Journal of Colloid and Interface Science 599 (2021) 453-466

Journal of Colloid and Interface Science

journal homepage: www.elsevier.com/locate/jcis

Contents lists available at ScienceDirect

Regular Article
Deposition of zinc cobaltite nanoparticles onto bismuth vanadate for R
enhanced photoelectrochemical water splitting e

Sutripto Majumder **, Nguyen Duc Quang ¢, Nguyen Manh Hung *°, Nguyen Duc Chinh ¢, Chunjoong Kim **,

Dojin Kim **

2 Department of Materials Science and Engineering, Chungnam National University, Daejeon 34134, Republic of Korea
b Department of Materials Science and Engineering, Le Quy Don Technical University, Hanoi, 100000, Viet Nam

HIGHLIGHTS

« ZnCo,04 nanoparticles designed to
decorate BiVO4 nanoworms to form
n-p heterojunction.

« Impressive 4.4 fold increase in the
photocurrent density was achieved
for composite.

« Incorporation of ZnCo,0,4 accelerates
the interfacial kinetics of BiVO,.

« Establish correlation between PEC
and band structure analysis of the
photoelectrodes.

« Understanding the surface kinetics of
different photoelectrodes was
developed.

ARTICLE INFO

Article history:

Received 24 November 2020
Revised 1 April 2021
Accepted 22 April 2021
Available online 26 April 2021

Keywords:
Photoelectrochemical
BiV04/ZnCo,04
ZnCo,y04
Heterojunction
Water splitting

GRAPHICAL ABSTRACT

BIVO, ZnCoz0,

05 10 5 20

Potential vs RHE

35 BIVO,/ ZnCoy04
0| povases
[0 A
ot
w
o1 B0,
o
L NN
/ »
st LN

¥ >

: a0l
350 400 450 500 550 600
Wavelength (nm)

ABSTRACT

During the past few decades, photoelectrochemical (PEC) water splitting has attracted significant atten-
tion because of the reduced production cost of hydrogen obtained by utilizing solar energy. Significant
efforts have been invested by the scientific community to produce stable ternary metal oxide semicon-
ductors, which can enhance the stability and increase the overall production of oxygen. Herein, we pre-
sent the ternary metal oxide deposition of ZnCo,04 as a route to obtain a novel photocatalyst layer on
BiVO, to form BiVO,4/ZnCo,0,4 a novel composite photoanode for PEC water splitting. The structural, topo-
graphical, and optical analyses were performed using field emission scanning electron microscopy, X-ray
diffraction, high-resolution transmission electron microscopy, and UV-Vis spectroscopy to confirm the
structure of the ZnCo,0, grafted over BiVO,. A remarkable 4.4-fold enhancement of the photocurrent
was observed for the BiVO,4/ZnCo,04 composite compared with bare BiVO,4 under visible illumination.
The optimum loading of ZnCo,04 over BiVO, yields unprecedented stable photocurrent density with
an apparent cathodic shift of 0.46 V under 1.5 AM simulated light illumination. This is also evidenced
by the flat-band potential change through Mott-Schottky analysis, which reveals the formation of p-
ZnCo,04 on n-BiVO,4. The improvement in the PEC performance of the composite with respect to bare
BiVOQ, is ascribed to the formation of thin passivating layer of p-ZnCo,04 on n-BiVO, which improves
the kinetics of interfacial charge transfer. Based on our study, we have gained an in-depth understanding
of the BiVO,4/ZnCo,04 composite as high potential in efficient PEC water splitting devices.
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1. Introduction

The growing global population is driving an ever-increasing
demand for energy. Therefore, switching to renewable sources
has become necessary. From this perspective, Fujishima and Honda
in 1972 introduced an efficient process to convert solar energy to
clean chemical energy [1]. Soon after, photoelectrochemical (PEC)
water splitting was investigated as a potential method for the con-
version of solar energy to fuels such as hydrogen and oxygen. To
achieve PEC water splitting, a number of semiconductor materials
have been developed and investigated. Semiconductors with the
following properties show good response with respect to PEC
water splitting: (i) chemical and electrochemical stability in water
under illumination, (ii) appropriate band gap, (iii) rapid separation
and transfer of electron-hole pairs, (iv) catalytic activity for oxy-
gen/hydrogen evolution reaction, and (v) low fabrication cost
[2,3]. Considering the above, multifarious metal oxide semiconduc-
tors such as TiO,, In,03, SnO,, ZnO, WOs3, Fe,03, and BiVO4 have
been extensively studied [4-10]. Among these materials, BiVO;, is
considered the most promising material. BiVO, exhibits a direct
optical band gap of 2.3-2.5 eV making it attuned to absorb photons
with wavelengths (1) below 510-560 nm [11]. The position of
valance band edge of BiVO, lies just below the water oxidation
level whereas the position of the conduction band (CB) edge is
favorably located at 0 V vs. NHE at pH = 0, makes BiVO, thermody-
namically capable of oxygen evolution [12].

Besides possessing good optical absorption properties, BiVO,
also shows to a short-hole diffusion length of ~70 nm which results
in poor electron transport [13]. This property leads to an increase
in the rate of recombination of the photogenerated species, which
has a direct impact on the kinetics of the water splitting reaction.
Significant efforts have been devoted to overcome the above-
mentioned drawbacks by several approaches: (a) manipulation of
hierarchical nanostructures [14] (b) doping by foreign elements
[15], (c) oxygen evolution co-catalyst loading (OEC) [10,16] and
(d) constructing heterojunctions with another semiconductor
[17,18]. The method of constructing heterojunctions with other
semiconductors has been demonstrated as an effective approach
to control the kinetic processes, thereby enhancing the PEC activity
of bare BiVO,4. The high performance of these heterojunctions is
due to the facile charge transport that takes place via the built-in
field. Several reports have shown that binary metal oxides such
as Sn0,, W03, Fe;03, Mo03, Cu,0, and Co304 [19-24] can be used
to construct heterojunctions with BiVO,4. Among these, multivalent
Co-based oxides exhibit highly improved PEC oxidation properties.
In addition to the ability of forming heterojunctions, Co-based
metal oxides are well-known as good photocatalysts because they
can function as rapid transporters for charge carriers by reducing
the reaction barrier [25]. Therefore, developing an exceptional
Co-based metal-oxide-oriented material for fabricating hetero-
junctions with BiVOy is of paramount importance.

Recently, researchers have focused on bimetallic transition oxi-
des, especially ZnCo,0,, in the field of super capacitors, lithium-ion
batteries, gas-sensors, biosensing, catalytic CO oxidation, catalytic
CO, reduction, and photocatalytic hydrogen evolution [26-32].
Spinel-type ZnCo,0,4 is a readily available, non-hazardous p-type
material that possesses a low optical band gap (~2.3-2.5 eV)
[33,34]. Compared to individual component oxides of Zn and Co,
nanostructured ZnCo,0,4 exhibits the richest redox chemistry with
high electrochemical surface areas toward certain reactions
[35,36]. This rich chemistry occurs because of the extraordinary
structure of ZnCo,04, which includes tetrahedral and octahedral
voids where Zn?" replaces the Co?* and Co>" that occupy the tetra-
hedral and octahedral positions, respectively [37]. These voids
within the structure are responsible for higher electrical conduc-
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tion with high PEC stability. Chen et al. reported that the valence
band (VB) of ZnCo,0,4 comprises the O 2p level, while the conduc-
tion band (CB) is composed of the Co 3d-e; and Co 3d-t2; levels,
which help reduce the rate of recombination of the photogenerated
charge carriers intrinsically [38]. Considering the above features,
we employed ZnCo,0,4 to create a heterojunction with BiVO4 as
an underlying structure to enhance the PEC oxidation of water.

In this study, we grafted ZnCo,0, nanoparticles on a BiVO,
nanoworm structure on fluorine-doped tin oxide (FTO) through a
simple method. The nanoworm structure was preferred for BiVO,
because this porous structure increases the probability of hole dif-
fusion and light absorption. The formation of n-BiVO4/p-ZnCo,04
was confirmed by structural, morphological, and optical character-
izations. The experimental results showed that the optimized
BiVO,4/ZnCo,0,4 had an exceptionally high photocurrent density
as well as superior stability compared to bare BiVO4 in a neutral
electrolyte under light irradiation. Herein, we investigate proper-
ties such as facile charge transport, which accounts for the high
PEC performance, and electron lifetime by various PEC characteri-
zations such as Mott-Schottky (M-S) analysis, electrochemical
impedance spectroscopy (EIS), and open-circuit voltage decay
(OCVD) measurements. The possible photocatalytic mechanisms
are also discussed.

2. Experimental methods
2.1. Preparation of BiVO4 nanoworm structure

A two-step process was adopted for the preparation of the
BiVO, nanoworm structure on the FTO-coated glass substrate.
First, a bismuth oxyiodide (BiOI) nanoflake structure was grown
by electrodeposition, as discussed in a previous study [39]. Follow-
ing the same procedure, 0.04 M of Bi(NOs); was mixed with 0.4 M
KI to form the plating solution, and the pH of the solution was
maintained at ~1.7 by introducing drops of concentrated 2 M
HNOs. The solution was stirred for 30 min, during which a
0.23 M solution of p-benzoquinone was added to the above solu-
tion, whereupon the solution became dark olive in color. Cathodic
deposition at 145 mV vs. the saturated calomel electrode (SCE) was
conducted to form a basic BiOI nanoflake structure on FTO. Trans-
formation of BiOl nanoflakes into the BiVO, nanoworms was
achieved by immersing the as-prepared BiOIl nanoflake structure
into a solution of vanadyl acetate in dimethyl sulfoxide, followed
by slow calcination to 450 °C at a heating rate of 2 °C s~'. After
cooling, the samples were soaked in 1 M NaOH solution for
30 min. A bright yellow thin film was obtained, which indicated
the formation of BiVOy,.

2.2. Preparation of ZnCo,0,4 nanoparticles

Hydrothermal synthesis was conducted to prepare ZnCo,04
nanoparticles. Zinc nitrate (1 mM) and cobalt nitrate (2 mM) were
added to 40 mL of deionized (DI) water. To ensure the uniform dis-
tribution of each component, the mixture was mechanically agi-
tated for 45 min. Liquid ammonia was introduced in the above
solution dropwise until the pH of the solution reached 11, and
the mixture was stirred for another 20 min. Subsequently, the
as-prepared solution was transferred into a 100 mL Teflon-lined
stainless-steel autoclave. The autoclave was maintained at 120 °C
for 12 h. The resulting precipitates were collected by centrifugation
at 5000 rpm and washed with DI water three times. The precipi-
tates were subsequently dried overnight at 80 °C for 12 h. The for-
mation of the ZnCo,0,4 nanoparticles was subsequently confirmed.
In addition to ZnCo,0,4 nanoparticles, C0304, Zng 250,04, ZNg 50-
C0,04, and Zng 75C0,04 nanoparticles were also prepared for com-
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parison following the above hydrothermal method under the same
conditions by altering the molar concentration of the Zn source (i.e.
0.25, 0.50, and 0.75 mM also) with a fixed 2 mM Co source.

2.3. Fabrication of BiV0,/ZnCo;0, electrodes

ZnCo,04 nanoparticles (~1 mg) were dispersed in 1 mL absolute
ethanol and ultrasonicated for 45 min to form a uniform nanopar-
ticle ink. Subsequently, 20 pL of the ZnCo,0,4 nanoparticle ink was
drop-cast onto the BiVO, electrodes within an area of 2.5 cm?,
which was confirmed by Kapton tapping to form BiVO,4/ZnCo,04.
Finally, the composite electrode was calcined to 450 °C in air for
1 h at a rate of 1 °C min~"'. Furthermore, BiVO4/ZnCo0,0,4 nanocom-
posite electrodes using different quantities of the dispersed ZnCo,-
04 nanoparticle ink (5, 10, 15, and 25 uL) were prepared (see Fig. 1).
For comparison, BiVO, electrodes were coated with ZnO and Co30,
following the same experimental procedure.

2.4. Material characterization

The structural and phase formation of BiVO,4 and BiVO4/ZnCo,-
04 on the FTO-coated glass substrate as well as FTO was deter-
mined using a Rigaku D/MAX-RC diffractometer with Cu Ko
radiation (1.541 A). The surface morphology and elemental compo-
sitions of the fabricated photoanodes were monitored by field
emission scanning electron microscopy (FE-SEM, JSM700F, JEOL)
coupled with energy-dispersive X-ray (EDX) spectroscopy. To
investigate the chemical composition of both samples, X-ray pho-
toelectron spectroscopy (XPS, Kratos AXIS Ultra DLD) using an
Al-monochromatic Ko X-ray source (hv = 1486.6 eV) was per-
formed, and the work functions of the samples were determined
by ultraviolet photoelectron spectroscopy (UPS) using a Thermo
Fisher Scientific ESCALAB 250 XI system. The deconvolution of
the XPS profiles was carried out using the XPS PEAK41 software
package. The optical absorption spectra of the BiVO4 and BiVO,/
ZnCo,04 samples on the FTO substrate were characterized using
a UV-Vis spectrophotometer (Shimadzu UV-3600) in the range
300-600 nm. Photoluminescence (PL) measurements were carried
out using a LabRAM HR-80 instrument in the range 350-900 nm.

2.5. PEC measurements

The PEC water splitting measurements for the fabricated sam-
ples were performed using a standard three-electrode system
(PGSTAT128N, Metrohm Autolab Instrument). KCl-saturated calo-
mel (Hg/Hg,Cl,) also termed as saturated calomel electrode (SCE)
served as the reference electrode (RE), Pt as the counter electrode
(CE), and the fabricated photoanode was employed as a working
electrode (WE). The simulated illumination source was a Xe

FTO coated glass
substrate

Electrodeposition

Annealing in
presence of
Vanadium source
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150 W lamp with AM 1.5 G, and the light intensity was calibrated
to 100 mW cm2 using a Si photodiode. The photoactive area for
the fabricated photoanodes was fixed at 0.5 cm?. The linear sweep
voltammograms (LSVs) were obtained in the voltage window
of — 0.5V to 1.7 V vs SCE at a scan rate of 20 mV s~'. An aqueous
0.5 M Na,S0O, solution was used as the electrolyte with and with-
out a hole scavenger (0.5 M Na,SOs). The incident photon-current
conversion efficiency (IPCE) of all electrodes was measured
through the chopped monochromator with a 150 W Xe lamp as
the simulated light source (designed by HS Technologies, Korea)
in the range of 300-700 nm excitation wavelengths at 0.5 V. The
IPCE for the samples was determined at the constant potential
1.23 V vs. RHE in a 0.5 M NaySO, electrolyte using the same
three-electrode setup described above for photocurrent measure-
ments. M—S measurements were performed in the dark in the
range between — 0.5 V and 1.7 V vs. SCE and a constant frequency
of 1 kHz. PEC impedance spectroscopy was conducted under sim-
ulated AM 1.5 illumination (100 mW c¢m2) in a 0.5 M Na,SO, solu-
tion at 0.65 V vs. SCE, by applying a single 10 mV sinusoidal
perturbation of the amplitude in the frequency range 1072-10°
Hz. The results acquired with the Nova program were fitted in
terms of the equivalent circuits with Z-View software. The poten-
tial was measured against SCE throughout the experiments and
converted to specific values vs. RHE using the following Nernst
equation:

E(VSRHE) = E(vsSCE) + 0.242V + 0.059 - pH (1)

3. Results and discussion
3.1. Structural and morphological properties of the photoelectrodes

The crystal structures of the bare BiVO,4 and BiV04/ZnCo,04
photoelectrodes were investigated using X-ray diffraction (XRD).
The XRD patterns of the different samples are shown in Fig. 2 (a).
Curve (i) shows the FTO peaks, whereas curves (ii) and (iii) display
the peaks of BiVO, and BiVO4/ ZnCo,04, respectively. The peaks
denoted by the symbol (#) within curves (ii) and (iii) were indexed
to monoclinic BiVO, (JCPDS No. 14-0688). Additional peaks
observed in pattern (iii), designated by the symbol (¥), were iden-
tified as the cubic spinel structure of ZnCo,0,4 (JCPDS No. 23-1390).
This confirms the deposition of ZnCo,0,4 on BiVO,4. All the samples
have a strong background of FTO, indicated by the symbol (*). The
formation of ZnCo,0,4 nanoparticles is evidenced by the XRD pat-
tern shown in Fig. S1%. Fig. S1' further confirms that as the concen-
tration of Zn increases from 0.25 to 1 mM (with a constant
concentration of Co), the (111) peak emerges. The XRD pattern
for ZnCo,04 at a Zn:Co molar ratio of 1:2 confirms the formation
of ZnCo,04, as it clearly exhibits the formation of the cubic spinel

BiVO,
nanoworms

Soaking

ZnCo,0
in NaOH iry

nanoparticles
grafted over BiVO,

Fig. 1. Schematic of the stepwise fabrication of BiVO4/ZnCo,0,4 nanostructure photoanode.
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—— FTOIBIVO /ZnCo,0)

o Standard BiVO4(JCPDS- 14-0688)

(JCi
¥ Standard ZnCo204(JCPDS- 23-1390)

Intensity (arbs. unit)

Fig. 2. XRD patterns of (i) FTO, (ii) BiVOy, and (iii) BiVO4/ZnCo,0, photoanodes, (b)
and (c) shows the FESEM images of BiVO, and BiVO,4/ZnCo,0,4 photoanodes at 1 um
and 100 nm (inset).

structure of ZnCo,04 with an orientation toward the (311) plane.
Apart from the formation of ZnCo,04, Co304 was also synthesized,
as confirmed by JCPDS No. 43-1003. These results are similar to
those reported by Cheng et al. [40]. Moreover, compared to pure
ZnCo,04, the XRD pattern of BiVO4/ZnCo,0,4 shows very few peaks
corresponding to ZnCo,04, which can be explained by its small
loading amount or high dispersion on the BiVO, nanoworm struc-
ture [41].

FE-SEM was employed to investigate the different photoelec-
trodes. Fig. 2 (b) and (c) show the top-view of the different elec-
trodes at 1 um scale, showing the conformal growth of the BiVO,
nanoworms on FTO. Similarly Fig. 2 (c) at the same scale shows
the uniform deposition of ZnCo,04 over BiVO,. The inset of Fig. 2
(b) and 2 (c) displays the zoomed area selected at the 100 nm scale
for both the samples. The grafting of ZnCo,04 on the BiVO,4
nanoworm-like structure was also confirmed by energy-
dispersive spectroscopy (EDS), as shown in Fig. S27. This type of
nanoparticle morphology can influence the PEC water splitting
properties of metal oxide pristine semiconductors.

The high-resolution transmission electron microscopy (HRTEM)
image of BiVO4/ ZnCo,0, is shown in Fig. 3. Fig. 3 (a) shows the
deposition of the ZnCo,04 nanoparticle structure at the edges of
the BiVO, nanoworms. At high resolution (Fig. 3 (b)), the interpla-
nar spacing of 0.243 nm was identified as the (311) plane of
ZnCoy04 at the edge of the BiVO, nanoworm. The presence of
BiVO,4 was confirmed by the appearance of an interplanar spacing
of 0.197 nm, which was identified as the (132) plane of monoclinic
BiVO,4. The composition was further investigated by EDS mapping,
as shown in Fig. 3 (d)-(h), which confirm the presence of Bi, V, O,
Zn, and Co. The formation of an amorphous phase with a crystalline
phase at the boundaries is also observed in the TEM images. These
interlinked crystalline and amorphous phases can accelerate the
charge transfer between active sites because of the flexibility of
the local framework in the amorphous phases [42]. Further indica-
tion of the formation of ZnCo,0, nanoparticles is provided in
Fig. S3(a). Fig. S3(b)' displays the d-spacing of ZnCo,04 nanoparti-
cles, which is in agreement with JCPDS No. 23-1390. The elemental
mapping shown in Fig. S3 (d-f)' also confirms the presence of Zn,
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b) BIVO,

\ (132)
0.197 nm

Fig. 3. HRTEM image of BiVO,/ZnCo,04 photoanodes shown at (a) 50 nm (b) 2 nm,
(c) TEM image and corresponding elemental mappings of (d) Bi, (e) V, (f) O, (g) Zn,
and (h) Co.

Co, and O. The formation of the ZnCo,0,4 nanoparticles is also evi-
denced in Fig. S3 (g) .

3.2. Elemental properties of the photoelectrodes

The valence states of both BiVO4 and BiVO,4/ZnCo,0,4 electrodes
were characterized by XPS. Comparative XPS profiles (Fig. 4 (a))
showed the characteristic peaks of Bi, O, and V. Additional XPS sig-
nals of Zn and Co were found only in the pattern of BiVO4/ZnCo,0,.
This supports the deposition of ZnCo,04 on the BiVO4 nanoworms.
In both XPS profiles, adventitious carbonaceous residues were
observed on the materials handled in air. Fig. 4 (b)-(f) show the
core spectra of Bi, V, O, Zn, and Co, respectively, in BiVO4/ZnFe,0,4.
The Bi 4f core-level spectrum is shown in Fig. 4 (b). Binding energy
values at 158.5 eV and 163.8 eV correspond to Bi 4f7/, and Bi 4fs),.
Fig. 4 (c) shows the V 2p spectrum; the two peaks found at 516.4
eV and 523.9 eV are attributed to V 2psj, and V 2p;,, respectively.
The deconvolution of O 1s shown in Fig. 4 (d) results in peaks posi-
tioned at 529.7 eV and 531.2 eV, which can be assigned to oxygen
species at the lattice Op and hydroxyl groups bonded to the metal
cations in the oxygen-deficient region Op, respectively [43,44].
Fig. 4 (e) shows two major deconvoluted peaks at 1021.5 eV and
1044.3 eV ascribed to Zn 2p3;, and Zn 2p4 ), respectively [45]. The
Co 2p spectrum shown in Fig. 4 (f) is composed of two main peaks
at approximately 781 eV and 796 eV, which show a spin orbit split-
ting of 16 eV between 2p3), and 2py». Traces of satellite peaks des-
ignated as (sat) were observed at 787.4 eV and 804.8 eV; these are
typical features of cobalt oxides [46]. After the deconvolution of
the basic peaks of 2p3,; and 2p,), the coexistence of two different
oxidation states Co>" (~780.5 eV, 795.4 eV) and Co** (~781.8 eV,
797.8 eV) was discovered.
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Fig. 4. (a) Overall XPS profiles of BiVO4 and BiVO4/ZnCo,04 and the core levels of (b) Bi 4f, (c) V 2p, (d) O 1s, (e) Zn 2p, and (f) Co 2p in the BiVO4/ZnCo,0,4 photoanode.

3.3. Optical properties of the photoelectrodes

Fig. 5 (a) shows the UV-Vis absorption spectra, which reveal
that the light absorption edge of BiVO4/ZnCo0,0, is similar to that
of the bare BiVO,4 nanoworm-structured thin film, implying that
there is no additional band gap transition caused by the incorpora-
tion of ZnCo,04 nanoparticles. However, in the same spectra, the
light absorption intensity of BiVO4/ZnCo,04 was found to be higher
than that of the bare BiVO, sample, which demonstrates the light-
trapping capability of ZnCo,04 nanoparticles [47,48].

The optical energy band gap was estimated by Tauc’s equation,
as shown in the Supporting Information, considering a value of
n = 2 for the condition of direct allowed transition. Because of
the similar light absorption edges of bare BiVO,4 and BiVO,4/ZnCo,-
04, the electrodes possess nearly the same band gap values, as
shown in Fig. S4f. The estimated band gaps are 2.47 eV and
2.49 eV for BiVO,4 and BiVO,4/ZnCo,0,4, respectively, showing no
significant differences.

Relative Photoluminescence (PL) spectra were measured for
both samples. The excitation energy were used for this measure-
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ment was 320 nm for both the samples. Fig. 5 (b) shows that the
PL intensity decreases sharply after grafting the ZnCo,04 nanopar-
ticles on the BiVO4 nanoworm structure. This sharp decrease in the
PL intensity inhibits radiative recombination of the photogener-
ated charge carriers, resulting in the separation of electron-hole
pairs. This improvement can be attributed to the appropriate align-
ment of the CB and VB of BiVO,4 and ZnCo,0,.

3.4. PEC properties of the photoelectrodes

The PEC water splitting activity was determined using the
three-electrode system described in the experimental section.
Fig. 6 (a) shows the LSVs for bare BiVO, and BiVO4/ZnCo,0,.
Front-side illumination have been preferred for all the photoelec-
trodes. The photocurrent densities of bare BiVO, were measured
as 0.43 and 0.89 mA-cm 2 at 1.23 and 1.6 V (vs RHE), respectively,
and increased to 1.92 and 2.62 mA-cm~2 at 1.23 and 1.6 V vs. RHE,
respectively, for the BiVO,4/ZnCo,0, photoanode. The increase in
the photocurrent density of BiVO4/ZnCo,0,4 at 1.6 V vs. RHE is
approximately 2.94 times higher than that of the bare BiVO4 nano-
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Fig. 5. (a) UV-vis absorption spectra of BiVO, and BiV0,4/ZnCo,0,4, (b) Relative
Photoluminescence spectra of BiVO,4 and BiVO4/ZnCo,04,

worm electrode. This increase signifies the extraction of the photo-
holes from BiVO4 to ZnCo,04 [49]. In addition, a distinct negative
shift in the onset potential of the BiVO4/ZnCo,0,4 photoanode com-
pared with the pristine BiVO4 was observed by extrapolating the
linear part of the Butler plot (i.e., (J>-V) characteristics), as shown
in Fig. S5. The onset values were estimated as 1.09 and 0.63 V
vs. RHE for bare BiVO,4 and BiV0,4/ZnCo,04, respectively. Under
illumination conditions, the incorporation of ZnCo,04 on BiVO,4
led to an improvement in current densities over the entire operat-
ing range from 0.5 V to 2.4 V vs. RHE. Prior to fixing the volume of
ZnCo,04 as 20 pL, complete optimization of the loading of ZnCo,0,4
nanoparticles was performed, as shown in Fig. S6'. Among the dif-
ferent loading volumes (i.e. 5, 10, 15, 20, and 25 pL), the 20 uL
ZnCo,04 nanoparticle solution showed the highest photocurrent
densities with a comparatively low onset potential through But-
ler’s plot, as shown in Fig. S7°.

In addition to the formation of a uniform interface between
BiVO, and ZnCo,04, other composite structures, such as BiVO,/
C0304‘ BlVO4/ Zng>5C0,04, BiVO4/Zn0.50C0204, and BiVO4/Zl'l0A75-
Co,04 electrodes were also fabricated to characterize their PEC
water splitting properties. The experimental conditions for this
characterization were the same: AM 1.5 G simulated light with
an intensity of 100 mW-cm~2 in a 0.5 M Na,SO, electrolyte. Fig. S8
shows the response of the different electrodes. From the graph, it is
clear that the coating of ZnCo,0, at the Zn:Co ratio of 1:2
responded the best in terms of water oxidation. Photocurrent den-
sities for B1V04, BiVO4/CO304, BiVO4/ZHO_25C0204, BiV04/Zn0,50C02-
04, BiV04/Zng75C0,04, and BiVO,4/ZnCo,04 photoelectrodes, were
mentioned in the (Table T1%). To determine the onset potential,
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the linear part of the Butler plot (i.e., J-V characteristics) was
extrapolated, as shown in Fig. S9'. The onset potential values were
shown in the (Table T1) for different electrodes, respectively, indi-
cating a gradual shift toward lower potentials.

Fig. 6(a) shows the periodic chronoamperometric photocurrent
results for BiVO4 and BiVO,4/ZnCo,0,4. The recorded values are con-
sistent with the values obtained from the LSVs. Both photoanodes
exhibited an immediate rise in the photocurrent under irradiation
and a rapid quenching to zero when the light is removed. The
BiV0,4/ZnCo,0,4 photoanode showed the maximum increase to 2.
4-2.7 mA-cm~2 vs RHE, which is approximately 2.9 times higher
than that of pristine BiVO,4 (0.89-0.7 mA-cm~2 vs RHE) Further-
more, the applied bias photoconversion efficiencies for both sam-
ples were calculated based on the J-V curve as a function of the
applied voltage, as shown in Fig. 6 (b). Further evaluation of the
photoactivity was conducted using the applied bias photon-to-
current efficiency (ABPCE), which was calculated from the Eq.
(S2) in the Supporting Information for both samples. Considering
about the different pitfalls described [50,51]. Therefore we have
found ]V characteristics of BiVO,4 and BiVO,4/ZnCo,0,4 as a two ter-
minal device shown in the Fig. S10%. The BiVO4/ZnCo,0,4 photoan-
ode showed the highest ABPCE of approximately 0.07% at 0.86 V vs
RHE, while the pristine BiVO, photoanode showed an ABPCE of
0.03% at 0.89 V vs RHE. The clear evidence of the high value of
the ABPCE were found for ZnCo,04 on BiVO4, nanoworms photo-
electrode than bare BiVO4 which is due to fast separation of pho-
toexcited electrons and holes. Fig. 6 (c) shows the photocurrent
density-time (I-t) curve of both electrodes at 1.23 V vs. RHE. After
grafting, a substantial improvement over pristine BiVO, in the pho-
tostability was recorded for 3 h of continuous PEC water splitting,
as shown in Fig. 6 (d). The bare BiVO4 nanowire structure possesses
a higher chemical and photocorrosion response than the BiVO,/
ZnCo,04 composite structure. Quantitatively, BiV04/ZnCo,04
retains 97% of its initial photocurrent density, while bare BiVO,4
retains approximately 70% after 3 h of photoexposure. The bare
BiVO, in photoelectrochemically unstable due to the dissolution
of V and Bi which as suggested by Zhang et al. [52]. Other than this
Yao et al. reported that BiVO, go through the preferential dissolu-
tion of Vanadium in to the products such as V,0s, V305 and VO, in
comparison with Bismuth [53]. For better understanding of the
above facts we have perform chronoamperometric for 24 h of
exposure under standard illumination condition shown in Fig. S111.
EDS have been carried out as the post-mortem analysis of both the
samples before and after chronoamperometric stability test for
24 h of standard light exposure shown as Fig. S12'. Form Fig. S12
(a) T, 512 (b) T shows before and after 24 h of standard light expo-
sure it is found that the basic BiVO, started degrading heavily after
20 h resulting in the breakdown of the sample this is due to the
high degradation rate of V and Bi (discussed earlier). Again form
the Fig. S12 (c) T BiVO4/ZnCo,0, it is clear that the weight % of both
Zn and Co is relatively lower after 24 h of long stability condition.
As suggested earlier this degradation may happen due to the basic
dissolution of the V and Bi within the BiVO4 which acts as the base
layer. Thus it is clear that due to the formation of the proper
heterojunction between BiVO, and ZnCo,0,4, acts as a protective
layer over BiVO4 as a result of which relatively less degradation
have been observed which is also understood from the Fig. S12
(c) T and S12 (d) . However variation in the content of weight %
for both Zn and Co through EDS for the BiVO,4/ ZnCo,0,4 samples
after 24 h have also been evidenced.

The external quantum efficiencies (EQEs) of the BiVO4 nano-
worms and BiVO4/ ZnCo,04 samples were measured to determine
the influence of ZnCo,04 on BiVO,. Fig. 7(a) shows the EQE pho-
toresponse of BiVO, and BiVO,/ ZnCo,04 over the range 350-
600 nm. Again, from the response of BiVO, and BiVO4/ZnCo,04
shown in the Fig. 7 (a) is quiet similar to the work presented over



S. Majumder, Nguyen Duc Quang, Nguyen Manh Hung et al. Journal of Colloid and Interface Science 599 (2021) 453-466

Q

—

(=2
—
5
-
=
=3

. 33} BiVO,/ZnCoy0, Light
s
2 0.075|
E x
> w
- 0.050 |-
g
o <
g 0.0251
L
0.000 s . . . .
S 1.0 18 0 0.00 0.25 050 075 1.00 1.25
c) Potential vs RHE d) Potential (V)
2.5
< 24} BiVO,/ZnCo,0 T BiVO /ZnCo O
S “ 274 £ 4 274
o 21} M L 2.0k,
— < "
T 18} == 1 - E
< 45l |on | |on ON | | ON =, 157
2 i w w [ w =
- — (e [T [T w 7]
n 1.2 o (@) (@) (@] (@] c 1.0H
c o 1.
g 0.9} (=)
- -
2 06f BiVO, S 0.5
o 0.3k m e = L
=]
E 0.0 - -”J i i o) O 0.0 A : . : 3
o 0 50 100 150 200 250 300 00 05 1.0 15 20 25 3.0
Time (sec) Time (h)

Fig. 6. (a) LSVs of BiVO, and BiV0,/ZnCo,04 photoanodes measured with and without 1.5 G illumination (100 mW.cm™'), (b) applied bias photon-to-current efficiencies
(ABPCE) of the photoanodes under AM 1.5 G (100 mW.cm?) illumination, (c) transient photocurrents of the different photoanodes, (d) stability test for the respective
electrodes. The data were collected considering a 0.5 M Na,SO4 electrolyte at pH = 7.

(@) 4 (b)

i35
= ~N
35¢ BiVO,4/ZnCoy0y g 3.0
30 <
E 25
25 =
X 2 20
20 % L
o & 15
g 15 g o
10 £ 1
2 L
5 5 05
o (8] r
0 . . . R 0.0
350 400 450 500 550 600 0.2 %4 0.6 | %8 1£HE1.2 1.4
otentia vs
(C) o Wavelength (nm) (d) V)
123V
50|
< ool  BiVO4/ZnCox0,
S = 40t
c > I
S <
0 40t 6 30r
3 o |
£ c 20l
©
S ol 5 |
: 10+
02 04 06 08 1.0 12 14 002 02 06 08 10 12 12
Potential (V) vs RHE Potential (V) vs RHE

Fig. 7. (a) Incident photon-to-current conversion spectra of BiVO,4 and BiVO,4/ZnCo,0, electrodes, (b) LSVs of pristine BiVO,4 and BiVO4/ZnCo,0,4 in 0.5 M Na,SO,4 + Na,SO3
electrolyte, (c) calculated charge transport efficiency, and (d) charge injection efficiency of BiVO,4 and BiVO,4/ZnCo,0,4 nanostructured thin films.

BiVO,4 based photoelectrodes in the different reports [54-56]. The mately 30.3% and 10.08%, respectively, which indicates an approx-
IPCE of BiVO4/ ZnCo,04 is higher than that of bare BiVO,4. The IPCE imately 2.73-fold increase. The factors that affect the IPCE are
values of BiVO,4/ ZnCo,04 and bare BiVO,4 at 400 nm are approxi- partial absorption of the incident photons and electron-hole

459



S. Majumder, Nguyen Duc Quang, Nguyen Manh Hung et al.

recombination before their collection [57]. However, the dominat-
ing factors that can improve the IPCE values of the photoelectrode
depend on the light harvesting efficiency (LHE), charge injection,
and separation efficiencies [58]. The LHE as estimated from the
equation S6 described in the Supporting Information shows the
values for both the samples are shown in Fig. S13%. The relatively
high IPCE of the BiVO4/ZnCo,0,4 sample can be attributed to the
enhanced light absorption, which accelerates charge transfer com-
pared to the bare BiVO4 nanoworm structure.

Further, for the quantification of the charge separation and
injection effect caused by the decoration of ZnCo,0,4 on the BiVO,
nanoworm structure, the charge separation efficiency (Mseperation)
and surface charge injection efficiency (Nipjection) Were investigated
[59]. For this, a sacrificial reagent (0.5 M Na,SO3) was injected into
the previously used 0.5 M Na,SO, electrolyte. This sacrificial agent
is considered to provide 100% of the surface catalytic efficiency
that is caused by kinetically faster reactions with the reagent
anions with respect to the kinetically controlled oxygen evolution
reaction [60]. Mseparation 1S defined as the amount of photogener-
ated holes reaching the electrode/electrolyte interface, which can
be estimated by the ratio of photocurrent density measured with
the 0.5 M Na,SOs electrolyte to the photoabsorption rate. The LSVs
of BiVO4 and BiVO4/ZnCo,0,4 with Na,SO; were measured at the
same scan rate under AM 1.5 G illumination. Fig. 7(b) displays dif-
ferent reaction kinetics with the addition of the Na,SO5 scavenger
into the neutral Na,SO,4 electrolyte for both photoanodes. The pho-
tocurrent densities were 2.54 and 2.89 mA-cm~2 at 1.23 V vs RHE
for BiVO4 and BiV0,4/ZnCo,0,4, respectively.

The above results indicate that the composite BiVO,4/ZnCo,04
exhibits more efficient charge transport and charge injection prop-
erties than those of bare BiVO,. Prior to the estimation of the sep-
aration and injection efficiencies, the values of the integrated
photocurrent (J.ps) of BiVO4 and BiVO,4/ZnCo,0,4 photoanodes were
calculated from Figures S14" and S15' as 5.93 and 6.06 mA-cm 2,
respectively. According to the LSV shown in Fig. 7(c), the Nseparation
of the BiVO4/ZnCo,04 photoanode increases with increasing
applied potential as arises from the equation S7 described in the
Supporting Information. The MNgeparation Vvalue of BiVO, was
38.47%, while that of BiVO,4/ZnCo,0, was 44.63% at 1.23 V vs.
RHE. The high value of Mseparation fOr BiVO4/ZnCo,04 is due to the
structural porosity at the nanoscale and the formation of good
heterogeneity [61-63]. Similar trends have been reported by Abdi
et al. where p-n junctions have been used to enhance the charge
separation and photo voltage provided by BiVO,4 photoanodes [64].

On the other hand, the injection efficiency depends on the
amount of photogenerated holes reaching the surface during elec-
trochemical reactions, which can be estimated by the ratio of pho-
tocurrent densities measured with and without the hole scavenger
(Na,SO0s3 electrolyte). A large potential gap in the entire range, as
shown in the LSV in Fig. 7(d), indicates the low value of Mipjection
for bare BiVO, compared to that of BiVO4/ZnCo,0,4. Further, the
above facts become clear from Fig. 7 (d), which quantitatively
arises from the equation S8 described in the Supporting Informa-
tion. The Mipjection for BiVO4/ZnCo,04 was approximately 68.17%,
which is significantly higher than the 18.24% measured for the bare
BiVO4 nanoworm at 1.23 V vs. RHE. The high value of Mipjection fOr
BiVO,4/ZnCo,04 suggests that the coating of ZnCo,04 on BiVO,4
decreases the surface recombination of the photogenerated holes,
which increases the kinetics of oxygen evolution at the surface.
Dotan et al. reported that surface trap states are closely related
t0 Minjection [65]. The inferior NMipjection values of bare BiVO, are
attributed to a high number of surface traps at the electrode/elec-
trolyte interface, which results in low surface reaction and high
surface recombination. Furthermore, as from the HRTEM it is clear
that presence of both crystalline and the amorphous phases of
ZnCo,04 in which the behavior of amorphous phase may acts as
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a coating of a catalyst which disabled the action of surface traps
at the electrode/electrolyte interface when anodic potential is
applied. Along with this the catalytic nature of pristine ZnCo,04
can be evidenced from the Fig. S16%. The high value of TNinjection
for the BiVO,4/ZnCo,04 samples has a positive impact not only on
the photocurrent density, but also on the value of the cathodic
onset potential shift with respect to bare BiVO,.

The electrochemical flat-band potentials (Eg) of BiVO, and
BiVO,4/ZnCo,0, were measured using M-S plots based on the
equation S9 in the Supporting Information [66]. The intercept plot-
ted between the capacitance (vertical axis) and the voltage (hori-
zontal axis), as shown in Fig. 8 (a), determines the value of Eg, in
the presence of the 0.5 M NaySO, electrolyte. The BiVO,4/ZnCo,0,4
composite sample shows a negative shift in Eg, with respect to
the bare BiVO4 nanoworm structure. This behavior implies that
the BiVO4/ZnCo,04 sample possesses better band bending, which
enhances the charge separation within the interface, as suggested
by Wang et al. [67]. Moreover, this negative shift in the Eg, of
BiVO,4/ZnCo,04 is accompanied by the accelerated interfacial
charge transfer of the photoanode, which suggests a more rapid
charge transfer during water oxidation [68]. The donor density
(Ngq) values were estimated from Fig. 8 (a). The values of Ngq were
calculated using the formula in the Supporting Information S10.
For the bare BiVO4, nanoworm structure, the value of Ny was
3.21 x 10'® cm~3, whereas for the BiVO,/ZnCo,0, sample, it was
10.5 x 10'® cm~3 (Table T2f). The high Nq values indicate the high
accumulation of charge carriers, which directly promotes the
charge transport property of the electrodes. Along with BiVO,4
and its composite with ZnCo,04, M—S analysis was also carried
out for bare ZnCo,04, as shown in Fig. S17%. The negative slope with
an Eg, of 0.26 V indicates that ZnCo,0, is a p-type structure.

To understand the interfacial properties for all photoanodes,
electrochemical impedance spectroscopy (EIS) was implemented.
The EIS measurements were carried out with 0.01 V amplitude per-
turbation in 0.5 M Na,SO, electrolyte at an applied potential vary-
ing from 0.535 to 1.735 V vs RHE under both dark and simulated
white light shown in the Fig. S18%. For this data a simple Randles
circuit is used with minimum number of RC couple circuit to fit
the Nyquist Plots [69] as shown in the Fig. S19%. In the equivalent
circuit having the components such as Ry which represents the
resistance of the electrolyte, R, is the charge transfer resistance
of PEC water oxidation reaction, and CPE is the constant phase ele-
ment. Similar equivalent circuit (i.e. Rs, R.c and CPE) were found to
demonstrated by the Wang et al. for iron-cobalt oxide based pho-
tocatalyst coated over BiVO,4[70]. The trends of Nyquist Plot for
both dark and light were found to be similar for both BiVO,, BiVO,/
ZnCo,04 respectively. Also it is clear that at the dark condition for
both BiVO4 and BiV0,4/ZnCo,0,4 the Nyquist plot forms as an open
arc with different applied potential shown in Fig. S18% (a), S18 (b).
As an effect of the illumination the response of the Nyquist plot
was found to show semicircular behavior with the different
applied potential.

Further explore the influence of ZnCo,04 on the charge recom-
bination. Focus have been made over the comparative Nyquist
plots (i.e., complex-plane impedance plots) for the illumination
condition which are shown in Fig. 8 (b). It is evident that the radius
of the semicircle decreases as the basic BiVO4 nanoworm structure
is coated with ZnCo,04 which shows fast charge transfer between
electrodes and electrolyte. From Table T2, a small difference in the
value of R is observed. The value of R gradually decreases when
BiVO,4 was coated by ZnCo,04, indicating that the coating of ZnCo,-
04 substantially accelerated hole transfer into the surface. The
higher value of CPE indicates a higher donor density, which is also
confirmed by M-S analysis. Overall, the ZnCo,04-layered BiVO,4
enhances the water oxidation kinetics by (a) reducing surface
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recombination, and (b) promoting charge transfer from the surface
of BiVO, to the electrolyte.

From the Fig. S20 (a) and (b) shows R; and CPE values from the
Nyquist plots at different potentials within the range 0.535-
1.735 V vs RHE. As the photoexcitation of BiVO, is obligatory to
supply holes to the surface state hence the dark characteristics is
different from those of illumination. In the dark the values of the
Rt is comparatively large and goes on increasing with the applied
potential which further indicates slow water oxidation kinetics
from valence band holes [71]. Comparative to the bare BiVO, the
samples coated with ZnCo,0, shows relatively lower R values.
On illumination comparative to the bare BiVO, the BiVO,4/ZnCo,04
samples shows relatively lower R, values.

The values of the CPE obtained for all samples were found to lie
in the range of 107°-10~* uF shown in the Fig. S16' (b) within the
voltage range 0.535-1.735 V vs RHE. It can be found that for both
dark and illumination the bare BiVO4 shows one capacitive peak at
0.8 V vs RHE which has been attributed to the V4*/V>* redox couple
[72,73]. Further the Trze$niewski et al. also suggested that the
photo charging treatment involving reduction of V>* to V4* they
also suggest that this reduction does not affect the bulk electronic
properties of the sample [73]. The values of the CPE goes on
decreases as there is the increase in the applied potential beyond
1 V vs. RHE. The response of the CPE for BiVO,4/ZnCo,0,4 found to
show higher than bare BiVO, and decreases with the increasing
applied potential. The shifting in the response of CPE and R under
illumination indicates that hole transfer for the water-splitting
reaction takes place through the surface states.

Investigation of the enhancement in the PEC activity of BiVO,/
ZnCo,0,4 with respect to the bare BiVO, nanoworm electrode was
analyzed by open-circuit photovoltage (OCP) studies. OCP is mea-
sured as the difference between the open-circuit V,. in the dark
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and V. at simulated AM 1.5 illumination. Zhong et al. suggested
that the OCP signifies the degree of band bending as it is the differ-
ence between the Fermi level of the photoanode and the CE [74].
Irradiation of the surface of the photoanodes results in charge sep-
aration, which generates photoelectrons. This is also indicated by
the shifting of the OCP toward a negative value, as shown in
Fig. 8 (c). Meanwhile, the photogenerated holes that are collected
at the surface of the photoanodes are ready for water oxidation.
When the accumulation of photoelectrons reaches saturation, the
photovoltage reaches a steady state. The OCP of BiVO,4 under illu-
mination is lower than that of BiVO4/ZnCo,0,4, which originates
from the existence of the trap states [75]. The coating of ZnCo,04
on BiVO,4 shows better a build-up of the OCP, which implies that
surface modifications by ZnCo,0, passivate the surface states of
bare BiVO, [76]. Moreover, this build-up of OCP values enhances
the separation of photocharges at the electrode/electrolyte inter-
face. Under the dark condition, the position of the Fermi level of
BiV0,4/ZnCo,04 photoanodes with respect to the redox potential
of the electrolyte shows a more cathodic nature of the OCP with
respect to BiVO,; the accumulated charge carriers increase the
transient OCP, which leads to a smaller decay lifetime. The smaller
decay lifetime signifies a higher charge transfer efficiency [77].
Therefore, we focus on the decay lifetime, which enables elec-
tron-hole separation at the interface. In our experiment, BiVO,/
ZnCo,04 samples that show larger band bending as per the M-S
equation exhibit higher charge accumulation than BiVO,4 samples.
The correlation observed between the decay lifetime and the accu-
mulated electrons has been modeled by Bisquert and coworkers,
and is given as [78]:

k3

kT
B dt

e

(2)
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The formula shows that the decay lifetime is inversely propor-
tional to the derivative of the transient decay. Fig. 8 (d) shows
the calculated decay lifetime (t) vs. OCP (V vs. RHE). In general,
the values of AOCP for BiVO4/ZnCo,04 are higher than those of
the bare BiVO, nanoworm structure. An increase in the value of
the OCP directly indicates the presence of an internal electric field.
Under the OFF condition, the value of the decay lifetime (1) for
BiVO,4/ZnCo,0,4 was 0.94 s, which was found to be shorter than that
of BiVO,, whose value was 3.65 s (Table T2"). The comparatively
high decay time for bare BiVO4 with respect to BiVO,4/ZnCo,04 sug-
gests the recombination of the accumulated photocharge carriers
[79]. A similar trend for T has been observed by Antony et al.
[80]. A comparatively lower value of t for BiVO4/ZnCo,0, indicates
that the coating of ZnCo,0,4 enhances the injection efficiency.

As He discharge source (which emits the wavelength of
~58.4 nm that is corresponding to the energy of 21.2 eV in the vac-
uum ultraviolet region) exhibits very small line width makes UPS
as the most sophisticated and powerful tool with very high resolu-
tion of the order of (<0.1 eV) help to scrutinize the band positions
very accurately [81]. The values of E¢is as depicted were referenced
to metal standard. The band edge positions for BiVO4 and ZnCo,04
which were grown separately over FTO substrate were plotted
with respect to Ey.c as shown in the Fig. S211. The left-hand side
for all the figures shows a low-binding-energy cut-off region,
whereas the right-hand side shows a high-binding-energy region.
In order to deduce the exact values of E; and Ey, we extrapolate
the leading edge to the extended baseline, creating an intersection
point in both binding energy regions. As shown in Fig. S21%(a)-(c),
work function (¢) is estimated by the difference in Ey from the
excitation energy of He (21.22 eV) as from equation S11. The indi-
vidual ¢ of FTO, BiVO,4 on FTO, and ZnCo,0,4 over FTO were found to
be 4.6 eV, 5.70 eV and 3.98 eV respectively.

Other parameters such as Eygy and Ecgv were estimated
through the equation S12 and S13 shown in the Supporting Infor-
mation. Along with this Fig. S22' shows the optical studies which
displays the band gap values of the ZnCo,0,4 nanoparticles over
FTO were around 2.16 eV which is in between the range of the
band gap reported earlier [82]. The variation in the band gap values
of ZnCo,04 lies on the Co 3d orbital which determines the conduc-
tion band level of ZnCo,0,4 that introduce two different energy
levels (a) unfilled high energy level of Co 3d-e; and (b) partially
filled Co 3d-t2 orbital situated at the mid band gap [83,84]. Apart
from this the value of FTO/BiVO,4 were analyzed in Fig. 9 (a). All the
values have been listed in the Table T3'.

From Fig. 9 (b), when the p-n junction is illuminated, each of the
constituents (ZnCo,04 and BiVO,) of the composite generates pho-
toinduced charge carriers (electron-hole pairs). The photogener-
ated electrons in the CB of ZnCo,04 can be easily transferred to
the CB of BiVO4 owing to the higher CB of ZnCo,04 than BiVO,.
Subsequently, the photoelectrons in the CB of BiVO4 can rapidly
transfer to the cathode (Pt electrode), where they participate in
the reduction of water to form H,. This reduces the rate of photo-
generated charge recombination, whereas the distribution of
ZnCo,04 nanoparticles further increases the charge transport rate.
In the meantime, the photogenerated holes start migrating from
the VB of BiVO,4 to the VB of ZnCo,0,4 to participate in oxidation
of water. This leads to enhanced PEC performance of the BiVO,/
ZnCo,04 photoanode. The explanation for the band structure
depends upon the mechanism which is discussed in the mecha-
nism section.

Furthermore the flat band estimation through the M-S analysis
of FTO/BiVO,4 as shown in the Fig. 8 (a) shows the positive slope
positioned at 0.45 V vs RHE, which clarifies the n-type behavior.
Also it is expected that the conduction band minima is near to
0.45 V vs RHE. Again, from Fig. S17" M-S plot for FTO/ZnCo,04
demonstrates negative slope. Sarkar et al. have explained the sig-
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nificance of negative slope which denotes the flat band from the
depletion region of the 1/C? plot [85]. Thus the valance band max-
ima is 0.26 V vs RHE.

Apart from the values estimated by M-S plot the spectroscopic
(i.e. UPS) method shows the position of the conduction band max-
ima of BiVOy is 5.7 eV vs vacuum whereas the valance band min-
ima of ZnCo,04 lies at 4.62 eV vs vacuum. Therefore in order to
set the correlation the positions of CBs and VBs of the BiVO,4 and
ZnCo,0,4 structure relative to the electrochemical potentials E°
(H*/H,) and E° (0,/H,0) have been investigated through UPS [86]
we have employed 4.44 eV vs vacuum as the reference value for
the electrochemical reduction of water 0 V vs RHE [87]. The calcu-
lated values as per UPS for the conduction band minima of BiVOy is
0.52 V vs RHE whereas the valance band maxima of ZnCo,0, lies at
0.18 V vs RHE.

The difference or gap between the flat band values and the con-
duction band minima for BiVO, is equal to 0.07 V vs RHE which are
quiet admissible as the values are within the range of 0.1-0.2 V vs
RHE as reported by the Resasco et al. [88], on the other hand the
gap between the flat band values and the valance band maxima
of ZnCo,04 is around 0.08 V vs RHE. Similar trend have been
reported by Morales-Guio et al. for the p-type semiconductors
[89]. The little discrepancy in the estimation of the values of flat
band can be attributed to the different sample environment such
as M-S performed in the presence of electrolyte whereas the
UPS measured on the surface of the sample in the vacuum condi-
tion [90]. Moreover the values for the BiVO4 was 0.45 V vs RHE
which found to be similar as that of the reported by Yassin et al.
[91]whereas the flat band of the composite were found to be
decreasing to 0.29 V vs RHE. This decreasing trend in the flat band
values when BiVO,4 were coated with other p-type materials to
form composite shows quiet similar as were reported earlier [92].

Now along with the flat band estimation by M-S the photocur-
rent onset which is relating with the Butler analysis is also an alter-
native method for determining the flat band potential. This method
is based on measurement of the net photocurrent as a function of
applied potential. The flat band potential is predicted to be at the
intercept of the square of the net photocurrent with the potential
axis. The onset potential derived by the Butler equation is given
by the following relationship [93]

2
.] photo :|
oW(Piighe

(V—Vp) x { (3)

where o is the optical absorption coefficient which is wavelength
dependent, w stands for space charge width, q is the elementary
charge and Pjigi, is the light intensity [94]. The estimation of onset
potential of the electrode is measured through the light to charge
energy conversion performance of the photoelectrode [95]. From
Eq. (2) the term Vy, is designated as the superficial flat band poten-
tial which conveys the information about the kinetic over potential
(M) and the potential drop across the Helmholtz layer (ny) [25]. In
here, BiVO4 nanoworm structure were fabricated and whose surface
area enhanced when ZnCo,04 nanoparticles where deposited over
this structure. The onset potential for BiVO, through Butler plot
was found around 1.06 V vs RHE this is due to severe Fermi level
pinning effect which has been also identified as the low photovolt-
ages. Hermans et al. has pointed out that fermi level pinning of bare
BiVO,4 happens due to the wet chemical synthesis method that leads
to the presence of water and other carbonaceous species [96]. Fur-
ther the incorporation of ZnCo,04 over BiVO,4 has lower down onset
potential to 0.63 V vs RHE which suppress the effect of Fermi level
pinning which was also evidenced by Yin et al. [97].
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Fig. 9. (a) Estimated Fermi levels of FTO/ BiVO,, and FTO/ZnCo,04 with respect to vacuum and RHE scale respectively, (b) schematic of the charge movement based on the

vacuum energy level in the pH = 6.5 electrolyte.

3.5. Mechanism

From Fig. 9 it is clear that in general the conduction band and
the valance band positions of ZnCo,0,4 is more positive than BiVO,
on the RHE scale. But when the fermi levels align the BiVO, fermi
level will raise little up whilst the ZnCo,0,4 fermi level will low
down with respect to relative energy as shown in the Fig. 9 (b).
However from M-S it is found that there is the negative shift in
the Eg, as the ZnCo,0,4 is coated over the BiVO, nanostructure
which directly leads to the higher band bending at the electrode/-
electrolyte interface shown in the Fig. S23%. That means the fermi
level of the heterostructure BiVO,4/ZnCo,04 move far from the posi-
tion of the vacuum level due to the coating ZnCo,0,4 over BiVO,4
structure with respect to the bare BiVO,. Similar trend have been
observed by Bai et al. at the BiVO4/Cu,0 heterojunction [23]. There-
fore this will inhibit the photo excited electron-hole recombina-
tion. Moreover, higher band bending related directly to the
surface kinetics by enhancing the surface voltage which is also
confirmed by the enhanced OCP of BiVO4/ZnCo,0,4 heterojunction
relative to bare BiVO,4 These results are line with the values of
CB, Erand VB level estimated through UPS. Thus the junction which
is formed at the interface were found to show staggered type-II
heterojunction.

Lastly recalling the discussion of HRTEM images of the BiVO,/
ZnCo,04 shows the coexistence of interlinked crystalline and the
amorphous phases may acts as a catalyst and it is known that
the catalysts acts as the passivating layer for overall enhanced pho-
toelectrochemical response of the structure [98-100]. In the same
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context it is found that the high values of the injection efficiency
rather than separation efficiency also have been reported by the
Meng et al. were they coated amorphous TiO, layer over BiVO,/
CuO heterojunction [101]. Therefore the amorphous ZnCo,0,4
may also act as a catalyst for the sluggish OER reaction as it is
already none that Cobalt based materials are widely known for
being good OER catalyst. As a whole both the improvement in
the charge separation and hole selectivity have been observed by
the trends of both injection and the separation efficiencies.

The reasons why BiV0,4/ZnCo,04 photoanodes show excellent
PEC activity are as follows: (i) BiVO4/ZnCo,0,4 possesses a high
surface-to-volume ratio; (ii) the BiVO, nanoworms anchored with
ZnCo,04 enhance light absorption; (iii) the optimum coating of
ZnCo,04 creates an n-p heterojunction that generates built-in
potential at the heterojunction. As a result, more free charges accu-
mulate at the junction, which is also revealed by the M-S analysis;
(iv) As illustrated from HRTEM the amorphous layer of ZnCo,04
coated over the pristine BiVO, structure acts also as a catalyst acts
as the which can facilitate charge injection that provides more
photogenerated paths, which is crucial for the enhancement of
PEC water splitting.

4. Conclusion
We explored a cost-effective approach to develop ZnCo,04

nanoparticles as a novel p-type material deposited over n-BiVO,4
to form a type-II staggered n-p BiVO,4/ZnCo,0,4 heterojunction for



S. Majumder, Nguyen Duc Quang, Nguyen Manh Hung et al.

advanced PEC water splitting. Morphologically, the nanoworm
structure of BiVO, embedded with ZnCo,04 nanoparticles creates
an optimum layer porosity, which limits the recombination of
the photogenerated charge carriers, thereby improving electrolyte
penetration which directly enhance a photocurrent density of
1.92 mA-cm 2 at 1.23 V vs. RHE, while that of the bare BiVO,4 nano-
worm structure is approximately 0.43 mA-cm~2. The incorporation
of ZnCo,04 also form the amorphous phase (as evidenced by
HRTEM analysis) which is found to be interlinked with the crys-
talline phase acts as a well passivating layer which directly
enhance the injection efficiency of the structure. Due to the above
combined influence of both heterojunction formation and the cat-
alytic nature of ZnCo,04 over BiVO, directly effects the following
properties such as (i) change in cathodic shift from 1.09 to 0.63 V
vs. RHE, (ii) 2.3-fold improvement in the ABPCE, and (iii) 3-fold
increase in the IPCE for the n-p BiVO4/ZnCo,04 heterojunction with
respect to the bare BiVO, nanoworm structure were achieved. The
above findings allow us to gain an in-depth understanding of dual
behavior of p-ZnCo,04 nanoparticles over the n-BiVO, nanowire
structure for PEC water splitting by enhanced charge separation
and charge injection through efficient hole extraction at the ZnCo,-
Oy/electrolyte interface. From the performance point of view our
vision for future work emphasizes over the exploration of other
low cost ternary metal cobaltite as it has a significant potential
to enhance photoelectrochemical response for the water splitting.
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