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Solar-driven photoelectrochemical (PEC) hydrogen production
is a promising method towards clean energy. Among the
candidate semiconductors for PEC water oxidation, monoclinic
bismuth vanadate (BiVO,) as a promising photoanode material
has attracted extensive attention due to its appropriate band
gap (2.4-2.6 eV) with a VB edge position of ~2.40 V vs. RHE,
enabling absorption up to 9.2% of the photon flux in the solar
spectrum.’” However, the solar hydrogen conversion efficiency
of BiVO, is still limited by its high charge recombination and
poor surface reaction kinetics.**>

Defect engineering has been widely used in electrocatalytic
and photocatalytic water oxidation.”**® The presence of defects
can play an important role in leaking more active sites and
increasing the active centers.””*® For example, ultrathin spinel
structured nanosheets with rich oxygen deficiencies have been
evidenced as an excellent catalyst for electrocatalytic water
oxidation. The presence of oxygen vacancy was found to
increase the synergistic interplay between the number and the
reactivity of active sites.” Wang and co-workers prepared an
efficient Co;0, electrocatalyst with rich oxygen vacancies by
plasma-engraving, where the oxygen vacancies on Co;0, surface
improve the electronic conductivity and create more active sites
for OER.”* Pan and co-workers utilized multi-step deposition to
fabricate multi-layer BiVO, films with rich oxygen vacancies,
which drastically enhances the photocatalytic activity of water
oxidation.”” On the other hand, doping foreign elements is
a promising strategy to tune the electrical properties of semi-
conductor materials.”*?® During the doping process, hetero-
atom dopants with different valence and size may play an
additional role in introducing and stabilizing the oxygen
vacancies.”””® For instance, Jiang and Miao synthesized Zn-
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A facile electrodeposition method was developed to prepare Co-BiVO, thin films with rich oxygen
vacancies. The resulting photoanode exhibited a photocurrent density of 3.5 mA cm™2 1.23 V (vs.
reversible hydrogen electrode (RHE), AM 1.5 G), which is over two times higher than that of undoped BiVOy,.

doped CoOOH with the abundance of oxygen vacancies and
demonstrated that the oxygen vacancies were formed when the
lower valence-state Zn occupies the lattice site of Co.>® Ding and
co-workers also report that Mo doping on BiVO, surface may
introduce surface oxygen quasi-vacancies based on density
functional theory computations. The presence of the oxygen
vacancies was suggested to improve the adsorption of water
molecules and enhance photocatalytic activity.*

Motivated by the above results, we report here the fabrication
of the oxygen-vacancy-rich BiVO, photoanode by means of
cobalt doping. In this strategy, the dopant Co>" cations partially
occupy the lattice sites of Bi*" in BiVO, and the BiVO, crystals
tend to maintain the charge balance by forming oxygen vacan-
cies. Theoretical calculations support that the formation energy
of oxygen vacancies is significantly reduced in cobalt doped
BivO, (Co-BiVO,). The resulting oxygen vacancies could poten-
tially act as catalytic active sites to promote OER performance.
As a result, the cobalt doped BivVO, film gave a photocurrent
density of 3.5 mA em > at 1.23 V vs. RHE with a negatively
shifted onset potential of 250 mV under AM 1.5 G (100 mW
em™?) solar illumination. The photocurrent reported here is the
highest value among the doped BiVO, electrodes without the
assistance of co-catalysts.

As shown in Scheme 1, electrodeposition of a solution con-
taining p-benzoquinone, KI and Bi(NOj3); gave perpendicularly
oriented nanoflakes of BiOI (Fig. 1a).*' By addition of CoCl, as
a dopant, a potato-chip-like nanoflakes BiOI was obtained
(Fig. 1c), the thin nanoflakes with curved wall are inter-
connected to form a reticulated porous microstructure. Both
precursors gave interconnected nano-worms BiVO, after heat-
ing in a muffle furnace at 450 °C (Fig. 1b and d).

The Energy Dispersive X-ray Spectroscopy (EDS) in Fig. 1e
confirms the homogeneous distribution of Co elements in Co-
BiVO, nano-worms. Fig. S1f shows the EDS results of 10Co-
BiVO, (abbreviated as Co-BiVO,), indicating the representative
BiVO, photoanode has Co atoms around 1.5 at% of the doping
level. The high-resolution electron microscopy (HRTEM)
revealed a lattice spacing of 0.26 nm, which is a well agreement
with the (200) facets for monoclinic BiVO, (Fig. 1f).
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Schemel Schematic description of the fabrication of (a) BiVO,4 and (b)
Co-BiVO,

As shown in Fig. 2a, both undoped and doped films showed
similar XRD patterns indexed to monoclinic BiVO,, implying
that the introduction of Co dopant did not induce phase
transformation in BiVO,. In Fig. S2,T the magnified analysis of
the XRD pattern shows that the Bragg peak of BiVO, after Co-
doping shifts to a higher value of 26, which is in good agree-
ment with the unit lattice shrinkage according to the Bragg
equation (2d sin § = na).>® The shift of characteristic diffraction
peaks indicates that Co is incorporated into the BiVO, matrix
and causes BiVO, lattice distortion, which is consistent with the
previous reports.’” The Raman spectra are also indicative of the
monoclinic scheelite crystal structure for BivO, and Co-BiVO,
(Fig. 2b), with characteristic signals at 330, 365, 720 and
827 cm ™. The peaks at 330 and 365 cm ™' corresponded to the
asymmetric and symmetric deformation modes of the VO4*~
tetrahedron (3,5(VO® ) and 3,(VO® ")), respectively.?? The peak at
827 cm ™ * was due to the symmetric stretching mode of the V-O
bands (v4(V-0)). No other diffraction peaks attributed to other
phases or impurities were found.

Fig.1 SEMimage (a) BiOl, (b) BiVO,, (c) Co-BiOl, (d) Co-BiVOy, (e) the
corresponding elemental mapping images of Co-BiVO,, (f) HRTEM
image of Co-BiVO,.
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Fig. 2 (a) XRD patterns of BiVO,, Co-BVOQ,. (b) Raman spectra of
pristine BiVO4 and Co-BiVOy films. High-resolution XPS spectra of (c)
O 1s and (d) Co 2p for the Co-BiVO,4 electrode.

To investigate the chemical compositions and their oxida-
tion states, the Co-BiVO, film was characterized by X-ray
photoelectron spectroscopy (XPS). The Bi 4f spectrum is
shown in Fig. S1 (ESIT). The peaks located at 159.2 eV (Bi 4f,,)
and 164.5 eV (Bi 4fs;,) give evidence to the presence of Bi*'.
Based on the V 2p spectrum (Fig. S2, ESIt), two peaks of V 2p at
516.8 €V (V 2ps/,) and 524.4 €V (V 2p,),) were assigned to V°'.
The peak at either 780.1 or 795.2 eV in the high-resolution
spectrum of Co 2p (Fig. 2d) was deconvoluted into the 2ps/,
and 2p,, orbitals for Co>" and Co®", respectively, indicating that
Co®>" was partially oxidized into cobalt(ur) oxide on the surface of
Co-BiVO,.** The high-resolution O 1s spectra of Co-BiVO, and
BiVO, samples were fitted into three components at 529.7,
531.3, 532.1 eV (Fig. 2¢), corresponding to the O>~ species in the
lattice (Oy), hydroxyl groups bound to metal cations in the
oxygen-deficient region (Oy) and the chemisorbed or dissoci-
ated oxygen species from water (Oc¢).> We further explored the
effect of different doping concentrations of Co on the oxygen
vacancy. As shown in Fig. S5,7 the concentration of oxygen
vacancy increases with the concentration of doped cobalt. This
observation highlights a key role of cobalt in promoting the
forming of oxygen vacancies.

The performance of PEC water splitting was measured in
0.5 M borate buffer (pH 9.3) employing a three-electrode
configuration with BiVO, as the working electrode, a platinum
wire as the counter electrode and Ag/AgCl as the reference
electrode. The PEC water oxidation activities of Co-BiVO, pho-
toanodes with different Co doping concentrations were shown
in Fig. 3a. In general, all Co-doped BiVO, photoanodes show
higher photocurrents than the undoped one. However, photo-
current density of the 12.5C0-BiVO, electrode is lower than that
of 10Co-BiVO, (abbreviated as Co-BiVO,) electrode. This
observation implies that an excess of oxygen vacancies
produced by Co doping might become the recombination
centers for the electron-hole pairs. When Co-BiVO, was used as
the photoanode, the onset potential for water oxidation was
negatively shifted by 250 mV and a notably enhanced photo-
current density of 3.5 mA cm > at 1.23 V vs. RHE was obtained.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Photocurrent density versus applied potential curves with
BiVO, photoanodes doped with different content of cobalt. (b) ABPE
curves of the BiVO,4 and Co-BiVOy, (c) IPCE curves at 1.23 V vs. RHE, (d)
EIS Nyquist plots of BiVO,4 and Co-BiVO,4 measured at 1.23 V versus
RHE under AM 15 G illumination. The inset shows the equivalent
circuit. All the measurements were carried out at 0.5 M sodium borate
electrolyte (pH 9.3).

The value acquired here was compared with the data in the
literature, which is among the best performance for the doped
BivO, without co-catalysts reported so far (Table S1, ESIT).
Additionally, a photocurrent over 2 mA cm™ > at 0.7 V vs. RHE
was obtained in an extended period of light illumination for 1 h
(Fig. S6, ESIt). The slow decrease in the photocurrent is related
to the oxidation and consumption of the oxygen vacancies
during the PEC reaction.”® Based on the LSV plots, the
maximum applied bias photon-to-current efficiency (ABPE) for
the Co-BiVO, was calculated to be 1.05% at 0.7 Vgyg (Fig. 3b),
compared to 0.2% for the undoped BiVO,. The incident photon-
to-current conversion efficiency (IPCE) as a function of wave-
length under 1.23 Vyyg was presented in Fig. 3c. Over the visible
light range, the IPCE values for Co-BiVO, reached its maximum
of 59% at 460 nm, well matching the corresponding UV-vis
absorption spectrum (Fig. S7, ESIT).

Electrochemical impedance spectroscopy (EIS) was con-
ducted at 1.23 V vs. RHE under the same conditions used for
PEC measurements. According to the Nyquist plots (Fig. 3d), the
Co-BiVO, film featured a smaller resistance than the pristine
BiVO,, demonstrating an enhanced conductivity and improved
interfacial charge transfer by including cobalt dopants. The
surface charge separation efficiency nsurrace Was investigated in
the presence of 0.5 M sodium sulfite as the hole scavenger. The
Co-BiVO, film exhibited a photocurrent density of 6.10 mA
cm 2 with a charge separation efficiency of 56% at 1.23 V vs.
RHE (Fig. S8t). By contrast, the pure BiVO, electrode showed
a poor charge separation of 39% (Fig. S9, ESIT). This result fully
agrees with the trend shown by EIS measurements.

The flat band potentials (Eg,) and the charge carrier density
of pristine BiVO, and Co-BiVO, were investigated by Mott-
Schottky analysis (MS). Since the charge carrier density was
inversely proportional to the slopes of Mott-Schottky plots
(Fig. 4a and Table S2, ESIt). The increase of donor density is
expected to improve the electrical conductivity and reduce the
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internal charge transfer resistance.®® Moreover, the negative
shift of Eg, from 0.34 to 0.19 V after Co>* doping, which is an
advantage for electron accumulation and transport.®

To imply the effect of oxygen vacancies on water oxidation,
Co-doped BiVO, photoanode was placed in an electrolyte con-
taining hydrogen peroxide that can efficiently eliminate the
oxygen vacancies on electrode. Within a period of 20 minutes,
the photocurrent for water oxidation was found to gradually fall
from 3.5 to 0.7 mA cm ™2 at 1.23 V vs. RHE (Fig. 4b), providing
direct evidence to the correlation between oxygen vacancy and
water oxidation activity.**

In order to further understand the relationship between Co>*
doping and oxygen vacancies, the density functional theory (DFT)
calculations were performed (see ESIt for details).***” As shown
in the density of states (DOSs) curves in Fig. 4c, the majority of Co
3d orbit stays in the valence band, and there is a small overlap
between the Co 3d orbit and the O 2p orbit. Thus, the interaction
between Co and the neighbor O atom is weaker than Bi and O
atoms at the same sites, making the breaking of Co-O bond
much easier.® Consequently, more oxygen vacancies were
created in Co-BiVO, over the pure BiVO,. The calculated forma-
tion energy of oxygen vacancies for Co-BiVO, was 1.40 eV, which
is smaller than that for the pristine BiVO, (3.35 eV), supporting
our assumption that cobalt doping is an efficient approach for
creating oxygen vacancies on BivVO, (Fig. 4d).

To get insight into the crucial role of the oxygen vacancies of
the catalyst in OER,*>* the adsorption energy of H,O molecules
was studied by DFT calculations. Fig. S10t indicates that the
adsorption energy for a surface with oxygen vacancy is —0.43 eV,
which is lower than the oxygen vacancy-free surface with an
adsorption energy of —0.28 eV. A possible explanation for the
enhancement of absorption energy is that oxygen vacancy
would enhance the exposure of surface Bi atoms, which have
been suggested to be the active sites for H,O adsorption.”®*°

In conclusion, we have successfully fabricated a cobalt-
with

doped BiVO, rich oxygen vacancies by a facile
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Fig.4 (a) Mott—Schottky plots collected at a frequency of 1 kHz, (b) J—
V curves of Co-BiVO, treated with H,O,, (c) calculated total and partial
density of states of BiVO, and Co-BiVO,, (d) calculated formation
energies of oxygen vacancies for BiVO4 and Co-BiVO,. All measure-
ments were carried out in 0.5 M sodium borate electrolyte (pH 9.3).
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electrodeposition method. The DFT calculation evidenced that
cobalt-doping facilitates the formation of oxygen vacancies by
reducing their formation energy. The resulting Co-BiVO, pho-
toanode exhibited significantly improved PEC performance
than the pure BiVO, due to reduced H,O adsorption energy in
catalysis and increased carries density that boosting the elec-
trical conductivity of the electrode. Our results are important in
demonstrating the correlations between vacancies and foreign
element doping in PEC water splitting, which may inspire the
further development of photoelectrodes with high efficiency.
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