previously observed that, the smaller the radius of the arc, the

easier the charge transfer efficiency from the catalyst to the

electrolyte solution [57]. As displayed in Fig. 8B, BiVO4eZnCdS

heterostructure presented a smaller arc radius of the Nyquist

plot compared with BiVO4 nanorods and ZnCdS nanoparticles,

suggesting an effective charge separation. Fig. 8C and D also

shows the corresponding bode plots that reflect the efficient

electron lifetime of BiVO4eZnCdS heterostructure. The charac-

teristic peak frequency shifts to the lower value for BiVO4-

eZnCdS compared to bare BiVO4 and ZnCdS implying longer

electron lifetime which can be attributed to the reduced

recombination process, resulting in accelerating electron trans-

fer, increasingelectrondensity, and improvingphotocatalyticH2

production. Overall, results conclude that BiVO4eZnCdS heter-

ostructure showedpromisingperformance forphotocatalyticH2

production due to improved visible light absorption efficiency,

reduced recombination rate including charge transportation,

and enhanced photoelectron collection process.
Conclusion

In this work, BiVO4 nanorods were successfully synthesized

and used as support to anchor ZnCdS nanoparticles forming a

BiVO4eZnCdS heterostructure. The heterostructure catalyst

was well characterized through high-resolution transmission

electron microscope, EDX elemental mapping, X-ray diffrac-

tion and X-ray photoelectron spectroscopic analysis. The

UVevis diffuse reflectance spectra showed stronger optical

properties for BiVO4eZnCdS heterostructure compared to

bare samples and subsequent band gap calculations and

band alignment studies confirm the Z-scheme pathway for

electron movement through interfacial contact. The BiVO4-

eZnCdS heterostructure showed 10 times higher hydrogen

production rates from water splitting compared to ZnCdS

while BiVO4 nanorods does not show any activity due to its

low conduction band position for water splitting. The

enhanced performance of BiVO4eZnCdS heterostructure was

further studied through transient photocurrent response

curves and electrochemical impedance spectroscopy, which

shows efficient transfer of electrons at the interface to ach-

ieve improved separation of the photogenerated electrons

and holes and easier charge transfer efficiency from the

catalyst to the electrolyte solution which resulted in higher

photocatalytic hydrogen production.
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