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ectrochemical water oxidation
using a TiO2 nanosphere-decorated BiVO4

heterojunction photoanode †

Wenchao Jiang, Yi Jiang, * Jing Tong, Qian Zhang, Siyuan Li, Haili Tong
and Lixin Xia *

Constructing heterojunctions by coupling dissimilar semiconductors is a promising approach to boost

charge separation and charge transfer in photoelectrochemical (PEC) water splitting. In this work, we

fabricated a highly efficient TiO2/BiVO4 heterojunction photoanode for PEC water oxidation via a simple

hydrothermal method. The resulting heterojunction photoanodes show enhanced PEC performance

compared to the bare BiVO4 due to the simultaneous improvements in charge separation and charge

transfer. Under simulated sunlight illumination (AM 1.5G, 100 mW cm�2), a high photocurrent of 3.3 mA

cm�2 was obtained at 1.23 V (vs. the reversible hydrogen electrode (RHE)) in a neutral solution, which

exceeds those attained by the previously reported TiO2/BiVO4 heterojunctions. When a molecular Co–

cubane catalyst was immobilized onto the electrode, the performance of the TiO2/BiVO4 heterojunction

photoanode can be further improved, achieving a higher photocurrent density of 4.6 mA cm�2 at 1.23 V,

an almost three-fold enhancement over that of the bare BiVO4. These results engender a promising

route to designing an efficient photoelectrode for PEC water splitting.
Introduction

With gradual, increasing consumption resulting in the deple-
tion of traditional fossil fuels, new forms of energy are being
investigated. Sunlight has attracted more interest as it is the
most abundant renewable energy source.1–3 Solar energy, a new
type of renewable energy, has the advantages of being a clean
and inexhaustible source of energy and is attracting research
interest. Splitting water into hydrogen and oxygen using
sunlight, via photoelectrochemical (PEC) devices, is a prom-
ising method of converting and storing solar energy as
a chemical fuel.2–5 To date, an enormous effort has been
invested in this eld, however, the development of a highly
efficient PEC water splitting cell for solar-to-hydrogen fuel
conversion remains a challenge.6,7 And the PEC water splitting
using semiconductors has received increasing attention, owing
to the semiconductors have excellent light absorption charac-
teristics, for example, bismuth vanadate (BiVO4) and TiO2.
BiVO4 has appropriate band-edge position (2.4 eV) and a wide
range of absorption of sunlight.8,9 However, the unmodied
BiVO4 has signicant electron–hole recombination and poor
water oxidation kinetics.10 Various strategies have been imple-
mented to address these restrictions, such as nanostructured
enyang 110036, Liaoning, China. E-mail:

tion (ESI) available. See DOI:
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control,11 elemental doping,12,13 loading cocatalysts such as Co–
Pi,14–16 FeOOH17 and NiOOH,10,18 construction of hetero-
junction,19,20 and plasmonic enhancement.21–23

In principle, constructing heterojunctions is the most
effective and direct way to promote the efficiency of charge-
separation in photoelectrodes. Many studies have investigated
BiVO4-based heterojunction photoanodes, such as WO3/
BiVO4,24–26 TiO2/BiVO4,27–29 etc. These composites have been
demonstrated to have higher PEC performance compared to
BiVO4. TiO2 has been intensively studied as a candidate pho-
toanode due to its favourable band-edge positions, high resis-
tance to photocorrosion, physical and chemical stability,
nontoxicity and low cost.30,31 Recent studies have reported an
improvement in PEC water oxidation using TiO2/BiVO4 hetero-
junctions.32 However, a high photocurrent density for this het-
erojunction electrode is scarce.

In this study, a facile hydrothermal method using modied
nanoporous BiVO4 photoanodes with TiO2 nanospheres was
proposed to develop TiO2/BiVO4 heterojunction photoanodes.
The BiVO4 layers in this photoanode absorb sunlight and the
TiO2 nanospheres facilitate the separation and transmission of
the photogenerated charge in BiVO4. The shi of TiO2 and
BiVO4 interfacial Fermi levels result in the formation of an n–n
junction at the interface,33 promoting electron–hole separation.
The proposed TiO2/BiVO4 heterojunction photoanodes had
good PEC performance. A high photocurrent density of 3.3 mA
cm�2 was achieved at 1.23 V, compared to a reversible hydrogen
electrode (RHE) in a neutral electrolyte, which is much higher
RSC Adv., 2018, 8, 41439–41444 | 41439
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than that of BiVO4 and exceeds other TiO2/BiVO4 hetero-
junctions reported. To further optimise the kinetics of surface
water oxidation of photoanodes, a molecular Co–cubane water
oxidation catalyst (WOC) was immobilized on the electrode and
an extremely high photocurrent density of 4.6 mA cm�2 was
achieved at 1.23 V vs. RHE.
Experimental section
Fabricate of the BiVO4 photoanode

The BiVO4 electrodes were prepared by using an electrodepo-
sition process as reported.10 Briey, the electrodeposited solu-
tion was prepared as follow: 2.91 g Bi(NO3)3$5H2O (99.0%, AR)
and 9.96 g KI (99.0%, AR) were dissolved in 150 mL deionized
water respectively before its pH was adjusted to 1.7 by adding
HNO3, then this solution was mixed with 20 mL of absolute
ethanol contained 1.49 g p-benzoquinone (99%) by stirring for
a few minutes vigorously. A three-electrode cell was used for
electrodeposition, with an FTO as the working electrode, an Ag/
AgCl (3.5 M KCl) reference, and a platinum counter electrode. A
CHI660 was used for electrodeposition studies. Deposition was
carried out potentiostatically at �0.1 V vs. Ag/AgCl for 3 min at
30 �C (equivalent to passing a total charge of 0.45C cm�2). All
prepared lms were rinsed by deionised water and blow-dried
with nitrogen. 10 mL of a dimethyl sulfoxide (DMSO, AR)
solution containing 1.06 g vanadyl acetylacetonate (VO(acac)2
98%) was placed on the BiOI electrode. Then the BiOI electrodes
were annealed at 450 �C (ramping rate ¼ 2 �C min�1) for 2 h.
Aer annealing, the as deposited lm was converted to crys-
talline BiVO4 and amorphous V2O5, and pure BiVO4 was ob-
tained by dissolving the V2O5 in 1 M NaOH under stirring for
several minutes.
Fabricate of the TiO2/BiVO4 photoanode

The TiO2/BiVO4 electrode was developed using a hydrothermal
method. The TiO2 nanospheres were formed using a hydrolysis
reaction. 1 mL of TiCl4 solution was added to 50 mL deionized
water, and centrifuged for 5 min at 10 000 rpm until the sus-
pended precipitate was spun down into a pellet. The superna-
tant was removed and precipitate resuspended in deionized
water. The TiO2 aqueous solution was subjected to ultrasonic
treatment to promote the dispersion of TiO2 nanospheres
throughout the solution. A BiVO4 electrode was immersed into
the TiO2 aqueous solution for 10 min (10 min-TiO2/BiVO4),
30 min (30 min-TiO2/BiVO4) and 60 min (60 min-TiO2/BiVO4) at
60 �C. Finally, the electrode was washed using deionized water
and then calcined at 500 �C for 2 h in air (2 �C min�1).
Development of a TiO2 photoanode

A TiO2 electrode was prepared using a spin-coating method.
TiO2 was deposited onto the FTO using spin coating at
1000 rpm for 20 s. The spin coating solution was the previously
described solution in Section 2. Aer spin coating, the samples
were annealed at 500 �C for 2 h with a temperature increase of
2 �C min�1.
41440 | RSC Adv., 2018, 8, 41439–41444
Synthesis of Co–cubane catalyst

The Co-catalyst was synthesised as below: Co(NO3)2$6H2O
(2.90 g, 10 mmol) and CH3COONa$3H2O (2.70 g, 20 mmol)
added in 30 mL methanol and heated to reuxing temperature,
then 4-cyanopyridine (10 mmol) was added to the reaction
mixture. 30% hydrogen peroxide (5 mL) was slowly added into
the reaction mixture, which was held at reux for a further 4 h.
The reaction mixture was cooled and concentrated in a rotary
evaporator, and the aqueous layer was separated by adding
CH2Cl2. The light pink aqueous layer was discarded, and the
CH2Cl2 layer was dried using anhydrous Na2SO4. An olive-green
compound precipitated out on addition of petroleum ether. Fig
S1† is the structure of the Co–cubane. Fig S2† is the 1H-NMR of
the catalyst. 1H-NMR (500 MHz, CD3OD): 8.65 (d, 8H), 7.62 (d,
8H), 2.2 (d, 12H).
Preparation of the Co–cubane/TiO2/BiVO4 photoanode

The catalyst solution is prepared by dissolving the Co–cubane
catalyst into solution (CH3OH/CH2Cl2/Naon mixture
(7 : 2.5 : 0.5, v/v)) at a concentration of 1 mM. A 10 mL of the
cobalt catalyst was then cast onto the surface of the TiO2/BiVO4

electrode and dried at room temperature.
Photoelectrochemical measurements

The PEC performance of the BiVO4 and TiO2/BiVO4 electrodes
were tested in 0.1 M PBS solution and AM 1.5 G simulated
sunlight illumination (100mW cm�2). The active surface area of
the BiVO4 and TiO2/BiVO4 heterojunctions were 1 cm2. A
CHI660 was used for electrochemical PECmeasurements which
contained samples as the working electrode, an Ag/AgCl (3.5 M
KCl) reference and a platinum counter electrode. EIS
measurements was carried out at 0.6 V versus Ag/AgCl. Mott–
Schottky measurements were performed under dark conditions,
in the potential range�0.6 to +1.0 V versus Ag/AgCl with 500 Hz.
All the potentials are presented against the reversible hydrogen
electrode (RHE), and the conversion between the Ag/AgCl and
RHE was performed using the equation:

ERHE ¼ E Ag/AgCl + 0.059 pH + 0.197 V

Incident photon-to-current efficiency (IPCE) at each wave-
length was determined using illumination from a 300 W Xe arc
lamp and neutral density lters, to imitate the light from the
sun. Monochromatic light was produced using an Oriel
Cornerstone 130 monochromator with a 10 nm bandpass, and
the output was measured using a photodiode detector. IPCE
was measured at 0.6 V vs. RHE using the same three-electrode
setup described above for the photocurrent measurements.

IPCE ¼ J � l

Plight

� 100%

where: J is the photocurrent density, l is the incident light
wavelength and Plight is the measured irradiance.

The applied bias photon-to-current efficiency (ABPE) was
calculated from a J–V curve, where: J is the photocurrent density,
This journal is © The Royal Society of Chemistry 2018
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Vbias is the applied bias and Pin is the incident illumination
power density (AM 1.5 G, 100 mW cm�2):

ABPE ¼ J � ð1:23� VbiasÞ
Pin

� 100%

The htr was calculated using the equation:

htr ¼ Jwater/JNa2SO3

where: Jwater is the TiO2/BiVO4 electrode photocurrent density in
0.1 M PBS, JNa2SO3

is the TiO2/BiVO4 electrode photocurrent
density in 0.1 M PBS containing 0.1 M Na2SO3.
Results and discussion

A porous BiVO4 was produced using the previously reported
method.10 Fig. 1a shows themicrostructure of the porous BiVO4;
the signicant voids can be seen clearly. The porous structure of
the BiVO4 enables sites for the TiO2 nanospheres to attach. TiO2

nanospheres, with a range of diameter size 200 to 500 nm
(illustrated by DLS in Fig S3†) were attached onto the BiVO4

electrodes using a hydrothermal method. The SEMs of TiO2/
BiVO4 electrodes with different hydrothermal times are shown
in Fig. 1b–d, which show that the TiO2 nanospheres were
attached onto the BiVO4 successfully and the quantity of TiO2

nanospheres increased with immersed time. The elemental
mapping results shown in Fig. 1e–h suggest the existence of O,
Ti, Bi, and V elements, indicating a uniform distribution of TiO2

nanospheres across the structure.
The crystalline structures of the FTO, BiVO4 and TiO2/BiVO4

samples were characterised using X-ray diffraction (XRD)
patterns, as shown in Fig S4,† further conrming that TiO2

attached to the porous BiVO4 and that the crystalline structures
of TiO2 are anatase.

In order to gain more insight into TiO2/BiVO4 hetero-
junctions, X-ray photoelectron spectroscopy (XPS) character-
isation was performed, which showed signals from Ti, O, Bi
Fig. 1 SEMs of different electrodes. (a) BiVO4, (b) 10 min-TiO2/BiVO4,
(c) 30 min-TiO2/BiVO4, (d) 60 min-TiO2/BiVO4, and EDX-mapping of
TiO2/BiVO4 are shown (e) Bi, (f) V, (g) O, (h) Ti.

This journal is © The Royal Society of Chemistry 2018
and V elements (Fig. S5†). The HR-XPS spectra of the TiO2/
BiVO4 are shown in Fig. 2. Two binding energy peaks for
a typical Bi element in BiVO4 occurred at 158.9 and 164.2 eV,
corresponding to the Bi 4f7/2 and Bi 4f5/2, suggesting that Bi is
present as Bi3+ (Fig. 2a).34 The binding energies of the vana-
dium(V) peaks were centred at 516.5 and 524.5 eV, corre-
sponding to V 2p3/2 and V 2p1/2 orbits, respectively,
characteristic of the presence of the V5+ oxidation state
(Fig. 2b).35 Two peaks for Ti 2p at 458.7 and 465.7 eV were
assigned to Ti 2p3/2 and Ti 2p1/2, respectively, suggesting a Ti4+

oxidation state (Fig. 2c).36 The peak at binding energy of
529.8 eV in Fig. 2d, indicates that oxygen was present as surface
lattice oxygen and free oxygen.37

The PEC performance of the BiVO4 and TiO2/BiVO4 was
measured using a three electrode system which included the
proposed electrode as the working electrode, an Ag/AgCl (3.5 M
KCl) reference and a platinum counter electrode. Fig. 3a shows
the linear sweep voltammetry (LSV) curves of the BiVO4 and
TiO2/BiVO4 electrodes. In the dark those electrodes show little
photocurrent density. However, in the light, the differences in
the TiO2 on the BiVO4 electrode resulted in a different photo-
current density, and TiO2/BiVO4 electrodes had a signicantly
enhanced photocurrent density compared to BiVO4 and TiO2

electrodes. The 30 min-TiO2/BiVO4 electrode had the highest
photocurrent density, with a value of 3.3 mA cm�2 at 1.23 V vs.
RHE, which was 2.5 times that of BiVO4. However, the 60 min-
TiO2/BiVO4 electrode had lower photocurrent density compared
to 30 min-TiO2/BiVO4, which may be a result of TiO2 hindering
charge transfer. A signicant cathodic shi of onset potential
was observed. For the 30 min-TiO2/BiVO4 electrode, the poten-
tial at 0.5 mA cm2 was reduced greater than 500 mV, indicating
an efficient charge separation or charge transfer originating
from the formation of a heterojunction.

To test the charge recombination behaviour of the TiO2/
BiVO4 electrodes, 0.1 M Na2SO3 solution was added to the
electrolyte as a hole scavenger for the PEC measurements. The
LSV curves of TiO2/BiVO4 electrodes are shown in Fig. 3b. TiO2/
Fig. 2 XPS spectra of the TiO2/BiVO4 electrode (a) Bi 4f, (b) V 2p, (c) Ti
2p, (d) O 1s.

RSC Adv., 2018, 8, 41439–41444 | 41441
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Fig. 3 (a) LSV curves of different TiO2/BiVO4 electrodes. (b) LSV of
curves BiVO4 and TiO2/BiVO4 in 0.1 M PBS containing 0.1 M Na2SO3.
(c) The charge transfer efficiencies of different TiO2 content on BiVO4.
(d) IPCEs of BiVO4 and TiO2/BiVO4 electrodes.

Fig. 4 (a) The logarithmic plots of the parameter D of the BiVO4 and
TiO2/BiVO4 electrodes. (b) Electrochemical impedance spectroscopy
(EIS) of the TiO2 under different soaking times.
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BiVO4 electrodes show higher photocurrent density compared
to the BiVO4 electrode, demonstrating a heterojunction was
formed and better charge separation occurred. The 30 min-
TiO2/BiVO4 electrode had the highest photocurrent density, 5.4
mA cm�2 at 1.23 V vs. RHE. The photocurrent can be described
as: J ¼ Jabs � hsep � htr

38 the hr values can be calculated as Jwater/
JNa2SO3

. As shown in Fig. 3c, all TiO2/BiVO4 electrodes had
improved htr compared to the BiVO4 electrode, over the range
tested in this study. The 30 min-TiO2/BiVO4 electrode had the
highest htr, 60% at 1.23 V vs. RHE, 3 times that of the BiVO4

electrode. These results demonstrate that the construction of
a TiO2/BiVO4 heterojunction could promote charge separation
and charge transfer efficiencies. The incident-photon-to-
current-conversion efficiency (IPCE) values are shown in
Fig. 3d. The TiO2/BiVO4 was higher than BiVO4 across the
visible spectrum and at 520 nm the two electrodes reached 0,
which is in agreement with the light absorbance of BiVO4 and
TiO2/BiVO4 electrodes (Fig S6†).

The photocurrent transient behaviours of the TiO2/BiVO4

electrodes were measured in 0.1 M PBS. A photocurrent spike
was obtained using sudden illumination due to capacitive
charging of the interface, and the spike decay due to the
recombination of the electrons and holes that is associated with
holes getting trapped at the electrode surface. A stabilised
photocurrent was achieved when the charge generation and
recombination rates were equal. Furthermore, the recombina-
tion rate could be reected by longer transient decay times,
which can be analysed on a logarithmic plot of parameter D,
using the following equation:39

D ¼ (It � Is)/(Im � Is)

where: It is the photocurrent density at time t, Is is the stabilised
photocurrent density and Im is the photocurrent density spike.
The transient decay time can be dened as the time at which
ln D¼�1. Fig. 4a shows the logarithmic plots of parameter D of
41442 | RSC Adv., 2018, 8, 41439–41444
the BiVO4 and TiO2/BiVO4 electrodes. The transient decay time
for TiO2/BiVO4 was 4.1 s, longer than that of BiVO4 (1.5 s),
suggesting a lower rate of electron and hole recombination in
TiO2/BiVO4, which could be attributed to the TiO2 nanospheres
acting as hole resistors, resulting in increased efficiency of
charge separation and prolonging the lifetime of the holes. As
a result, abundant photogenerated charge carriers in the TiO2/
BiVO4 electrode were effectively collected, leading to an
improved PEC performance.

To characterise the kinetics of the charge transfer process of
the TiO2/BiVO4 and BiVO4 electrodes, electrochemical imped-
ance spectroscopy (EIS) tests were performed at 1.23 V vs. RHE
in 0.1 M PBS under simulated solar light illumination. Fig. 4b
shows Nyquist at frequencies from 1 Hz to 100 kHz. The BiVO4
electrode had the greatest resistance to charge transfer and the
30 min-TiO2/BiVO4 had the lowest charge transfer resistance.
However, the 60 min-TiO2/BiVO4 electrode had a lower charge
transfer resistance, which may be a result of the TiO2 impeding
the transfer of surface charge, further indicating the optimum
amount of TiO2 was achieved in the 30 min-TiO2/BiVO4 elec-
trode. The above results suggest that the TiO2 facilitates the
BiVO4 electrode charge separation and transfer.

In order to further investigate the PEC performance,
a molecular Co–cubane water oxidation catalyst was immobi-
lised onto the TiO2/BiVO4 electrode. As the LSV curves show in
Fig. 5a, the Co–cubane/TiO2/BiVO4 photoanode exhibits a high
photocurrent density of 4.6 mA cm�2 at 1.23 V vs. RHE, 3.1
times higher than that of BiVO4, indicating that the Co–cubane
was acting as an efficient OER catalyst, further enhancing the
charge transfer. Furthermore, aer 400 s photoelectrolysis, the
photocurrent density of Co–cubane/TiO2/BiVO4 could maintain
more than 2.6 mA cm�2, which is 2.6 times than that of the bare
BiVO4 (Fig S7†). The half-cell photoconversion efficiencies of
BiVO4 and Co–cubane/TiO2/BiVO4 electrodes were calculated
using the LSV results, (Fig. 5b). The maximum value of Co–
cubane/TiO2/BiVO4 achieved 1.48% at 0.72 V, approximately 6
fold compared to BiVO4. The XPS spectra of the Co–cubane/
TiO2/BiVO4 electrode was shown in Fig S8,† which indicated the
element of Co was exited.

To explore the charge transfer mechanism between the
BiVO4 and TiO2, Mott–Schottky plots of the BiVO4 and TiO2 were
performed under dark conditions.40 In Fig S9b,† the linear part
of Mott–Schottky plots of TiO2/BiVO4 rather than BiVO4 show
the gentlest slope and the more negative atband potential. The
gentle slope means the modifying with TiO2 can obviously
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) LSV curves of BiVO4 and Co–cubane/TiO2/BiVO4 elec-
trodes. (b) ABPEs of BiVO4 and Co–cubane/TiO2/BiVO4 electrodes. (c)
The charge transfer mechanism of TiO2/BiVO4 electrode.
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increase the density of the carriers.41 From Fig S9a and c,† the
CB position of BiVO4 and TiO2 were 0.12 eV and 0.2 eV. And
from Fig S10,† the band gap energies of BiVO4 and TiO2 were
2.42 eV and 3.09 eV. Therefore, the VB position of BiVO4 and
TiO2 were 2.54 eV and 3.29 eV, calculated using ECB ¼ EVB � Eg.
Compared the BiVO4, the TiO2 approach to the intrinsic semi-
conductor, So we suppose the charge transfer mechanism
shown the Fig. 5c, When these two types of semiconductor
materials are closely joined together, the heterojunction struc-
ture was formed. At this moment, the two semiconductors have
a uniform Fermi level and the system is in equilibrium. An
electron transfer from TiO2 to BiVO4 possibly occurred,
providing evidence for the efficient charge transfer between
BiVO4 and TiO2.
Conclusions

In summary, a simple hydrothermal method was proposed to
produce a TiO2/BiVO4 heterojunction electrode. The proposed
TiO2/BiVO4 electrode provided a high performance for the
oxidation of PEC water. The TiO2/BiVO4 heterojunction results
indicate good charge separation and transfer efficiency. When
a molecular Co–cubane catalyst was attached onto the TiO2/
BiVO4 electrode, a further improvement in the PEC perfor-
mance was achieved, with a photocurrent of photocurrent
density of 4.6 mA cm�2 at 1.23 V, more than 3 times for BiVO4

alone. This study provides a simple and effective approach in
the production of heterojunction photoelectrodes for
increasing the performance of PEC, which could be used to
design efficient photocatalytic systems in future studies.
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