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 Photo-assisted water splitting systems

Photovoltaics-electrolysis (PV-EC)

ref. Kim et al., Chem. Soc. Rev., 48, 1908 (2019)

Photocatalysis (PC)Photoelectrochemistry (PEC)

Complex system (high cost)

Suitable system 

for H2 production

Photovoltaic cell

High efficiency

BUT

Low efficiency

Simple system (low cost)

BUT
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BiVO4 (BVO)
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Narrow direct band gap (2.4–2.6 eV)

Advantages

Favorable band position for water splitting

Chemical stability in neutral electrolytes

High theoretical solar-to-hydrogen (STH) 

efficiency (∼9.2%)

Earth abundant resources

Drawback

High charge recombination rate

Slow charge transfer

Suitable for 

photoelectrochemistry

ref. Kim et al., Chem. Soc. Rev., 48, 1908 (2019)

Huge obstacle 

to achieve ideal 

performance of BVO

 Bismuth vanadate (BiVO4, BVO)
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 Type-II heterostructure

ref. ACS Appl. Mater. Interfaces., 9, 1479, 2017.

Built-in electric field due to staggered band 

alignment

However, inevitably limited by irregular interfaces 

of junctions that are difficult to control

 Ferroelectric Materials

Permanent polarization

Strong and interface-independent field

BVO Substrate

Spontaneous polarization (self-polarization)

in epitaxial thin films of ferroelectric material

BVO

Substrate

Ferroelectric Materials

Interface gaps

Interface defects

ref. Adv. Mater. 2022, 34, 2203097.
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 Bismuth ferrite (BiFeO3, BFO)

ref. Materials Today. 2007, 10, 16.

Strong polarization field (~90 μC cm−2) and high Tc (1103 K)

Relatively narrow direct bandgap

Suitable band position for water splitting vs. other ferroelectric materials

Non-centrosymmetric crystal structure Permanent polarization

Recent studies

BVO BFO

Our study

Electrolyte BVOBFO Electrolyte

 Introducing epitaxial BFO thin films

 Dominant effect of self-polarization of BFO

 Potential for co-catalyst adoption

How?

h+

e-

+

+
+
+
+

+
+

-

-
-
-
-

-
-

+

+
+
+
+

+
+

-

-
-
-
-

-
-

 Polycrystalline BFO thin films

 Dominant effects of type-II heterojunction
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SrTiO3 (001)

SrRuO3

BiFeO3

BiVO4

 Pulsed laser deposition(PLD) system

 Light absorption layer

 Photocatalytic layer

 Ferroelectric layer

 Bottom electrode

 Substrate

in-situ deposition of heterostructures

High-quality and epitaxial thin film growth of various oxides
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X-ray θ-2θ diffraction pattern

 Structural analysis

Scanning electron microscopy (SEM) images
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 Various thicknesses of BFO thin films controlled 

by the number of laser pulses

 Epitaxially grown BFO/SRO thin films on the 

STO (001) substrate

 Polycrystalline BVO thin films

BVO - 110 nm

BFO - 13 nm
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HR-TEM images
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 Structural analysis

XRD reciprocal space mapping (RSM)

c-axis

a-axis

HR-TEM XRD-RSM theoretical

c(BFO) (Å) 4.02 4.06 3.96

a(BFO) (Å) 3.90 - 3.96

Elongationc-axis

Shrinkinga-axis
Ferroelectric properties !!

BFO/SRO/STO

in-plane compressive strain

BFOSRO
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 Photoelectrochemical measurement

Linear sweep voltammetry (LSV) curves

3.5 times
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Incident photon-to-current efficiency (IPCE) 

The BVO/BFO (13 nm) photoanode shows the highest photocurrent density.

The BFO/BVO photoanodes exhibited about 3.5 times higher photocurrent density of 0.65 mA cm−2 at 1.23 VRHE

compared to that of the bare BVO photoanodes.

The IPCE value increases (> 15%) at around 450 nm, which corresponds to the band gap of the BVO.
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 Mechanism analysis

X-ray photoelectron spectroscopy (XPS) UV-vis spectroscopy

Surface modification (abundant oxygen vacancies) and photo-absorption ability

may not be the primary reason for the 3.5 times increase in photocurrent density.
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 Mechanism analysis

Sulfate oxidation Charge separation efficiency Charge transfer efficiency

The inserted BFO thin film not only suppressed the recombination rate and promoted the reaction kinetics.

(within the BVO layer) (at the bulk-electrolyte interface)
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t BVO

 ln(D)=-1 = 3.54

t BVO/BFO

 ln(D)=-1 = 8.11

 Mechanism analysis

Transient photocurrent spectra Charge carrier lifetime

τ: the time at which ln(D) is equal to −1

The BVO/BFO photoanode showed a longer lifetime of the electron-hole pairs than the BVO photoanode. 

Better charge transport and recombination kinetics as the BFO layer is inserted
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Energy band diagram

Polarization-electric (P-E) hysteresis loop

The BFO thin film induces a strong upward self-polarization

Holes and electrons drift in opposite directions

→ Recombination is reduced, and the separation efficiency ↑

Hole repulsed to electrode/electrolyte interface, 

and the transfer efficiency ↑
Screened self-polarization by the BVO
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Epitaxial grown BFO thin films exhibit 

a strong self-polarization under the BVO layer

The BVO/BFO photoanodes show the enhanced 

charge separation and transfer efficiencies than 

the bare BVO photoanodes

The photoexcited hole and electron drift 

in opposite directions corresponding on 

the self-polarization of the BFO

The BVO/BFO photoanodes show 3.5 times 

higher photocurrent density 

than the BVO photoanodes
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