
catalysts

Article

Nanoscale Assembly of BiVO4/CdS/CoOx Core–Shell
Heterojunction for Enhanced Photoelectrochemical
Water Splitting

Hana Kmentova 1,†, Olivier Henrotte 1,† , Rambabu Yalavarthi 1, Mareike Haensch 2 , Christian Heinemann 2,
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Abstract: Porous BiVO4 electrodes were conformally decorated with CdS via a chemical bath deposi-
tion process. The highest photocurrent at 1.1 V vs. RHE was achieved for a BiVO4/CdS composite
(4.54 mA cm−2), compared with CdS (1.19 mA cm−2) and bare BiVO4 (2.1 mA cm−2), under AM
1.5G illumination. This improvement in the photoefficiency can be ascribed to both the enhanced
optical absorption properties and the charge separation due to the heterojunction formation between
BiVO4 and CdS. Furthermore, the BiVO4/CdS photoanode was protected with a CoOx layer to
substantially increase the photostability of the material. The new BiVO4/CdS/CoOx nanostructure
exhibited a highly stable photocurrent density of ~5 mA cm−2. The capability to produce O2 was
locally investigated by scanning photoelectrochemical microscope, which showed a good agreement
between photocurrent and O2 reduction current maps. This work develops an efficient route to
improve the photo-electrochemical performance of BiVO4 and its long-term stability.

Keywords: photoelectrocatalysis; water splitting; BiVO4; clean energy; visible light

1. Introduction

In the recent past, the development of efficient energy conversion/storage devices
has received a great deal of attention from the community of scientific and technological
researchers. The dramatically increased demand of our society for accessible energy sources
and the related concerns for the environment further impelled such attempts [1,2]. In this
context, the design and development of cost-competitive materials capable of producing
fuels and electricity directly from the energy harvested from sunlight offer a desirable
approach to fulfilling the need for clean and sustainable energy [1,3,4]. Photoactive semi-
conductors (e.g., TiO2, WO3, or ZnO) are widely used materials for the conversion of solar
light into storable and transportable chemical energy such as dihydrogen (H2) via the
process of photoelectrochemical splitting of water (PEC-WS) where they serve as photoan-
odes [5,6]. The advantages of these metal oxides lie in their general abundance, relatively
easy processability, and remarkable chemical as well as PEC stability even in harsh elec-
trolyte environments. On the other hand, the main drawback that significantly limits their
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practical utilization for a large-scale industrial production of H2 is their wide bandgap
(e.g., 3.0–3.2 eV for TiO2, 2.7 eV for WO3, and 3.1–3.3 eV for ZnO), which is translated into
poor absorption of the solar spectrum, hence the low PEC-WS efficiency [6,7]. In contrast,
bismuth vanadate (BiVO4) has a significantly narrower bandgap energy, around 2.4–2.5 eV,
and simultaneously shows a good stability and enables low-cost production [8,9]. The
application of BiVO4 for solar water oxidation was first reported by Kudo et al. in 1998 [10].
Since then, photoanodes based on n-type BiVO4 have been continuously and extensively
studied. Several methods have been reported to prepare BiVO4 thin films on a conducting
glass substrate (commonly fluorine-doped SnO2 layer on glass support, called FTO glass)
including electrodeposition [11], spray deposition [12], sol–gel coating [13], reactive sput-
tering [14], pulsed laser deposition [15,16], metal-organic decomposition method [17], and
chemical bath deposition [18]. However, pristine BiVO4 bears a few disadvantages that are
particularly related to the poor dynamics of photogenerated charge carriers (electron–hole
pairs—EHPs), which involve low intrinsic electrical conductivity, short diffusion length
of photo-charges, and a slow oxygen evolution reaction rate [18,19]. These features cause
a high rate of EHPs recombination leading to a severely reduced photocurrent density
than the theoretically calculated value of 7.5 mA cm−2 under AM 1.5G light illumination,
which corresponds to a solar-to-hydrogen (STH) efficiency of 9.2% [20]. Approaches to
overcoming these drawbacks are challenging and typically include morphology tuning [21],
tuning surface electronegativity [22], doping by various foreign elements [23], forming
various heterostructures [24], and surface decoration of co-catalysts [19,25–29]. Besides,
to maximally boost the overall PEC-WS performance, these strategies are often combined
with various complex hierarchical nanostructured photoanodes [30]. The improvement of
photoelectrode’s performance is based on the capability to combine these strategies [31].
For example, the combination of low bandgap chalcogenide materials with wide bandgap
metal oxide materials has been widely adopted to enhance (i) light absorption and (ii)
the charge separation across the interface of two materials, thus improving the overall
photocurrent [32,33]. In this framework, the fabrication of hierarchical core–shell het-
erojunctions was proven to be effective in enhancing the photocurrent, facilitated by the
photoactive chalcogenide shell that possesses well-straddled band positions in such a way
that the photogenerated electron can flow easily to the core metal oxide [33]. Cadmium
sulfide (CdS) is a well-known and established photoactive chalcogenide with a bandgap
energy of 2.42 eV [34] and a higher conduction band (CB) minimum than that of BiVO4.
Therefore, the electrons can flow from the CB of CdS to the CB of BiVO4, which facilitates
the charge separation [35]. The BiVO4/CdS heterostructure has already shown potential
for photocatalytic fine-chemical synthesis, photocatalytic contaminant decomposition, and
photocatalytic H2 generation [36–40]. However, CdS suffers from severe PEC instability,
which significantly limits its applicability [41]. To avoid this, CoOx can be loaded on the
surface of CdS to improve the PEC performance and stability [42].

In this work, we employed a chemical bath deposition method to fabricate a BiVO4
nanostructured film uniformly coated by CdS nanoparticles. The well-controlled hierar-
chical assembly of BiVO4/CdS offered an improved surface and demonstrated a superior
PEC performance upon solar light irradiation, yet with limited PEC stability. The subse-
quent conformal deposition of an ultrathin layer of the CoOx overlayer produced a further
improvement in the PEC response and outstanding PEC stability showing no decrease
in the overall photocurrent even after 2 h. Moreover, the PEC response was qualitatively
correlated to the O2 production at different wavelengths thanks to scanning photoelectro-
chemical microscopy (SPECM) measurements. In particular, the photocurrent, O2 detection,
and topography mappings were simultaneously acquired by SPECM in the same condi-
tions as that of the macroscopic PEC measurements. This local investigation shows the
consistency between the photocurrent and the O2 production from the photocatalyst at
each tested wavelength. SPECM brings a spatially resolved study of the local properties of
photoelectrocatalysts. Thus, it allows a detailed investigation and understanding of the
photocatalysts and PEC mechanisms [43].
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2. Results and Discussion
2.1. Fabrication and Characterization of BiVO4-Based Photoanodes

The BiVO4/CdS/CoOx photoanodes were successfully engineered following the
fabrication process presented in Figure 1. The prepared nanostructures were thoroughly
characterized after each step of the assembly process. The obtained results are discussed in
the following sections correlating their physical features to the PEC activity.

Figure 2a shows the XRD patterns of bare BiVO4 photoanode with characteristic
diffraction peaks, which correspond to the (110), (121), (040), (200), (002), (211), (051), (132),
(042), (202) and (161) reflections of monoclinic scheelite BiVO4 [9] (JCPDS 14-0688). The
CdS layer is indexed to the hexagonal structure [44] (JCPDS 41-1049) with corresponding
crystal planes of (002), (101), (102), (100) and (103). The diffraction peaks of both com-
ponents are observed in the final BiVO4/CdS composite without any other impurities.
The other diffraction peaks belong to SnO2 due to the FTO substrate. The XRD pattern
of the BiVO4/CdS/CoOx final assembly shows the same diffraction peaks observed for
BiVO4/CdS. No diffraction peak belonging to CoOx is observed, as the deposited layer
exhibits amorphous phase and/or very low thickness.
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Figure 1. Schematic illustration of the fabrication process employed to prepare different photoanodes,
namely, BiVO4, BiVO4/CdS, and BiVO4/CdS/CoOx.

The impact on the optical properties from this BiVO4/CdS/CoOx synthesis was
investigated by UV–VIS diffuse reflectance spectroscopy (DRS), as shown in Figure 2b. The
absorption edge of BiVO4 is located at 510 nm, while CdS exhibits a red shift in comparison
with bare BiVO4. The addition of CdS on BiVO4 shifts the absorption edge to higher
wavelengths (~570 nm), as shown on the BiVO4/CdS DRS spectrum, demonstrating an
improvement in the light harvesting properties for BiVO4/CdS photoanodes. Moreover,
the added CoOx layer on the composite material increases this absorption edge shift toward
the red wavelengths close to 800 nm, probably due to the modification of the CdS surface,
consequently, enabling intragap state transitions.
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The microstructure of these samples was determined by scanning electron micro-
scope (SEM) and high-resolution transmission electron microscope (HR-TEM) investiga-
tions. Thanks to the SEM images, the BiOI layer was observed as very thin 2D plate-like
nanosheets vertically attached to the FTO substrate (Figure 3a). After the chemical and
thermal treatments, the nanosheets were converted to a column-like morphology formed
by rounded particles of BiVO4, as shown in Figure 3b [45]. Figure 3c shows the mor-
phology of a successfully synthesized BiVO4/CdS heterostructure, highlighting that CdS
was uniformly deposited onto the BiVO4 surface. To characterize the structure and the
crystalline quality of such composite, HR-TEM and energy-dispersive X-ray spectroscopy
(EDS) analyses were conducted. The EDS elemental mapping confirmed that CdS was
homogeneously deposited on the surface of BiVO4 ((Figure 3e–h), while CoOx formed a
homogeneous shell on the top CdS layer (Figure 3i–k), a desired characteristic for metal
oxides serving as co-catalysts [46,47]. The inter-planar spacing of ~0.298 nm (102), 0.309 nm
(101), 0.314 nm (101), 0.349 nm (100), and 0.353 (100) with corresponding CdS planes in
brackets is clearly observed in Figure 3m,n [44]. This agrees well with the grazing incidence
X-ray diffraction (GIXRD) results and confirms the formation of the BiVO4/CdS/CoOx
structure (Figure 1).

To verify the elemental composition and chemical state of the photoanode, X-ray
photoelectron spectroscopy (XPS) analysis was conducted. Figure 4a shows the high-
resolution (HR) region of Bi 4f, where the two main peaks with binding energies of 159.25
and 164.45 eV can be attributed to Bi 4f7/2 and Bi 4f5/2, respectively [9]. In Figure 4b,
the dominant peak at 516.7 eV can be ascribed to V 2p3/2. The binding energy peak of
529.85 eV corresponds to the lattice oxygen in BiVO4, while the peak at 531.45 eV can be
assigned to the non-lattice or adsorbed oxygen (Figure 4c), indicating adsorbed oxygen
species, e.g., hydroxyl groups or water, on the surface of BiVO4 photoanodes [9]. The peaks
positioned at binding energies of 405.3 and 412.1 eV in Cd 3d spectrum (Figure 4d) can
be indexed to Cd 3d5/2 and Cd 3d3/2, respectively. Two main peaks of S 2p at 161.3 and
162.5 eV, which are characteristic of S 2p3/2 and S 2p1/2, can be ascribed to S2− ions in CdS
bonding (Figure 4e) [40]. Furthermore, as shown in the survey spectrum of BiVO4/CdS
(Figure S2), no relevant peak is observed from Bi or V because of the thick CdS shell
surrounding BiVO4, which agrees with HR-TEM elemental mapping images (Figure 3).
The O 1s peaks for BiVO4/CdS, shown in Figure 4f, correspond to two components at 531.2
and 532.4 eV, assigned to adsorbed oxygen species and water, respectively. This result
agrees with the fact that the CdS shell conformally covers the BiVO4, and, thus, the O 1s
peak corresponding to the BiVO4 lattice is not detected. This may suggest the formation
of O-defects on the CdS shell, i.e., partial oxidation of CdS upon air exposure and PEC
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test. Figure 4g shows the high-resolution XPS spectrum in the Co region, remarking the
presence of two main Co species (Co2+ and Co3+) and one satellite: the peaks corresponding
to Co3+ signals were found at 779.85 and 794.85 eV, while those related to Co2+ were at
782.25 and 797.05 eV. The presence of both Co2+ and Co3+ ions (and the absence of nitrogen
in the XPS survey spectrum) confirms the successful deposition of a Co oxide (we call
it CoOx, but it might contain Co2O3, Co3O4, or a mixture of them) at the surface of the
photoanodes [9,44]. Furthermore, the O 1s spectrum of BiVO4/CdS/CoOx in Figure 4h
shows three peaks. The binding energies of 529.8, 531.2, and 532.5 eV correspond to
Co–O binding, non-lattice O and adsorbed O from water/moisture, respectively [44]. As
presented in the BiVO4/CdS/CoOx survey in Figure 4i, Cd and S peaks are observed, while
Bi and V are not. This suggests that the CoOx coating is thinner than the detection range
of XPS. This corresponds to the observation made by HR-TEM (presented in Figure 3d–k)
and XRD (presented in Figure 2a).
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The elemental composition from the final photoanode structure corresponds to the
last step of the synthetic route presented in Figure 1. The XPS spectra coupled with the
HR-TEM elemental mapping (presented in Figure 3d–k) and the XRD spectrum of the
final material (green curve in the Figure 2a) demonstrate the successful synthesis of the
BiVO4/CdS/CoOx composite.

2.2. Photoelectrochemical Water Splitting Investigation

To confirm the use of this final material as a photoanode, the linear sweep voltammetry
(LSV) curves were measured. These curves are compared in Figure 5a. The photocurrent
densities in the presence of hole scavenger (i.e., Na2SO3) generated on bare BiVO4 and CdS
at 1.1 V vs. RHE (i.e., reversible hydrogen electrode) are 2.1 and 1.9 mA cm−2, respectively.
In the case of BiVO4/CoOx, a current density of 3.36 mA cm−2 was observed at the same
potential. Furthermore, a maximum current density of 4.54 mA cm−2 was obtained for
the BiVO4/CdS heterostructure, which is more than two times higher than that of blank
counterparts. Ultimately, the final material BiVO4/CdS/CoOx showed the best current
density of 4.82 mA cm−2 at 1.1 V vs. RHE. The remarkably improved photocurrent of
BiVO4/CdS and BiVO4/CoOx is assigned to the better photo-generated electrons and holes
separation efficiency due to the quenching of interfacial recombination. The deposition
of CoOx on BiVO4 does not improve the onset potential as it would be expected from
a good co-catalyst, but it enhances the charge separation [27], resulting in an increased
plateau photocurrent. A similar process occurs once the heterojunction formation between
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BiVO4 and CdS is carried out. In this case, it enables the transfer of the photo-generated
electrons from the CB of CdS to the one of BiVO4 and a concomitant hole transfer from
the BiVO4 VB to the one of CdS [35]. This is in accordance with the observed current
densities before and after 0.8 V vs. RHE. Moreover, the enhanced photoefficiency can be
attributed to the extended optical absorption due to the CdS counterpart of the bilayer
system, which was observed in Figure 2b. From the BiVO4/CdS/CoOx LSV shape, two
contributions are observed: the enhanced light harvesting and charge separation due
to the BiVO4/CdS heterojunction formation. To further investigate the effect of CoOx
layer, we also performed LSV measurements without the hole scavenger. LSV curves of
all investigated photoanodes with and without hole scavenger are reported in Figure S3.
Pristine BiVO4 photoanodes show very similar performance in both conditions. For the
case of BiVO4/CdS, instead, the LSV curves recorded in the presence of hole scavenger are
higher after 1 V vs. RHE, suggesting that at high potential, the hole extraction is optimized
by the presence of Na2SO3. When we consider the photoanodes bearing the CoOx layer
(BiVO4/CoOx and BiVO4/CdS/CoOx), a clear improvement of photocurrent is observed
within the whole range of applied potential in the presence of hole scavenger. This finding
provides a clear indication that the CoOx mainly serves as a hole storage layer.

To verify that the extended light absorption is translated in the PEC activity at longer
wavelengths, incident photon-to-current conversion efficiency (IPCE) measurements were
conducted. The results are shown in Figure 5b. The photo response of the pristine BiVO4
is observed to be from 300 to 550 nm of the incident light and shows the IPCE value of
60% between 300 and 350 nm and then gradually decreasing, thus reaching the minimum
at 600 nm. The deposition of CdS onto BiVO4 improved the overall IPCE response up to
80% in the 300–500 nm region, while reaching a maximum of 90% between 500 and 600 nm.
Notably, the final assembly including the BiVO4/CdS/CoOx composite reached a stable
IPCE response of 90–93% over the overall range of 300–600 nm, while it also presented
a slight shift in the response edge above 600 nm. These results are in good agreement
with the UV–VIS absorption spectra (see Figure 2b) and confirm the extended visible-light
harvesting ability of the designed nano-assembled heterostructure, where each component
provides enhanced properties to the photoanode. Despite the fact that such a BiVO4/CdS
photoanode shows an extensive PEC performance, the CdS, however, suffers from a low
photostability due to photocorrosion [35].

To overcome this issue, the BiVO4/CdS photoanode was additionally coated by
a CoOx overlayer, which serves as a protective layer to stabilize the CdS PEC behav-
ior [44]. The PEC stability of the BiVO4/CdS/CoOx photoanode is shown in Figure 5c.
The BiVO4/CdS/CoOx heterostructure showed a stable current density under continuous
illumination over 2 h. This proves that the CoOx layer has the ability to hinder the photocor-
rosion effect. Moreover, this also enhances the photoactivity of the material, as shown by the
LSV, IPCE, and chronoamperometry presented by green curves in Figure 5a–c, respectively.
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Figure 5. (a) LSV scans under AM 1.5G illumination of the bare BiVO4, bare CdS, BiVO4/CdS, BiVO4/CoOx, and
BiVO4/CdS/CoOx photoanodes. (b) IPCE spectra of the BiVO4, BiVO4/CdS, and BiVO4/CdS/CoOx photoanodes.
(c) Photostability test of the as-prepared BiVO4/CdS/CoOx photoanode by chronoamperometry at 1.1 V vs. RHE for
135 min under AM 1.5G illumination.

2.3. Scanning Photoelectrochemical Microscope Measurements

To investigate the local PEC activity of the designed photoanodes, SPECM measure-
ments were carried out to locally detect the photocurrent and the O2 production from the
reaction occurring at the sample. The SPECM setup is presented in Figure 6a. Acquisitions
were made in a mode similar to the substrate generation—tip collection mode [48] (local-
ized substrate photogeneration in our case) with synchronized light pulses, as presented
in Figure 6b. This allows to measure the photocurrent from the sample and the oxygen
reduction reaction (ORR) current at the microelectrode at each point of the scan. The
currents during the last 10% of each light pulse were averaged, and the current values
were transformed into a map at each wavelength and each position of the xy stage. The
illumination time was chosen to reach a steady-state current during the averaged current
calculation. A single measurement corresponding to one position of the xy stage is depicted
in Figure 6c.

First, a large photocurrent map was recorded with an illumination spot of 100 µm at
a wavelength of 340 nm (Figure 7a), and a high activity region was selected for further
investigations.

The black cross indicates the spot for the subsequent SPECM experiments. The scans
were performed in a constant-distance mode by shear-force sensing in a hopping mode.
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Figure 6. (a) Schematic presentation of the SPECM setup used for the SPECM measurements.
(b) Schematic presentation of the substrate generation—tip collection mode in the case of water
oxidation at a BiVO4/CdS/CoOx photoanode under illumination. (c) Schematic presentation of a
simultaneous measurement at one point of the matrix, showing the photocurrent at the substrate
(sample) and the ORR current at the probe (microelectrode) upon illumination of the sample for 340
and 387 nm with a 2 s delay between the on/off light switch.

Thanks to this constant-distance mode, the sample topography is obtained (see
Figure 7b). This certifies the same probe-substrate distance at each matrix point and
also corrects any contribution from the parallax between the probe and the substrate. A
matrix scan allowed the subsequent detection of the photocurrent in the sample for two
different wavelengths (340 and 387 nm, Figure 7c,d, respectively) and, simultaneously,
the detection of the molecular O2 evolving from the substrate (i.e., the photoanode) by
means of the ORR current recorded at the Pt microelectrode (Figure 7e,f, respectively). The
microelectrode is biased to −0.6 V vs. Ag/AgCl to detect oxygen using the ORR. The maps
show that high current areas in the photocurrent map are matched by low current areas in
the ORR at the microelectrode (due to negative reduction current), indicating more active
sites. Therefore, the higher photocurrent results in a higher local concentration of oxygen.
Moreover, the maps at 387 nm show a slightly higher photocurrent and oxygen production
compared to the ones at 340 nm. This is in agreement with the IPCE measurement on
BiVO4/CdS/CoOx presented in Figure 5b. The overall shape of the photocurrent and ORR
current maps for both wavelengths is equivalent.
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Figure 7. (a) A large photocurrent map with an illumination (λ = 340 nm) spot size of r = 50 µm was obtained as an
overview. Simultaneous measurements with a small spot illumination (r = 2.5 µm) were performed yielding images of the
topography via shear force sensing (b), the photocurrent at the sample at 340 nm (c) and 387 nm (d) and ORR current at the
microelectrode (rT = 5 µm) at 340 nm (e) and 387 nm (f).

This supposes no differences between both wavelengths in the local photoactivity of the
photoanode. Photocurrent and ORR current maps were performed on BiVO4, BiVO4/CdS,
and BiVO4/CoOx (see Figures S4–S6) nanostructured photoanodes. The same correlation of
photocurrents and ORR currents was observed also for the BiVO4/CdS/CoOx sample.

Generally, some activity inhomogeneities are noticeable in the large photocurrent maps
as well as in the small area scans. However, the roughness of the substrate is smaller than
1 µm in the investigated area (as shown Figure 7b), and the shear-force mode used during
the investigation keeps the same probe-substrate distance all along. Thus, these current
disparities are probably due to local composition inhomogeneities instead of topographical
distribution. Furthermore, the topographical map presented in Figure 7b shows that thicker
part of the scanned area corresponds to the highest activities measured in the photocurrent
and ORR maps. This also suggests the presence of local inhomogeneities due to the local
quantity of material or an incomplete surface modification from synthesis processes on the
micro- or nanoscale.

As shown in the literature, SPECM allows to identify such local disparities [43]. This
will be the focus of future works with quantitative studies using the same measurement
method thoroughly explained in Figure S7.

2.4. Electrochemical Impedance Spectroscopy and Intensity Modulated Photocurrent
Spectroscopy Measurements

Electrochemical impedance spectroscopy (EIS) was employed to examine the charge
transport characteristics and photogenerated electron–hole separation efficiency. As de-
picted in Figure 8a, all plots show semicircles that are fitted by an appropriate 2-RC circuit
(inset of Figure 8a) [33]. The fitted parameters are presented in Table 1.

A decrease in the charge transport resistance (RSC) and the charge transfer resistance
(Rct) is observed upon formation of the composite of BiVO4 with CdS and CoOx. The
RSC decreased by 45% for BiVO4/CdS. The same trend of RSC is further seen upon CoOx
coating, which is about 60.3% in comparison with the pristine BiVO4. The decrease in RSC
strongly supports that the enhanced electron–hole pair separation across the interfaces of
BiVO4/CdS and CoOx is due to the built-in electric field upon heterojunction formation [33].
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Table 1. Electrical parameters extracted by fitting EIS data with the equivalent circuit shown in
Figure 8a for BiVO4, BiVO4/CdS, and BiVO4/CdS/CoOx. Rs is the resistance of the solution, RSC is
the resistance of the space charged layer (or to charge transport), and Rct is the resistance to charge
transfer at the photoanode/electrolyte interface.

Sample RS (Ω) RSC (Ω) Rct (Ω) CPE2 (µF)

BiVO4 24.43 ± 1.2 116 ± 14 992 ± 15 87.9 ± 0.8
BiVO4/CdS 19.07 ± 1.6 64 ± 17 390 ± 12 170 ± 1.9

BiVO4/CdS/CoOx 12.61 ± 0.7 46 ± 2 305 ± 6 203 ± 1.6

Furthermore, the hole transfer ability to the electrolyte, i.e., the catalytic properties of
the photoanodes, is represented by Rct, and a significant change in the hole transfer ability
upon CdS (decreased by ~60.6%) and CoOx (decreased by ~69.2%) coating compared to
pristine BiVO4 is also observed. This emphasizes the efficient role of CdS and CoOx to
improve the hole transfer ability across the photoanode/electrolyte interface [33]. This
observation is also supported by the capacitance of the photoanode/electrolyte interface
(CPE2). The CPE2 obtained for BiVO4/CdS/CoOx composite is approximately two times
higher than the bare BiVO4, which strongly suggests the hole storage ability of the CoOx
layer. Moreover, the hole storage ability of the CoOx layer improves the photostability
of the material by limiting the photocorrosion process at the CdS shell [49]. Thus, this
enhances the hole transfer rate across the photoanode/electrolyte interface via an efficient
charge transfer across the multiple junctions of the composite photoanode system [33].
Hence, the BiVO4/CdS composite and its further modification with CoOx are effective to
improve the charge transport/transfer characteristics compared to bare BiVO4 photoanode,
thus improving the photocurrent while enabling better PEC stability.
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To further characterize the electron transport properties, the intensity modulated pho-
tocurrent spectroscopy (IMPS) measurements were performed (Figure 8b). IMPS is a useful
non-destructive technique for the determination of photogenerated charge carrier transit
time (τd). The obtained τd for BiVO4/CdS and BiVO4/CdS/CoOx is 0.189 and 0.159 ms,
respectively. These values are 15 and 18 times lower than those for bare BiVO4 (2.85 ms).
This suggests a lower recombination probability of photogenerated electron–hole pairs for
BiVO4/CdS and BiVO4/CdS/CoOx than bare BiVO4. Those values also demonstrate that
the charge carriers reach the back contact of BiVO4/CdS and BiVO4/CdS/CoOx more read-
ily without any significant recombination in comparison with pristine BiVO4. The observed
faster transit time is mainly attributed to the efficient charge separation of the electron–hole
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pairs facilitated by the electric field developed across the interfaces of BiVO4/CdS and
also BiVO4/CdS/CoOx. These results are in good agreement with the charge transport
resistance values (RSC) obtained from the EIS measurements. The IMPS results further
emphasize the significance of heterojunction and thus, the subsequent improvement in
the charge transport/transfer characteristics as well as enhanced performance of BiVO4
composite photoanodes.

3. Experimental
3.1. Materials

All chemicals and solvents were purchased in the highest purity from Sigma Aldrich
(Prague, Czech Republic) and used as received. The purity of each chemical is specified
below in the description of experimental procedures.

3.2. BiVO4 Photoanodes Preparation

The BiVO4 photoanodes were prepared via a two-step synthetic procedure. First, BiOI
films were synthesized by electrodeposition, and they served as a precursor to form BiVO4
electrodes. The plating solution was an aqueous solution of 400 mM potassium iodide (KI
(>99%)) and 40 mM bismuth nitrate pentahydrate (Bi (NO3)3·5H2O (99.99%)). The pH of
the solution was adjusted to 1.8 by adding nitric acid (HNO3 (70%)). Then, the ethanol
solution containing 46 mM p-benzoquinone (>98%) was slowly added. The final pH of the
mixed solution was adjusted to 3.4 by adding HNO3. The potentiostatic deposition was
performed in a typical three-electrode electrochemical cell. The mechanism and condition
for BiOI electrodeposition by the reduction of p-benzoquinone to hydroquinone were
reported previously [49]. Herein, a fluorine-doped tin oxide glass substrate (hereafter
FTO) was the working electrode (WE), platinum wire was the counter electrode (CE), and
Ag/AgCl (3 M KCl) served as the reference electrode (RE). A continuous potential of
−0.2 V vs. Ag/AgCl was applied for about 360 s. Then, the substrate was cleaned with
distilled water and dried with an air stream.

Second, the BiOI film was converted to BiVO4 by chemical and thermal treatments.
The surface of BiOI was covered by drop-casting 150 µL of a dimethyl sulfoxide (>99.9%)
solution containing 200 mM of vanadyl acetylacetonate (VO (acac)2 (98%)). Then, the film
was annealed in air at 450 ◦C for 2 h (5 ◦C/min). The obtained BiVO4 electrode was soaked
in 1 M sodium hydroxide (NaOH (>99.98%)) for 30 min under stirring in order to remove
the excess of V2O5. Finally, the resulting electrode was thoroughly rinsed with distilled
water and dried with an air stream.

3.3. Preparation of BiVO4/CdS and BiVO4/CdS/CoOx Heterostructures

For the deposition of the CdS film, 2 mM cadmium nitrate (Cd(NO3)2 (99.99%)) and
10 mM thiourea (>99%) solutions were prepared. Then, the aqueous ammonia (25 wt. %,
>99.98%) was added which was used as a complexing agent. The CdS film was then
deposited by dipping the FTO glass into the precursor solution at 85 ◦C for 90 min. The
substrate was then rinsed with distilled water and dried with an air stream.

Finally, the CoOx co-catalyst was electrodeposited on the top of BiVO4/CdS from an
aqueous solution containing 0.1 M of cobalt nitrate hexahydrate (Co(NO3)2·6H2O (98%)),
adjusted at pH = 7, by applying a potential of −0.2 V vs. Ag/AgCl for 240 s. Then, the
sample was rinsed with distilled water and air dried.

3.4. Photoelectrochemical Measurements

The PEC experiments were carried out in an electrochemical cell with a typical three-
electrode arrangement. Such prepared photoanodes served as the WE, the Ag/AgCl in
3 M KCl was used as the RE, and the Pt wire was used as the CE. The photoanodes were
illuminated by a 150 W xenon lamp coupled with AM 1.5 G filter with the standard power
intensity of 1 sun (i.e., 100 mW cm−2). A 0.1 M sodium sulfite (Na2SO3 (98%)) or sodium
sulfate (Na2SO4 (>99%)) potassium buffer solution served as the electrolyte. The Gamry
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Series G 300 Potentiostat was used for PEC measurements. The PEC behavior of the
prepared electrodes was investigated by means of LSV measurements and IPCE. Each type
of photoanode was fabricated and tested at least three times, and the representative curves
are reported.

Applied potentials were converted to the RHE by the following equation:

ERHE = EAg/AgCl + E0
Ag/AgCl + 0.059 × pH. (1)

In our case, E0
Ag/AgCl = 0.1976 V at 25 ◦C was the standard potential of Ag/AgCl

reference electrode.
The latter was measured with a 300 W xenon lamp coupling with an aligned monochro-

mator Oriel TLS−300 X (Newport, Irvine, CA, USA). The IPCE was calculated according to
the following equation:

IPCE =
JSC
Pin

× 1240
λ

× 100%, (2)

where Jsc is photocurrent density (mA cm−2) measured at 0.6 V vs. RHE under single
wavelength (λ) and Pin is the irradiance intensity (mW cm−2) of the monochromatic light.

EIS of the samples was measured by applying a bias and in a frequency ranging from
0.05 Hz to 1 MHz under simulated sunlight conditions.

IMPS measurements were performed using a Zahner PP 211 CIMPS setup (ZAHNER-
elektrik GmbH, Kronach, Germany) with a light diode (λ = 510 nm) in a frequency range of
0.1 Hz to 105 Hz with a fixed light intensity of 100 mW cm−2. A sinusoidal perturbation of
~10% of the steady-state illumination was used for the superimposition. The time taken by
the charge carrier to reach the back contact of the photoanode, called transit time (τd), can
be estimated from the equation:

τd =
1

2π fmin (IMPS)
, (3)

where fmin represents the minimum frequency value of the IMPS plot.

3.5. Scanning Photoelectrochemical Microscopy Measurements

SPECM experiments were conducted using an ELP 3 SPECM-FL (HEKA Elektronik
GmbH, Lambrecht, Germany), a PG 618 USB bipotentiostat (HEKA Elektronik GmbH,
Lambrecht, Germany), and a Lambda DG−4 illumination system (Sutter Instrument,
Novato, CA, USA) with bandpass filters for 340 and 387 nm (Thorlabs GmbH, Bergkirchen,
Germany). This technique was already proved as a powerful tool to locally investigate
PEC reactions [48,50].

The experiments were performed in 0.1 M Na2SO3 in phosphate buffer (pH 7). A Pt
microelectrode (r = 5 µm, HEKA Elektronik GmbH, Lambrecht, Germany) was employed
as WE2, the sample was electrically connected as WE1, an Ag/AgCl wire was used as
RE, and a Pt wire served as counter electrode, CE. The sample was biased to +0.2 V vs.
Ag/AgCl. A potential of −0.6 V vs. Ag/AgCl was applied to the Pt microelectrode. The
light beam (r = 2.5 µm) and the microelectrode were aligned (See Figure S1), and the sample
was scanned on the xy stage. Shear-force sensing was employed for constant-distance
scans. Therefore, the microelectrode was approached to and retracted from the surface by
5 µm under shear-force control. A topography map was extracted from the z-piezo value
at the end point of the shear-force controlled approach. The experiments were conducted
in a matrix scan.

3.6. Physical Characterization

The surface morphology images were captured by a SEM Hitachi SU6600 with an
accelerating voltage of 15 kV. Elemental mapping was obtained using a HR-TEM TITAN
operating at 80 kV. EDS measurements were done with an acquisition time of 20 min.
UV–VIS diffuse reflectance absorption spectra were collected on a FLS980 fluorescence
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spectrometer (Edinburgh Instruments, Livingston, United Kingdom) equipped with an
integrating sphere with its inner face coated with BENFLEC. The standard BENFLEC plate
was used as reflectance standard. GIXRD patterns of the samples were collected using
an empyrean diffractometer (PANalytical) equipped with a focusing X-ray mirror for Co
radiation, 3-axis cradle, a multichannel detector PIXcel3D (1D mode), and Co-Kα radiation
(40 kV, 30 mA, λ = 0.1789 nm). The measurement range used was 2θ = 15◦–80◦, along with
a step size of 0.052◦ and variable incidence angle ofω = 4◦, 2◦, and 1◦. XPS measurements
were conducted using a PHI VersaProbe II (Physical Electronics, Chanhassen, MN, USA)
spectrometer with Al Kα source (15 kV, 50 W). The spectra were measured in vacuum
at room temperature and were evaluated with MultiPak (ULVAC-PHI, Inc., Kanagawa,
Japan) software.

4. Conclusions

In summary, we demonstrated a facile approach to fabricate BiVO4/CdS/CoOx nano-
assembly heterojunctions. We achieved an efficient tri-component PEC system by a simple
electrochemical and thermal treatment and chemical bath deposition techniques. The
BiVO4/CdS heterostructure demonstrated a significant shift in the band edge, which facili-
tated effective visible light absorption. In addition, to improve the stability of BiVO4/CdS
core–shell structure, we coated it with a CoOx overlayer. The resultant BiVO4/CdS/CoOx
multi-component system yielded a significant higher photocurrent (4.93 mA cm−2 at 1.1 V
vs. RHE) in comparison with pristine CdS (1.19 mA cm−2 at 1.1 V vs. RHE) and BiVO4
(2.1 mA cm−2 at 1.1 V vs. RHE). The CoOx layer enhanced the stability of the material by
limiting the photocorrosion of the CdS shell. The photocurrent was locally compared with
the O2 production thanks to the SPECM technique. This showed a similar trend in every
measurement between the photocurrent and the O2 production and confirmed that the wa-
ter oxidation reaction occurred at the sample. The local studies showed photocurrent/O2
detection inhomogeneities suggesting that even for such a photoactive material, there is
room for improvement. We carried out electrochemical EIS and IMPS measurements to
demonstrate the charge transport/transfer ability of such a multi-component system to
enhance the photocurrent and efficiency in water oxidation. Overall, it was shown that
the precise design of core–shell multi-component PEC systems including diverse light
absorbers and protective overlayer is an effective strategy to achieve highly performing
photoanodes with superior PEC stability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11060682/s1, Figure S1: Optical image with the inverse microscope of the alignment of
microelectrode and illumination spot. rspot = 2.5 µm, rT = 5 µm and RG = 5.7., Figure S2: XPS survey
of BiVO4/CdS photoanode., Figure S3: LSV scans under AM 1.5G illumination with (Na2SO3) and
without (Na2SO4) hole scavenger for bare BiVO4, BiVO4/CdS, BiVO4/CoOx and BiVO4/CdS/CoOx
photoanodes., Figure S4: Photocurrent (a) and ORR current maps at the microelectrode (b) at 340 nm
on a 50 × 50 µm2 matrix map at bare BiVO4., Figure S5: Photocurrent (a) and ORR current maps at the
microelectrode (b) at 340 nm on a 100 × 75 µm2 matrix map at BiVO4/CdS photoanode., Figure S6:
Photocurrent (a) and ORR current maps at the microelectrode (b) at 340 nm on a 100 × 50 µm2 matrix
map at BiVO4/CoOx photoanode., Figure S7. Example of a simultaneous measurement at one point
of the matrix, showing the photocurrent at the substrate (sample) and the ORR current at the probe
(microelectrode) upon illumination of the sample for 340 and 387 nm with a 2 s delay between the
on/off light switch. The light delay is decided to obtain a steady-state at the baseline and signal
acquisition parts (green and red areas, respectively). The baseline is subtracted to the signal acquired
to obtain the photoactivity induced during the measurement both at the substrate (from the measured
photocurrent) and the probe (from the ORR measured current).
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