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A B S T R A C T   

Development of high performance photoanodes for application in solar-driven photoelectrochemical cells is 
considered a grand challenge. Various structures and materials have been studied to overcome the current 
performance limit of the photoanode in photoelectrochemical cells; however, the enhancement in both stability 
and photocurrent has not been realized to date. In our study, the successive ionic layer adsorption and reaction 
method is used to coat ZnFe2O4 nanoparticles on the BiVO4 photoanodes. Various characterizations about 
structural, morphological, and optical characterizations confirm the presence of anchored ZnFe2O4 nanoparticles 
over BiVO4. Showing remarkable stability, the photocurrent density of optimized BiVO4/ZnFe2O4 is significantly 
increased compared with that of the bare BiVO4 nanostructured thin film. Mott-Schottky and electrochemical 
impedance spectroscopy analyses demonstrate that the appropriate number of the successive ionic layer 
adsorption and reaction cycles leads to efficient charge transfer. Furthermore, the correlation among structural, 
morphological and optical properties is discussed here.   

1. Introduction 

Currently, energy production from the environmentally friendly 
sources is highly attractive to resolve the global energy and environ
mental issues resulting from the abuse of fossil-based resources. Among 
various strategies, photoelectrochemical (PEC) water splitting using 
solar energy is of great interest, which produces oxygen and hydrogen at 
the photoanode and photocathode, respectively. In order to design the 
PEC cell with high water splitting efficiency, the fabrication of the high- 
performance photoanode is most challenging due to the sluggish reac
tion kinetics for the oxygen evolution reaction followed by the high 
overpotential at the photoanode. As a photoanode, the material should 
have optimum band gap to effectively absorb the sun light, compatible 
with redox potential, facile charge transfer ability, and stable in aqueous 
solution [1]. To date, materials including TiO2,[2] WO3,[3] Fe2O3,[4] 
ZnO,[5] C3N4,[6] SrTiO3,[7] and so on have been intensively studied for 
the photoanode materials, but their photoelectrochemical performances 
were not satisfactory to achieve high efficiency required for industrial 
level. 

Recently, BiVO4 with the monoclinic structure is considered a good 

candidate for use in the PEC anode [8–10]. This complex metal oxide has 
optimum energy positions of conduction and valence band edges toward 
oxidation of oxygen,[11] while the optical band gap is 2.3–2.6 eV, 
ensuring the effective absorption of visible light [8]. In addition, BiVO4 
is nontoxic and naturally abundant. Indeed, most successful operation of 
the photoanode has been reported in BiVO4 [12]. Despite its attractive 
characteristics, the PEC performance of the bare BiVO4 has been limited 
due to its slow charge transport [13]. To enhance the charge transport 
properties in BiVO4, doping with aliovalent cations,[14] formation of 
heterojunctions,[15] and addition of oxygen-evolving catalysts (OECs) 
[16] have been studied so far. 

Moniz et al. reported that the heterojunction is one of the most 
successful strategies, which enables facile charge transport followed by 
enhanced PEC performance by built-in electrical field in the junction 
[17]. Among the various heterojunction types, the staggered band 
alignment (type-II) is most effective for the increase in PEC water 
splitting performance considering the opposite flows of electrons and 
holes. Therefore, many studies have been devoted to the formation of 
type II heterostructures including BiVO4/Fe2O3, BiVO4/TiO2, BiVO4/ 
ZnO, BiVO4/SnO2, BiVO4/ Ag3PO4, BiVO4/CuSCN, etc. [13,18–22] The 
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selection of the proper material for the heterojunction with BiVO4 is 
very important to achieve the high PEC performance. 

ZnFe2O4 with the spinel structure can be one of the candidates since 
ZnFe2O4 reveals a favorable band gap of 1.86 eV as well as the optimum 
location of the conduction and valence bands for the type-II hetero
junction with BiVO4. Furthermore, zinc ferrite is stable under the wide 
range of pH and it is environmental benign and naturally abundant. 
Therefore, ZnFe2O4 has been studied to construct the appropriate 
junction with different materials such as TiO2, ZnO, Fe2O3, and so on 
[23–25]. The BiVO4/ZnFe2O4 hetero-nanostructure was reported, which 
showed better PEC stability compared with bare BiVO4 [26]. However, 
ZnFe2O4 has attracted little attention because it could improve the sta
bility of BiVO4 only with the high pH electrolyte [27]. Considering 
favorable characteristics of ZnFe2O4 as the counterpart of the BiVO4- 
based heterojunction, the better physicochemical stability of the heter
ojunction enables the more effective nanostructure for the photo-anodic 
reaction. Recently, the successive ionic layer adsorption and reaction 
(SILAR) process has been reported, which could utilize ions as building 

blocks to form nanostructured thin films [28]. The nanostructures of the 
material can be easily tuned by varying the number of SILAR cycles. 

In this work, the SILAR process was introduced to form the ZnFe2O4/ 
BiVO4 heterojunction by layer-by-layer deposition of ZnFe2O4 on BiVO4 
for the first time. Various characterizations about structural, morpho
logical, and optical characterizations confirmed the formation of the 
BiVO4/ZnFe2O4 heterojunction. Mott-Schottky and electrochemical 
impedance spectroscopy (EIS) analyses was also investigated to under
stand the nature of the heterojunction and charge transport properties in 
the heterojunction. The optimized BiVO4/ZnFe2O4 heterojunction by 
control of SILAR process cycles showed enhanced PEC current and sta
bility compared with the bare BiVO4 in a neutral electrolyte. While the 
correlation among structural, morphological and optical properties is 
thoroughly discussed, the facile charge transport accounted for higher 
PEC performance. We provided the cost-effective and simple route to 
optimize BiVO4 for the enhanced solar-driven water splitting. 

Fig. 1. Schematic flow for the complete fabrication process of BiVO4 followed by the formation of the ZnFe2O4 over BiVO4 nanostructured thin film.  
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2. Experimental 

2.1. Materials 

All of the chemicals used in this study were used as received. Bismuth 
(III) nitrate pentahydrate (Bi(NO3)3⋅5H2O), p-benzoquinone, dimethyl 
sulfoxide (DMSO), vanadyl acetyl acetonate, zinc sulfate heptahydrate 
(ZnSO4⋅7H2O), iron (II) sulfate heptahydrate (Fe2SO4⋅7H2O), and so
dium hydroxide (NaOH) were purchased from Sigma Aldrich. Hydrogen 
peroxide (H2O2) (purity: 34.5%) and potassium iodide (KI) were 
brought from Samchun, Korea. Lastly, ammonium hydroxide 
(NH4(OH)), nitric acid (HNO3) (purity: 60%) and sodium sulfate deca
hydrate (Na2SO4⋅10H2O) were obtained from Daejung and Junsei Korea, 
respectively. 

2.2. Preparation of BiVO4 nanostructure 

For the fabrication of BiVO4 nanostructure on the FTO-coated glass 
substrate (10 Ω/□), a simple two-step synthesis process was used as 
schematically described in Fig. 1. First, BiOI was grown by electrode
position as reported previously [29]. Then, the conversion of BiOI to 
BiVO4 was carried out by drop-casting of vanadyl acetyl acetonate in 
DMSO solution followed by slow annealing at 450 ◦C [30]. The details 
about experimental procedure are provided in the supplementary in
formation (SI†). 

2.3. Fabrication of BiVO4/ZnFe2O4 electrodes 

We modified the SILAR method reported by Raut et al. [31] to de
posit ZnFe2O4 on BiVO4 as shown in the schematic presented in Fig. 1. 
Briefly, in order to form ZnFe2O4 by SILAR, two cationic solutions, 
ZnSO4 (0.025 M) and FeSO4 (0.05 M), were used together with two 
anionic solutions, H2O2 (1%) and NaOH (0.01 M) aqueous solutions. 
During the formation of the precursor solution, the ZnSO4 solution was 
complexed properly by a 30% liquid ammonia (NH4OH) solution. Both 
anionic solutions were kept at 70 ◦C. For the proper deposition of 
ZnFe2O4 on the BiVO4-coated FTO substrates, the substrates were 
immersed in a ZnSO4 solution for 20 sec in order to adsorb Zn2+ ions and 
then dipped into the H2O2 solution for 15 sec to form Zn(OH)2 complex. 
To adsorb Fe2+ on Zn(OH)2, the substrates were immersed in a FeSO4 
solution for 20 sec, followed by the immersion of the substrates in the 
NaOH solution for another 15 sec. After this step, the conversion of Fe2+

to FeOOH occurred. Since the concentration of FeSO4 was kept at twice 
than that of ZnSO4, creating an additional adsorbed layer of Fe2+ on Zn 
(OH)2, deionized water was placed before and after NaOH for proper 
rinsing. This rinsing step was carried out for 10 sec. The above procedure 
completes one SILAR cycle. The same process was repeated for 2, 3, 4 
and 5 SILAR cycles. Finally, all of the substrates were kept at 300 ◦C to 
convert the hydroxide phases of Zn and Fe to ZnFe2O4 and also improve 
the crystallinity of the film. 

2.4. Materials characterizations and PEC measurements 

Structural analysis to confirm the crystalline nature of the bare 
BiVO4 and the ZnFe2O4 coated on BiVO4 was carried out using X-ray 
diffraction (XRD, Rigaku, D/MAX-RC) with Cu Kα radiation. The mi
crostructures of films were examined by field emission scanning electron 
microscopy (FESEM, JSM700F, JEOL) and transmission electron mi
croscopy (TEM, JEM-2100F HR, JEOL). Energy dispersive X-ray spec
troscopy (EDS) coupled with TEM was used to probe the composition 
distribution of the samples. In addition, electronic structures of elements 
were studied by X-ray photoelectron spectroscopy (XPS, Kratos Axis 
Ultra DLD) with a monochromatic Al Kα X-ray source. The optical band 
gap energies for all of the samples were measured by UV–Visible spec
troscopy (UV–Vis). Raman spectra were measured using a Uni
Ramspectrometer equipped with a laser at 532 nm. The PEC 

performance characteristics of the samples were investigated in dark 
and under the simulated sunlight condition (AM 1.5). Bare BiVO4 or 
SILAR-coated ZnFe2O4 on BiVO4 worked as the working electrodes (WE) 
while Ag/AgCl and Pt were used as the reference electrode (RE) and the 
counter electrode (CE), respectively. The electrolyte was a 0.5 M Na2SO4 
aqueous solution with pH of 7. 

3. Results and discussion 

3.1. XRD characterization 

Fig. 2(a) displays the XRD patterns of the bare BiVO4 and ZnFe2O4 on 
BiVO4 with 2, 3, 4 and 5 SILAR cycles (denoted by BiVO4/ZnFe2O4 
(2cy), BiVO4/ZnFe2O4 (3cy), BiVO4/ZnFe2O4 (4cy), and BiVO4/ 
ZnFe2O4 (5cy), respectively). The XRD pattern of the FTO substrate is 
shown together, of which peaks are marked with (#). The diffraction 
peaks match the scheelite monoclinic structure of BiVO4 (JCPDS card 
no. 14–0688) [32]. No impurity phases were detected while peak ratios 
represent the polycrystalline phases of BiVO4 without any preferential 
orientation during its growth on the FTO. It is clearly shown that the 
cubic spinel structure of ZnFe2O4 on BiVO4 formed by the SILAR 
method. As SILAR cycles proceeded, the emergence of the diffraction 
peaks at ~ 37◦, ~52◦, and ~ 61◦ corresponding to (311), (422), and 
(440) lattice planes of ZnFe2O4 (JCPDS card no. 22–1012) could be 

Fig. 2. (a) XRD patterns of the bare BiVO4 and SILAR-coated ZnFe2O4 over 
BiVO4 with the different number of SILAR cycles. FESEM images present the (b) 
bare BiVO4 and those coated by ZnFe2O4 with (c) three, (d) four, and (e) five 
SILAR cycles. 
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observed. Further for better comparison we have perform the XRD for 
only ZnFe2O4 deposited by the 4 cy SILAR over glass followed by 
annealing for 300 ◦C which is shown as the Figure S1†. XRD peaks 
confirm the formation of BiVO4 and ZnFe2O4 without any undesired 
phases during the chemical synthesis. 

3.2. SEM and TEM analysis 

FESEM images of the bare BiVO4 and ZnFe2O4-deposited BiVO4 with 
different numbers of SILAR cycles are shown in Fig. 2(b)-(e). The BiVO4 
nanorods were quasi-vertically grown on the FTO substrate as shown in 
Fig. 2(b). The BiVO4/ZnFe2O4 (3cy), BiVO4/ZnFe2O4 (4cy), and BiVO4/ 
ZnFe2O4 (5cy), respectively, are presented in Fig. 2(c), (d), and (e). The 
growth of the ZnFe2O4 could be observed by gradual increase in 
coverage of ZnFe2O4 on BiVO4 up to four SILAR cycles. Meanwhile, 
overgrowth of ZnFe2O4 on BiVO4 nanostructure occurred at the fifth 
SILAR cycle. At the fifth SILAR cycle, growth of ZnFe2O4 occurred not 
only at the surface of the BiVO4 structure but also at the pre-grown 
ZnFe2O4 nanoparticles (Fig. 2(e)). 

The TEM analysis about the BiVO4/ZnFe2O4 (4cy) is carried out in 
Fig. 3(a). ZnFe2O4 covered the whole surface of BiVO4 as confirmed by 
EDS mapping. Fig. 3(b), (c), (d), (e), and (f) correspond EDS elemental 
mappings for Bi, V, O, Zn, and Fe, respectively, revealing homogeneous 

distribution of each element throughout the structure. The morphology 
of the BiVO4/ZnFe2O4 (4cy) could be studied by High-resolution TEM 
(HRTEM) in detail. Fig. 3(g) and 3(h) display the HRTEM images of the 
region as marked by the red square region 1 and 2 in Fig. 3(a), respec
tively. Interestingly, while conformal deposition of amorphous ZnFe2O4 
could be achieved on the surface of BiVO4 as shown in the Fig. 3(h), 
ZnFe2O4 nanocrystals of nanoparticles with lattice planes corresponding 
to (311) and (440) planes also could be observed on the outer surface 
(Fig. 3(g)). It seems that ZnFe2O4 was preferentially grown on the sur
face of BiVO4 at the initial stage. Then, once the full coverage of ZnFe2O4 
is achieved, crystallization of ZnFe2O4 occurs. The selected area electron 
diffraction (SAED) pattern in the inset shows the coexistence of crys
talline and amorphous phases. Our studies about the microstructure 
confirmed the formation of the heterojunction between BiVO4 and 
ZnFe2O4 as well as nucleation and growth behavior of ZnFe2O4. 

3.3. XPS analysis 

X-ray photoelectron spectroscopy (XPS) survey scans of the bare 
BiVO4 and BiVO4/ ZnFe2O4(4 cy), Fig. 4(a), showed the presence of the 
constituent elements such as Zn, Fe, Bi, V, and O. Fig. 4(b), (c), (d), (e), 
and (f) present the high-resolution spectrum of Zn 2p, Fe 2p, Bi 4f, V 2p, 
and O 1 s, respectively. Fig. 4(b) exhibits the peaks at the binding 

Fig. 3. (a) TEM image of BiVO4/ ZnFe2O4 (4 cy) with the EDS mapping of (b) Bi, (c) V, (d) O, (e) Zn, and (f) Fe. (g) HR-TEM image of the region 1 of (a) BiVO4/ 
ZnFe2O4 (4 cy) with an inset of the SAED pattern whereas (h) shows HR-TEM image of the region 2 highlighted in (a). 
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energies (B.E.) of 1021.8 and 1045 eV corresponding to Zn 2p3/2 and Zn 
2p1/2 states, respectively, of which energies are consistent with Zn2+

oxidation state [33]. Peaks at 711.8 and 725.4 eV in Fe 2p spectra Fig. 4 
(c) are attributed to Fe 2p3/2 and Fe 2p1/2, respectively [34]. The 
deconvolution of Fe 2p showed mixed state of Fe2+ and Fe3+ [35]. In the 
normal spinel structure, Fe3+ resides on the octahedral site, however, 
site mixing with Zn2+ in the tetrahedral site can lead to the mixed 
oxidation state of Fe [36].The deconvoluted peaks at 711.8 and 725.4 eV 
in Fe 2p spectra could shows the state of Fe3+ [37]. Mixed state of Fe3+

and Fe2+ ions in the spinel structure induces the off stoichiometry such 
as oxygen vacancy, therefore revealing n-type behavior [38,39]. XPS 
fine scans of Bi and V, Fig. 4(d) and (e), show Bi 4f7/2 and Bi 4f5/2, and V 
2p3/2 and V 2p1/2, respectively, in BiVO4, where Bi3+ and V+5 exist in the 
crystalline structure [40]. Meanwhile, Fig. 4(f) presents asymmetric O 1 

s spectra that were deconvoluted into two sub peaks. The peak at ~ 
529.6 eV confirms that the oxygen is found to exist as − 2 state in the 
metal oxide, whereas the peak at ~ 531.2 eV is associated with the 
presence of adsorbed water at the surface [41,42]. 

3.4. Raman analysis 

Raman spectra of the bare BiVO4 and ZnFe2O4/BiVO4 with different 
SILAR cycles are investigated as shown in Fig. 5(a). In the bare BiVO4, 
the characteristics Raman bands at ~ 824 and ~ 711 cm− 1 are corre
sponding to the symmetric (υs) and asymmetric deformation modes (υas) 
of the (V-O) bond, respectively. Here, υs dominates as described by Peng 
et al.,[43] confirming the monoclinic structure of BiVO4. The peaks at ~ 
362 and ~ 326 cm− 1 suggests the formation of the bending mode of 

Fig. 4. XPS survey scans of bare BiVO4 and BiVO4/ZnFe2O4 (4 cy). XPS fine scans of BiVO4/ZnFe2O4 (4 cy) for the core electron level spectra of (b) Zn, (c) Fe, (d) Bi, 
(e) V, and (f) O. 
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(A1g) both symmetric and antisymmetric deformations of vanadate ion 
(VO4

3-) [43,44]. Features at ~ 207 and ~ 126 cm− 1 are assigned to the 
rotational and translation behaviors of the external modes in BiVO4, 
respectively [37]. As the ZnFe2O4 was deposited on the BiVO4 surface 
through the SILAR cycles, interesting changes in the Raman spectra 
could be observed. The emergence of peaks at approximately 683 cm− 1 

and 344 cm− 1 resulted from the A1g and F2g mode, respectively, from the 
cubic spinel ZnFe2O4 structure [45]. The blue shift of Raman spectra 
compared with pure ZnFe2O4 was observed, which can result from the 

compressive stress by the heterojunction between ZnFe2O4 and BiVO4 
[46,47]. It should be noted that red shift of the υs in V-O bonding in 
BiVO4 occurred simultaneously, which could be originated from the 
tensile stress applied to BiVO4 [48,49]. Such systematic changes in the 
Raman further support successful formation of the BiVO4/ZnFe2O4 
heterojunction. Meanwhile, both υas and υas of the V-O bonding in BiVO4 
showed sharp decrease by the increase of SILAR cycle possibly due to the 
surface sensitivity of Raman spectra. 

3.5. Optical and photoluminescence studies 

The absorption spectra for bare and ZnFe2O4-coated BiVO4, Fig. 5(b), 
show the increase of intensity and broadening of spectra in the wave
length range of 440–700 nm as the increase of the SILAR cycle. Such 
increase of intensity and broadening to the large wavelength can be 
attributed to the formation of ZnFe2O4 on BiVO4, which becomes more 
prominent by the increase in the volume of ZnFe2O4 as more SILAR 
cycles proceed. Gradual increase of absorbance and broadening of 
spectra can result from the increase of ZnFe2O4 and simultaneous for
mation of BiVO4/ZnFe2O4 heterojunction with a smaller bandgap 
compared with bare BiVO4. The optical band gap could be estimated 
using the Tauc’s formula. Fig. S2† shows the optical band gap of 2.56 eV 
for the bare BiVO4, which is consistent with the earlier report [8,50]. 
Meanwhile, optical band gaps can be estimated to be 2.55, 2.54, 2.52, 
and 2.50 eV for BiVO4/ZnFe2O4 (2cy), BiVO4/ZnFe2O4 (3cy), BiVO4/ 
ZnFe2O4 (4cy), and BiVO4/ZnFe2O4 (5cy), respectively. ZnFe2O4 with 
the small band gap (~1.90 eV) on the surface resulted in the decrease in 
the band gap of the BiVO4/ZnFe2O4 nanostructure [51]. The steady- 
state room temperature photoluminescence (PL) spectra of all samples 
excited at the wavelength of 325 nm are shown in Fig. 5(c). It is reported 
that the strong single emission could be observed at ~ 560 nm, which is 
attributed to the recombination of the holes in the hybrid orbital states 
of Bi 6 s and O 2p, and the electrons at the V3d orbital [52,53]. On the 
other hand, as shown in Fig. 5(c), the broad PL emission was observed 
between 500 and 750 nm, which can result from the defect levels in the 
hydrothermally synthesized BiVO4 [54]. The increase in the number of 
SILAR cycles for ZnFe2O4 resulted in a sharp decrease in the PL emission. 
Many factors such as thickness, defects, size, etc. can affect such decease 
in the PL emission [55]. However, considering the very small volume of 
ZnFe2O4 compared with BiVO4, higher separation between holes and 
electrons followed by lower recombination, so called PL quenching, can 
be most responsible to such decrease of PL emission,[56] which will be 
discussed in detail later. 

3.6. Photoelectrochemical performance 

Linear sweep voltammetry (LSV) was employed to obtain the current 
density- voltage (J-V) curves in dark or under the light as shown in Fig. 6 
(a). All samples showed negligible current in dark, however, the current 
increased significantly by light radiation due to the PEC effect. The 
significant increase in the PEC current density could be observed as the 
increase in the number of the SILAR cycles up to 4 cycles. The bare 
BiVO4 showed only 0.73 mA/cm2, however, 0.99, 1.15, and 1.44 mA/ 
cm2 could be attained in the BiVO4/ZnFe2O4 (2cy), BiVO4/ZnFe2O4 
(3cy), and BiVO4/ZnFe2O4 (4cy), respectively. In the meantime, BiVO4/ 
ZnFe2O4 (5cy) revealed rather decreased current density of 1.28 mA/ 
cm2. Though it is not clear about the origin of decrease in PEC perfor
mance for the 5 SILAR cycle, the morphology in Fig. 3(g) of the aggre
gated ZnFe2O4 particles suggests that the photo-carriers generated in 
each particle can reveal low transport to the electrode while hindering 
the contact of the electrolyte with the regular BiVO4/ZnFe2O4 junction. 
This will reduce the effective surface area of the electrode in the contact 
with the electrolyte as well as hinder the facile permeation of electrolyte 
to the whole electrode structure, particularly near the FTO side. 

Transient PEC current plots were obtained at 1 V vs SCE to investi
gate the photoelectrochemical stability as shown in Fig. 6(b). The PEC 

Fig. 5. (a) Raman spectra, (b) UV–Visible spectra, and (c) photoluminescence 
spectra of BiVO4 and BiVO4/ZnFe2O4 with different SILAR cycles. 
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current density changed rapidly by the illumination, showing the 
response kinetics of the electrodes. Compared to the gradual decrease in 
PEC current for bare BiVO4, BiVO4/ ZnFe2O4 (2cy), and BiVO4/ ZnFe2O4 
(3cy) electrodes, it should be noted that the BiVO4/ ZnFe2O4 (4cy) and 
BiVO4/ ZnFe2O4 (5cy) showed very stable PEC current densities even 
during the extended cycles. This observation indicates that the complete 
coverage or the threshold thickness of ZnFe2O4 is required to obtain the 
PEC stability of BiVO4. To further investigate the PEC stability, the 
chronoamperometric measurement, Fig. 6(c), was carried out for bare 
BiVO4 and ZnFe2O4/BiVO4 (4cy) electrodes under the AM1.5 light 
condition for 2 h. The comparison manifests the effect of ZnFe2O4 based 
heterojunction on the PEC stability of the BiVO4 electrode. The bare 
BiVO4 showed 81% of PEC current retention after the oxidation for 2 hr. 
On the other hand, the BiVO4/ZnFe2O4 (4cy) heterojunction showed 

94% of PEC current retention. 
The Mott-Schottky plot derived from the J-V curves of bare BiVO4 

and BiVO4/ZnFe2O4 electrodes is shown in Fig. 6(d). The positive slopes 
of the curves in the Mott-Schottky plot prove an n-type semiconducting 
behavior of the BiVO4 electrodes regardless of heterojunction with 
ZnFe2O4 [57]. The flat-band potentials (Vfb) were calculated from the 
extrapolation of C-2 to the potential axis [58]. The flat-band potentials 
slightly shifted to the more negative potential as the thicker ZnFe2O4 
formed on the heterojunction Table 1. Since the measurement reveals 
the estimation of Vfb in the electrodes, the BiVO4-based heterojunction 
structure with the thicker ZnFe2O4 results in the higher band bending at 
the electrode/electrolyte interface, which ultimately leads to the more 
efficient charge separation at the junction followed by the enhanced PEC 
current density [59]. Furthermore, the slope, C-2 over V, varies with the 

Fig. 6. Current density vs. Voltage curves of the bare BiVO4 and BiVO4/ZnFe2O4 photoanodes with the scan rate of 10 mV/s in the potential range between − 0.5 and 
1.7 V (vs SCE). (b) Transient PEC current densities of the electrodes at 1 V vs SCE in 0.5 M of Na2SO4 neutral electrolyte during extended cycles with and without 
illumination. (c) Chronoamperometric measurement at 1 V vs SCE for the bare BiVO4 and BiVO4/ZnFe2O4 (4cy) photoanodes under simulated light. (d) The Mott- 
Schottky plot of the photoanodes derived from J-V curves. 

Table 1 
Relevant parameters of bare BiVO4 and BiVO4 ZnFe2O4 heterojunction with different numbers of SILAR cycle.  

Sl. No. Label Jsc at 1 V (vs SCE) 
(mA/cm2) 

Vfb 

(V vs SCE) 
Rs 

(Ω) 
Rct 

(Ω) 
C (µF) τe 

(ms) 
keff 

(s− 1) 

1. BiVO4 0.73 − 0.30 33.80 3538 8.133 30.18 33.12 
2. BiVO4/  

ZnFe2O4(2 cy) 

0.99 − 0.33 33.46 2944 9.209 30.85 32.40 

3. BiVO4/  

ZnFe2O4(3 cy) 

1.15 − 0.34 32.81 2275 14.34 31.55 31.69 

4. BiVO4/  

ZnFe2O4(4 cy) 

1.44 − 0.36 32.64 1314 33.96 34.21 29.22 

5. BiVO4/  

ZnFe2O4(5 cy) 

1.28 − 0.36 32.75 1507 22.37 32.36 30.89  
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potential for the heterojunction electrodes. The slope at 0.5 V is higher 
than that at 0 V. Considering the capacitance–voltage measurement 
theory in the semiconductor, the dopant concentration of BiVO4 is lower 
than that of ZnFe2O4 as indicated by higher and lower slope at 0.5 V and 
0 V, respectively. 

The charge transport characteristics of the electrodes were also 
studied by the electrochemical impedance spectroscopy (EIS), Fig. 7. 
The Nyquist plots of the bare BiVO4 and BiVO4/ZnFe2O4 photoanodes, 
Fig. 7(a), were recorded at 1 V vs. SCE in a 0.5 M Na2SO4 aqueous so
lution. The bias condition was same with that in transient PEC current or 
chronoamperometric measurement, which can extend the depletion 
depth far into the BiVO4 layer through the ZnFe2O4 layer. The simple 
equivalent circuit shown in the inset of the Fig. 7(a) was used to fit the 
EIS data. The particular Randles model for this AC response is commonly 
used for the BiVO4-based heterojunctions as described by Hegner et al. 
[60,61] Rs derived from series connection of the FTO substrate and the 
FTO/BiVO4 junction is relatively small and rather constant regardless of 
the ZnFe2O4 layer thickness. Therefore, Rs values of all electrodes are 
similar as can be seen in Table 1. Whereas, Rct and C represent the 
junction built in at the contact with the electrolyte under the given bias. 
The bare BiVO4 showed the highest Rct and the smallest C among the 
electrodes due to the lower doping in the BiVO4 than that in ZnFe2O4 as 
discussed in the Mott-Schottky plot, Fig. 6(d). On the other hand, the Rct 
and C measured at the positive potential (1 V vs. SCE) for the BiVO4/ 
ZnFe2O4 heterojunctions are the resistance and capacitance of the serial 
connection of ZnFe2O4 and BiVO4 layer under carrier depletion. 

The electrical measurements of the Mott-Schottky and EIS can be 
understood based on energy band diagram in Fig. 8. Fig. 8(a) sche
matically illustrates the band alignment for type II heterojunction of 
undoped intrinsic BiVO4/ZnFe2O4. The conduction band and valence 
band positions of ZnFe2O4 are relatively more negative than those of 
BiVO4 on the NHE scale. However, both BiVO4 and ZnFe2O4 are n-type 
doped, thus they reveal the positive band bending (eVb) at the semi
conductor/electrolyte contact, of which equilibrium condition at the 
semiconductor/electrolyte contact is illustrated in Fig. 8(b). Since 
ZnFe2O4 is more highly n-type doped compared with BiVO4, the higher 
band bending at the interface between ZnFe2O4 and the electrolyte 
could be observed. Because the depletion depth, d, at the semi
conductor/electrolyte junction is the function of (Vb) and doping (or the 
Fermi level EF), the depletion junction depth of ZnFe2O4 is shrunk and 
extended with a higher dopant concentration and band bending, 
respectively, compared to BiVO4. Considering the uncertainty about 
doping concentration, the scale of depletion depth shown in Fig. 8 is 
arbitrary, however, this does not influence the qualitative discussion as 
follows. 

When ZnFe2O4 begins to be deposited on BiVO4 by the SILAR pro
cess, islands of amorphous ZnFe2O4 seem to nucleate and grow rather 
than a layer-by-layer growth as indicated by the HRTEM analysis. The 
band diagram of the junction through the ZnFe2O4 island can be drawn 
like Fig. 8(c) for BiVO4/ZnFe2O4 heterojunction in contact with the 
electrolyte. However, the BiVO4 nanorod surface is not uniformly 
covered with ZnFe2O4, and parts of the surface directly contact with the 
electrolyte. The incomplete coverage of ZnFe2O4 on the BiVO4 nanorod 
could result in the photocurrent degradation during the extended PEC 
measurement for the samples with less than three SILAR cycles as shown 
in Fig. 6(b). However, after four SILAR cycles, the whole BiVO4 nanorod 
surface could be deposited by ZnFe2O4 accompanied by the partial 
crystallization of ZnFe2O4. The band diagram will develop towards 
Fig. 8(d) as the further SILAR deposition proceeds. Therefore, the 
capacitance C measured at a reverse bias of 1 V (vs SCE) is originated 
from the series-connected depletion junction capacitances of ZnFe2O4 
and BiVO4. The higher C with increasing SILAR cycles indicates 
decreasing depletion depth due to the semiconductor junction theory, 
C = Aε/d, where A, ε, and d are the surface area, dielectric permittivity 
of the material, and the depletion junction depth, respectively. The 
change of the depletion depth matches the equilibrium condition 
established in Fig. 8(b), i.e., smaller depletion depth with ZnFe2O4 than 
BiVO4. Therefore, the higher photocurrent observed with BiVO4/ 
ZnFe2O4 (4cy) heterojunction was ascribed to the higher band bending 
or higher built-in electric field at the BiVO4/ZnFe2O4/electrolyte junc
tion, which enhanced electron-hole separation minimizing their 
recombination. 

The BiVO4/ZnFe2O4 (4cy) heterojunction shows lowest Rct and 
largest C, therefore the best PEC performance could be achieved, and in 
which higher band bending could occur. In the meantime, slight in
crease of Rct accompanied by decrease of C was observed in the BiVO4/ 
ZnFe2O4 (5cy) heterojunction compared with BiVO4/ZnFe2O4 (4cy), 
which resulted from the loss of the active surface area by ZnFe2O4 
agglomeration, which does not form a successful heterojunction with the 
underlying BiVO4. The combination of increased Rct and decreased C 
could account for the increase in total impedance in the BiVO4/ZnFe2O4 
(5cy). All in all, the EIS analysis about the electrodes clearly agrees with 
the PEC performance. Fig. 8(b) shows the Bode plot of the electrodes 
that is derived from EIS. It is clear that shift of the peak in phase angle 
toward lowest frequency with decrease in the angle occurs by the for
mation of heterojunction with ZnFe2O4. The Bode plot exhibits the 
charge transport time factor, τn (= 1/2πfm), where (fm) is the charac
teristic frequency [62,63]. As summarized in Table 1 and Fig. 8(b), for 
the BiVO4/ZnFe2O4 (4cy), the charge transport time factor showed the 
maximum, thus the rate of recombination (keff) that is inversely pro
portional to τn is minimum. Therefore, the BiVO4/ZnFe2O4 hetero
junction reveals enhancement in the PEC performance compared to the 

Fig. 7. (a) The Nyquist and (b) Bode phase plot of the different electrodes at 1 
V vs SCE in the 0.5 M of Na2SO4 electrolyte with the inset showing the 
equivalent circuit diagram. 
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bare BiVO4 with high rate of recombination of charges. 

4. Conclusions 

In conclusion, the BiVO4/ZnFe2O4 heterojunction was developed 
through the low-cost SILAR method. The successful formation of the 
heterojunction between BiVO4 and ZnFe2O4 was confirmed by various 
analytical tools. The optimized BiVO4/ZnFe2O4 heterojunction with the 
proper thickness of ZnFe2O4 revealed the enhanced PEC current and 
stability compared with the bare BiVO4. While the bare BiVO4 photo
anode showed the short life time for photocarriers, the BiVO4/ZnFe2O4 
heterojunction revealed the facile charge transport properties owing to 
higher band bending at the interface with the electrolyte followed by the 
extended charge life time. We believe the SILAR process to architect the 
high quality heterojunction on the surface can provide new opportu
nities for the fabrication of highly efficient photoanodes for PEC water 
splitting. 
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