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Abstract

Photoanodes are a critical part of the photoelectrochemical (PEC) water splitting technology that drives the conversion of
solar energy to hydrogen, while bismuth vanadate (BiVO,) is one of the most promising photoanode materials available.
Here, we provide a simple spin-coating method to modify the PEC performance of BiVO, by coating ultrathin cobalt pyroph-
osphate (Co,P,0;) nanosheets as a co-catalyst layer onto the surface of BiVO,. The Co,P,0,/BiVO, composite photoanode
achieved a photocurrent density of 3.93 mA cm™2 at 1.23 V versus RHE, which is 2.5 times higher than bare BiVO, and
considerably better than Co-Pi/BiVO, and CoO,/BiVO,, with an improved charge injection efficiency of 71%. The key to
the substantial enhancement of PEC performance is that Co,P,0, nanosheets accelerate the charge transfer process all over
the BiVO, surface, not only as a water oxidation catalyst (OEC) layer accelerating the kinetic rate of the oxygen evolution
reaction (OER) at the junction with the water, but also suppressing the rate of photogenerated electron—hole recombination at
the Co,P,0,/BiVO, junction. A potential mechanism for the enhanced PEC performance of Co,P,0; nanosheets is proposed,
and this work provides assistance in the design of transition metal pyrophosphate, cobalt-based nanomaterial morphologies
to enhance the PEC properties of BiVO,.
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1 Introduction

The use of visible light responsive semiconductors for
hydrogen production by photoelectrochemical (PEC) water
splitting is considered to be one of the attractive technolo-
gies for hydrogen energy in the future [1]. Although the pho-
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reaction, the photoanode is often the key reason of limiting
the high hydrogen production efficiency of the solar water
splitting cells due to its more complex mechanism of the
oxygen evolution semi-reaction [2, 3]. The common photo-
anodes available today are generally n-type semiconductors
and come in a wide variety, including BiVO, [4, 5], WO,
[6, 7], Ta;Ns [8, 9], a-Fe,05 [10, 11], etc. Among which
them, BiVO, is a vigorous research topic of photoanode in
the field of PEC water splitting due to its advantages, such as
its appropriate band gap, sufficiently positive valence band
position for electrochemical potential of oxygen evolution
reaction (OER) of water splitting, high theoretical photocur-
rent density, etc. [12].However, the PEC activity of BiVO,
is greatly limited by photon absorption capacity, severe pho-
togenerated electron—hole recombination in bulk phases &
interfaces, and the slow OER rate [13, 14] caused by direct
contact with water when BiVO, is used as a photoanode for
water oxidation under sunlight [15]. Therefore, the meth-
ods such as element doping [16, 17], increasing the oxygen
vacancies (O,) in the bulk phase or on the surface of BiVO,
[18-20], construction of heterojunctions [21, 22], loading of
transition-metal-based co-catalysts [13, 23-25], etc., have
been developed to solve the corresponding problems. A sig-
nificant portion of the co-catalyst loading is in the form of
an oxygen evolution reaction catalyst (OEC) layer catalyzing
the kinetics of water oxidation [12], which is one of the most
commonly used methods to enhance the PEC performance
of BiVO,. Choi et al. expatiated that amorphous NiOOH
can act as the OEC layer to accelerate the water oxidation
kinetics at the NiOOH/solution junction, while amorphous
FeOOH has weaker water oxidation activity than amorphous
NiOOH and more importantly inhibits the electron—hole
recombination at the FeOOH/BiVO, junction [13].

Ultrathin two-dimensional transition metal nanomaterials
generally refer to the transition metal element-containing
materials with the plane span of more than 100 nm and a
thickness of less than a few nanometers [26]. Many of the
materials have been used as cocatalysts on the surface of
BiVO,, such as Mxene [27-29], Layered Double Hydroxides
(LDHs) [30, 31], MoS, [32], etc. Such materials always have
high transparency, expose the transition metal sites with
high distribution density, and enable the carriers to undergo
weaker interlayer interactions during transport, so they are
very suitable for some OECs that rely on transition metal
active centres for catalysis, having better carrier mobility
than bulk cocatalysts, and reducing the occurrence of more
carrier recombination centres in the pathway prior to par-
ticipation in the OER [26, 28, 33, 34].

Cobalt-based co-catalysts have been extensively devel-
oped to enhance the photoelectrochemical properties of
water oxidation with BiVO,, such as Co-MOF [25], Co-Pi
[23], CoOOH [35], etc. Cobalt pyrophosphate (Co,P,05)
has emerged in recent years as a water oxidation catalyst
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containing two PO; groups coordinated to an O atom to form
a flexible pyrophosphate group. Pyrophosphate groups can
be rotated to form additional Co—O bonds to stabilise the
easily reconstructed five-coordinated cobalt, resulting in a
more efficient cobalt valence change when participating in
the OER of water splitting [36]. So far various nanomorphs
of Co,P,0; have been used to catalyse OER of water split-
ting, such as coralline [37], needle [38] and ultrathin sheets
[39]. Although cobalt pyrophosphate has shown promise in
replacing noble metal-based catalysts for inexpensive and
efficient use to catalyze water oxidation, research on its
application to PEC water splitting is scarce.

Based on the above background, we report for the first
time a highly efficient composite photoanode material con-
sisting of ultrathin cobalt pyrophosphate nanosheets and
BiVO,. The nanoscale worm-like BiVO, photoanode was
successfully coated with Co,P,0, nanosheets as a co-cat-
alyst layer to participate in the photoelectrochemical water
oxidation using a simple spin-coating and annealing process.
Not surprisingly, Co,P,0,/BiVO, achieves substantially
enhanced PEC properties compared to bare BiVO,, with a
photocurrent density of 3.93 mA cm™2 (1.23 V vs. RHE)
measured under AM 1.5G illumination and in 1 M potas-
sium borate solution (pH=9.3), which outperforms conven-
tional Co-Pi, CoO, catalysts. At the same time, Co,P,0/
BiVO, has a high photoelectric conversion efficiency, with
an IPCE value of 58.7% at 430 nm. The Co,P,0; nanosheets
not only act as an OEC layer to enhance the charge injection
efficiency of the electrolyte but also improve the efficiency
of photogenerated carrier transport and separation at the
interface and potentially act as a hole storage layer. This
work provides a new broadening of the design of cobalt-
based cocatalysts for the enhancement of PEC properties
of BiVO,.

2 Experimental Section
2.1 Materials and Chemicals

P-benzoquinone (CgH4zO,), bismuth nitrate pentahy-
drate (Bi(NO;);-5H,0), cobalt acetate tetrahydrate
(Co(AC),-4H,0), vanadium pentoxide (C,,H,,05V), dime-
thyl sulfoxide (C,H¢SO), sodium pyrophosphate (Na,P,0-),
vanadium acetylacetonate oxide (C,,H,;,O5V) are analyti-
cally pure and purchased from Aladdin. Potassium iodide
(KI, AR), nitric acid (HNO3, 26-28 wt.%), ethanol (C,H,O,
AR), potassium hydroxide (NaOH, 97%) were purchased
from Sinopharm. All reagents can be used directly without
purification. DI water (resistivity 18.25 MQ cm) was used
for the reactions and PEC measurements. FTO (F-SnO,)
substrates (1 X2 cm?, resistance < 14 Q/cm?) were purchased
from Nippon Sheet Glass and cleaned by ultrasonication
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with acetone, ethanol and DI water respectively for 10 min
before use.

2.2 Synthesis of Co,P,0,/BiVO, Film, Co,P,0,
Nanosheets

The synthesis of BiVO, film was based on a previously
reported method (Supporting Information) [13]. 1.0 g of
Na,P,0; and 1.0 g of Co(AC),-4H,0 were added to 20 ml
of DI water and stirred until homogeneous, then transferred
to 25 ml of Teflon container and reacted at 160 °C for 8 h.
The product was repeatedly cleaned with deionized water
and ethanol, dried under vacuum at 60 °C for 24 h, then
prepared into ethanol solution (0.7 mg/ml) and treated with
ultrasound for 1 h. The BiVO, photoanode was placed in a
spin coater and 50 pl of the above solution was added drop-
wise to the surface of the BiVO, film and then spin coated
at 2000 rpm for 20 s. The process was repeated four times.
Finally, the finished film was annealed in a tube furnace
at 300 °C for 30 min under argon flow atmosphere (ramp
rate=5 °C/min) to obtain Co,P,0,/BiVO, film. Individual
Co,P,0; nanosheets were prepared by the same procedure
but only containing hydrothermal and annealing.

2.3 Synthesis of Co0,/BiVO,, Co-Pi/BiVO, Film

Based on reported methods as detailed in the Supporting
Information [23, 40].

2.4 Characterization

X-ray powder diffraction (XRD, Cu-Ka radiation, U tima
IV) for crystallographic analysis, Raman spectroscopy
(LabRAM Evolution, excitation wavelength =532 nm) for
structural analysis. The scanning electron microscopy (SEM,
Zeiss-Supra 55, accelerating voltage 10 kV) is equipped with
Energy Dispersive X-Ray Spectroscopy (EDX), X-ray pho-
toelectron spectroscopy (XPS, Thermo ESCALAB 250XI)
and atomic force microscopy (AFM, Bruker Dimension
Icon) are used for morphological observations and elemental
analysis. UV-Vis diffuse reflectance spectroscopy (UV-2550
Shimadzu) is used to measure visible absorbance.

2.5 PEC Measurement

All PEC measurements were carried out in an electrochemi-
cal workstation (VersaSTAT 3). The standard three-electrode
system uses a 1 M potassium borate (KBi, pH=9.3) solu-
tion as the electrolyte, a Pt sheet as the counter electrode,
an Ag/AgCl electrode (3.5 M KCl) as the reference elec-
trode (Egyp=Ejga,ci+0.1976 V +0.0591 X pH, 25 °C)
and a photoanode as the working electrode. A 300 W xenon
lamp (Newport Corp.) with an AM 1.5G filter was used to

provide a simulated solar intensity of 100 mW-cm~2 (illumi-
nated from the back of the FTO). Linear sweep voltamme-
try (LSV) and transient response under chopped light were
scanned at a rate of 10 mV-s~!. Electrochemical impedance
spectroscopy (EIS) measurements were carried out under
AM 1.5 G illumination and set with a DC bias of 1.0 V vs.
RHE (frequency range: 0.01 Hz to 100 kHz). Mott-Schottky
(MS) curves (frequency: 1 kHz) were obtained by setting
10mv increments in the voltage range from 0.1 to 0.6 V in
the dark.

2.6 Determination of Photoelectric Efficiency

The incidence photon to current efficiency (IPCE) at each
visible wavelength is obtained using 300 W xenon lamps
with monochromators and can be calculated using the fol-
lowing equation:

1240 X J,

IPCE (%) = ——

x 100%
where A is the wavelength of monochromatic light (nm),
J, (mA-cm™2, 1.23 V vs. RHE) is the photocurrent density
measured at a wavelength of A, and P is the total light inten-
sity (100 mW-cm™2).

The charge injection efficiency (n;,) and the charge sepa-
ration efficiency (n,) are calculated as follows:

Nin(%) = JHZO/JsuZﬁze

nsep(%) = Jsulﬁze/‘]abs

where Jy , and Jg,, are the photocurrent densities
(mA-cm~2, at the same bias voltage) measured for the pho-
toanode in KBi buffer versus KBi buffer containing 1 M
Na,SO;, respectively. J,,. (mA-cm™) can be integrated by
the following equation:

Jops = /Nph(/l)x (1-10"w) xex dA

where N,;,(A) and A, are the photon flux (mW-cm™-nm™")
and absorbance at wavelength A (1240/A > E,) in the simu-
lated solar spectrum (AM 1.5 G), respectively. E, (eV) is
the band gap value of the photoanode and e is the charge of
the electron.

Applied bias photon to current efficiency (ABPE) can be
calculated by the following equation:

(123 =V,) X Jy 0
P

ABPE(%) =

where Vy is the applied bias voltage (vs. RHE) when the
photocurrent density is J , under simulated sunlight (AM
1.5 G).
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3 Results and Discussion

The synthesis of Co,P,0,/BiVO, composite photoanodes
is shown in Scheme 1. BiOI nanosheet film grown by
electrodeposition on FTO [13] was reacted with a vana-
dium source (VO (acac) ,) to produce BiVO, films. At the
same time, a solution containing cobalt ions with sodium
pyrophosphate was hydrothermally treated. Finally, eth-
anol solutions of the hydrothermal products (0.3, 0.7,
1.1 mg/ml) were spin-coated onto the BiVO, films and
annealed under argon to obtain the final Co,P,0,/BiVO,
films.

The crystalline phase structures of the prepared
Co,P,0,/BiVO,, BiVO,, and Co,P,0, were analysed
using XRD. As shown in Fig. 1a, excluding the diffrac-
tion peaks corresponding to the FTO (F:SnO,) substrate,
the intense peak signals of the prepared BiVO, films at
20 of 19.07°, 29.05°, 30.66°, 35.34° can be indexed to
the typical characteristic peaks of monoclinic scheelite
BiVO, (JCPDS No. 14-0688) [41]. Meanwhile, the sharp

Scheme 1 Schematic illustra-
tion of the synthesis approach
of Co2P207/BiVO4 composite
photoanode

BiOI nanosheet film

peaks of Co,P,0; at 26 =29.18°, 30.09°, 34.65° can be
indexed to the (1 2 0), (1 0 2), (0 3 1) crystal planes of
Co,P,0,; (JCPDS No. 82-0521) [39]. The XRD patterns
of Co,P,0,/BiVO, in overall did not show the presence of
Co,P,0; diffraction peak distribution, which may be due
to the low relative loading of Co,P,0, at the detection
depth of XRD. In order to demonstrate more conclusively
the presence of pyrophosphate groups in the synthesised
Co,P,0, Co,P,0,/BiVO,, Raman spectroscopic analysis
was used. The Raman spectra of Co,P,0; are presented
in Fig. S1. The characteristic peaks at 1043 and 734 cm™!
correspond to the symmetric vibrations of the PO; group
and POP bridge, respectively, and the peaks at 453 and
351 cm™! are attributed to the rocking of PO, modes and
POP bridge deformation, respectively [38]. Also as shown
in Fig. 1b, Co,P,0,/BiVO, fails to show the typical char-
acteristic peaks of Co,P,0, described above, while the
strong peaks at 126, 211, 366, and 827 cm™! are attributed
to the characteristic Raman peaks of monoclinic BiVO,
[42].
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»
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Fig.2 a Full XPS spectrum and (a)

(b)

high-resolution O 1 s (b), P 2p
(c) and Co 2p (d) XPS spectra
of the Co,P,0,/BiVO, photo-
anode. The O 1 s spectra of the
BiVO, was included in (b) for
comparison
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The surface elements of Co,P,0,/BiVO, were analysed
using XPS. The XPS full spectrum of Co,P,0,/BiVO, in
Fig. 2a shows the presence of Bi, V, O, Co, P. The peaks
of Bi 4f and V 2p of Co,P,0,/BiVO, are shifted relative to
BiVO, (Fig. S2a, b), indicating the interaction of Co,P,0,
with BiVO, [27]. The peaks at Co,P,0,/BiVO, bind-
ing energies of 158.4 eV and 163.6 eV correspond to Bi
4f,,, and Bi 4f5,, respectively, while the double peaks at
516.3 eV and 523.7 eV correspond to V 2ps, and V 2p,,,
respectively [43]. The O 1 s spectra of Co,P,0,/ BiVO, and
BiVO, are compared in Fig. 2b. For BiVO,, the peaks at
binding energies of 529.5, 531.1 and 532.9 eV can be attrib-
uted to lattice oxygen (O ), chemisorbed/dissociated oxygen
and H,O, respectively [44], and the peak area ratios were
77.8%, 19.5% and 2.7%, respectively. However, the peaks
of Co,P,0,/ BiVO, at binding energies of 529.6, 531.8 and
533.2 eV had peak areas ratios of 46.8%, 45.4% and 7.9%,
respectively. The increased peak area ratio of the peaks at
Co,P,0,/BiVO, binding energies of 531.8 and 533.2 eV was
attributed to P=0 and P-O-P, respectively [38]. The sym-
metric peak for P 2p in Fig. 2c (133.4 eV) can be attributed
to the pyrophosphate group in Co,P,0, [38]. The peaks of
Co 2p in Fig. 2d can be fitted with peaks at 781.5 eV (Co
2p35), 796.8 eV (Co 2p, ;) and 786.7, 802.9 eV (shake-up
satellites), corresponding to the characteristic peaks of Co
(IT) [45], which are consistent with the elemental valence
characteristics of Co,P,0,. Meanwhile, the atomic ratio of

810 805 800 795 790 785 780 775
Binding Energy (eV)

132 130

Co versus P estimated from the peak area of each element is
close to 1:1, which further supports the successful loading
of Co,P,0,.

The surface morphology of the prepared photoanodes
was characterised by SEM. Figure 3a shows a worm-like
distribution of BiVO, with diameters ranging from approxi-
mately 100-300 nm on the FTO surface, which is consistent
with the reported article [13]. We found that the synthesised
Co,P,0; ethanol solution was well dispersed for a certain
period of time (several hours), suggesting the ultrathin
nature of Co,P,05 [29]. After prolonged sonication, the
Co,P,0; solution was spin-coated onto the BiVO, surface
and the SEM image (Fig. 3b) showed the random deposi-
tion of Co,P,0; in the form of square nanosheets on the
BiVO, surface. The length of the Co,P,0, nanosheets is
slightly larger than the diameter of the BiVO, particles but
still between a few hundred nanometers, which facilitates
its embedding in the porous interstices of BiVO, to promote
better contacting with BiVO,. AFM measurements of the
synthesised Co,P,0; (Fig. 3¢) confirmed the ultrathin char-
acter of the nanosheets (~3 nm), which is consistent with
the relevant literature [39]. Also, the distribution of Bi, V,
O, Co, and P on the Co,P,0,/BiVO, surface and the mass
percentages of each element (Fig. S3) were clearly shown
based on X-ray energy dispersion analysis by SEM (Fig. 3d),
which deduced an atomic ratio of Co and P of approximately
1:1, echoing the conclusions of the XPS analysis.
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Fig.3 SEM images of a BiVO,,
b Co,P,0,/BiVO, and ¢ AFM
image of Co,P,0, and d SEM
mapping of Co,P,0,/BiVO,
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To evaluate the influence of ultrathin Co,P,0 nanosheets
on the visible absorption of BiVO,, UV—vis DRS spectra of
Co,P,0,/BiVO, photoanodes prepared under spin-coating
with different concentrations of Co,P,0; solution were col-
lected (Fig. S4a). The results show that the absorption band
of these photoanodes is around 490 nm and has compara-
ble absorbance in the visible range, indicating that the low
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loading of Co,P,0, nanosheets has little impact on the vis-
ible absorption of BiVO,. A Kubelka—Munk function con-
version of the UV—-vis DRS spectra was then performed, and
the band gap value of the BiVO, photoanodes was estimated
to be approximately 2.45 eV (Fig. S4b), which is consistent
with a previous report [17].
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The PEC water splitting properties of the Co,P,0,/BiVO,
photoanodes were measured in 1 M potassium borate buffer
(pH=9.3) and under simulated solar illumination (AM
1.5G). Figure 4a shows the Linear sweep voltammetry
(LSV) curves of the prepared series of photoanodes, bare
BiVO, has a photocurrent density of merely 1.51 mA cm~2
at 1.23 V vs. RHE, which increases to 3.93 mA cm™2 2.5
times) after coating Co,P,0; nanosheets and is significantly
higher than Co-Pi/BiVO, (2.13 mA cm~2) and CoO,/BiVO,
(2.42 mA cm™?), demonstrating the structural advantages
of Co,P,0; ultrathin nanosheets. Figure 4b shows that the
influence of the coating of Co,P,0; nanosheets on the pho-
tocurrent density of BiVO, is also evident. The highest pho-
tocurrent density of Co,P,0,/BiVO, is achieved when the
concentration of spin-coated Co,P,0; solution is 0.7 mg/
ml. Combined with the SEM images of the BiVO, surface
at different Co,P,0, nanosheets loadings in Fig. S5a, b, it
can be speculated that at concentrations as low as 0.3 mg/ml,
the Co,P,0, nanosheets on the BiVO, surface are unable to
cover a large enough area to assist in the PEC water oxida-
tion. While at concentrations as high as 1.1 mg/ml, we found
that as the concentration of the solution increases, the shorter
it takes for the Co,P,0; nanosheets in solution to precipitate
and aggregate. Abundant Co,P,0; nanosheets meanwhile
are more easily aggregated on the surface of BiVO,, thus
generating more charge recombination centers and reducing
their own water oxidation activity [21]. The LSV curves of

the photoanodes measured in the dark are shown in Fig. 4c.
The BiVO,/FTO electrode showed a significant negative
shift in the onset potential after coating the nanosheets and
was able to achieve a steep water oxidation current climb
with a very small overpotential compared to the BiVO,/
FTO electrode. This reveals that Co,P,0, nanosheets not
only have a powerful catalytic activity for photoanodic
water oxidation, but also can be used as an excellent OER
co-catalyst for water electrolysis. Subsequently, Fig. 4d as
well as Fig. S6 show the chopped-light chronoamperometry
and the chopping photocurrent density—voltage image of the
prepared photoanodes, respectively. When the xenon lamp
is switched on, the rapid generation of photogenerated elec-
tron—hole pairs at the BiVO, photoanode causes a strong
photocurrent density response, while the subsequent slow
OER kinetics and surface accumulation and recombination
of photogenerated carriers cause a sudden decrease in pho-
tocurrent density resulting in a sharp peak in the current
density measurement curve at the moment of sudden illu-
mination [46]. The coating of Co,P,0, nanosheets alleviates
this process, and the sharp peaks in the I-t curve of Co,P,04/
BiVO, due to sudden illumination become slightly flatter
compared with BiVO,.

In the subsequent electrochemical impedance spectros-
copy (EIS) measurements (Fig. 5a), the arc radius of Nyquist
plots for Co,P,0,/BiVO, becomes very small compared
with BiVO,, implying a dramatic reduction in the interfacial
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charge transfer resistance (R.,) of BiVO, in the Faraday
impedance model [47]. To better understand the utilization
efficiency of Co,P,0,/BiVO, photoanode for simulated
sunlight (AM 1.5 G), incident photon to current efficiency
(IPCE, Fig. 5b) and applied bias photon to current efficiency
(ABPE, Fig. 5c) measurements were carried out. Co,P,0,/
BiVO, has an IPCE value of up to 58.7% at 430 nm, nearly
2.8 times higher than that of BiVO, (21.2%). The ABPE of
Co,P,0,/BiVO, also reaches a maximum (1.24%) at 0.75 V
vs. RHE, which is nearly 5.5 times higher than the maxi-
mum ABPE (0.23%) of BiVO,. Thus, the results revealed
that Co,P,0; ultrathin nanosheets could greatly improve the
utilization and conversion efficiency of BiVO, for visible
light by promoting the surface reaction kinetics and carrier
transfer of BiVO,. The Mott Schottky (M-S) measurements
are shown in Fig. 5d. Since the tangents of the M-S curves
of Co,P,0,/BiVO, and BiVO, have the same intercept to the
x-axis, they both have almost the same flat-band potential,
indicating that the Co,P,0, nanosheets have less influence
on the conduction band of BiVO,. Meanwhile, based on the
M-S plot, Co,P,0,/BiVO, has a smaller slope compared
with BiVO,, implying that Co,P,0,/BiVO, has a higher
carrier density and the Co,P,0; ultrathin nanosheets have
improved the interfacial conductivity of BiVO, [47].

To further investigate the mechanism underlying the
enhanced PEC properties of BiVO, by Co,P,0, nanosheets,
the charge injection efficiency (n;,, Fig. 6a) of electrolytes

Fig.6 a Charge injection (a)
efficiency and b charge separa- Q

and charge separation efficiency (1, Fig. 6b) were obtained
by using 1 M Na,SO; as a hole scavenger. Na,SO; can act
as a very efficient hole acceptor in the electrolyte, producing
extremely fast oxidation kinetics on the surface of BiVO,
and neglecting the resulting surface electron—hole recombi-
nation [12]. Hence, the photocurrent density of BiVO, and
Co,P,0,/BiVO, measured when 1 M Na,SO; is present in
the measurement electrolyte (Jg, Fig. S8) should therefore
represent the maximum photocurrent density when ignor-
ing the kinetic resistance to water oxidation. The charge
injection efficiency can be understood as the photocurrent
density in the presence of kinetic resistance divided by the
photocurrent density in the absence of kinetic resistance.
The n;, value of Co,P,0,/BiVO, at 1.23 V vs. RHE is 71%,
which is equivalent to 3.5 times that of BiVO,, implying
that the ultrathin Co,P,0, nanosheets act as an extremely
active OEC layer. Moreover, the 1, value is defined by
dividing the photocurrent density when ignoring the kinetic
resistance to water oxidation by the maximum photocur-
rent density achieved when the photon already absorbed is
fully utilized by the photoanode [48], and the 1, value for
Co,P,0,/BiVO, at 1.23 V (vs. RHE) reaches 75%, compared
to merely 65% for BiVO,. When the effect of the BiVO, sur-
face kinetic rate is negligible, the effect on its own PEC prop-
erties after coating the BiVO, surface with Co,P,0; can only
be attributed to the Co,P,0,/BiVO, junction. Therefore, any
difference between the two 1, values should be attributed to
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the Co,P,0,/BiVO, junction, indicating that Co,P,0; simul-
taneously promotes the transfer of photogenerated holes and
suppresses photogenerated electron—hole recombination at
the Co,P,0,/BiVO, junction [13]. In addition, we meas-
ured and compared the Open-circuit photovoltage (OCP) of
BiVO, and Co,P,0,/BiVO, (Fig. 6¢c). The OCP value of the
photoanode is the open-circuit voltage under illumination
minus the open-circuit voltage in the dark, caused by the
splitting of the electron and hole quasi-Fermi energy levels
under illumination [47]. When in open circuit voltage, no
Faradaic current (redox reaction current) passes through, so
kinetic effects are excluded. The increase in OCP observed
after the introduction of the Co,P,0, nanosheet suggests a
higher hole concentration at the Co,P,0,/BiVO, junction,
again implying that the Co,P,0, nanosheet inhibits charge
recombination at the Co,P,0,/BiVO, junction.

The stability of Co,P,0,/BiVO, for PEC water splitting
was also an important item to evaluate. Figure 6d shows
the long-term I-t curves of Co,P,0,/BiVO, and BiVO,.
Co,P,0,/BiVO, maintains an average photocurrent density
of about 70% in 3000 s.

Based on all the above discussion, we have made a
hypothesis on the mechanism by which ultrathin Co,P,0,
nanosheets can enhance the PEC water oxidation of BiVO,
photoanodes. Photons with energy greater than the band gap
of BiVO, are captured and converted into photogenerated

Fig. 7 a Illustrations of the
charge transfer process for
BiVO, and b, ¢ Co,P,0,/BiVO,

(a)

=
CB :

L :

CB ;
Slow | Sloy
\ B
P 0. '
) Recom
4 ' f
T/ 2 Q) Slow | Sloy
-~ "’ $\0 e :
{ VB A
+
) b .
BiVO, Junction

Junction H,0

hole-electron pairs within the bulk phase of BiVO,. When
holes are further transferred to the surface of BiVO, through
the valence band, the slow charge transfer in the water oxida-
tion kinetics will hinder the consumption of photogenerated
holes and cause the accumulation and recombination of
large numbers of holes on the surface (Fig. 7a). The coating
of ultrathin cobalt pyrophosphate nanosheets provided an
efficient transport channel to facilitate hole transfer at the
Co,P,0,/BiVO, junction, reducing the carrier recombina-
tion rate at this junction. Subsequently, the Co** in Co,P,0,
receives the holes, and by virtue of the inherent OER activity
of the cobalt pyrophosphate material [36] along with the
high distribution density of cobalt active sites exposed in
the two-dimensional morphology, Co,P,0, greatly acceler-
ates the oxidation of water by photogenerated holes. The
rapid water oxidation in turn promotes the hole consumption
rate and further accelerates the total hole transfer process
on the BiVO, surface (Fig. 7b). Meanwhile, in the system
used to evaluate the properties of photoanode PEC alone,
photogenerated electrons in the conduction band of BiVO,
are transferred across the FTO to the Pt sheet to participate
in the generation of hydrogen (Fig. 7¢).

FTO BiVO,

@ Springer



32

X.Wen et al.

4 Conclusions

In summary, we have prepared Co,P,0,/BiVO, composite
high-efficiency photoanodes in a facile manner. The photo-
current density under simulated solar radiation (AM 1.5 G)
achieves 3.93 mA cm™2 (1.23 V vs. RHE) with a maximum
ABPE value enhancement of nearly 5.5 times compared to
that of bare BiVO,. Compared to the increase in interfacial
resistance caused by the introduction of ultrathin Co,P,0,
nanosheets, their excellent carrier transport properties more
importantly facilitate the transfer of photogenerated holes
at the Co,P,0,/BiVO, junction and avoid the creation of
a large number of carrier recombination centres. The high
specific surface area of Co,P,0; nanosheets provides a high
density of cobalt active centres to receive the photogenerated
holes transferred from BiVO, and to efficiently catalyse the
subsequent OER of water splitting with the unique ligand
environment within the Co,P,0; structure. This work pro-
vides an innovation in the design of cobalt-based and two-
dimensional cocatalysts to enhance the PEC performance of
BiVO, photoanodes.
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