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Abstract: Photoelectrochemical (PEC) water splitting provides a “green” approach for hydrogen production.

Photoanodes for water oxidation reactions are the bottleneck for PEC water splitting due to the involved thermody-

namic and kinetic challenges. To obtain the target of 10% solar-to-hydrogen (STH) efficiency toward practical ap-

plications, efficient photoanodes should be developed. Owing to the intrinsic advantages of low cost, good light

harvesting, low toxicity, and excellent (photo)-electrochemical stability, visible light responsive metal oxides such

as WO;, a-Fe,0O; and BiVO, have attracted great attention for potential photoanodes and significant achievements

have been made in the past decades. In this review, the sate-of-the-art progresses of WO;, a-Fe,0O; and BiVO,

photoanodes are summarized with an emphasis on the rational materials design toward efficient PEC water splitting.

Moreover, their applications in unassisted PEC water splitting systems are briefly introduced. The perspectives on

the challenges and future development of visible light responsive metal oxide photoanodes are presented.
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According to the report of Global Energy and Climate
Outlook (GECO) in 2016, the global energy demand and
greenhouse gas emissions are expected to grow by 37%
and 30% between 2010 and 2030, respectively!. Cur-
rently, fossil fuels are still the main energy resources for
humanity. In addition to the fact that fossil fuels would
be depleted in the near future, the consumption of fossil
fuels will boost CO, emissions, which will exacerbate
global warming. Therefore, exploiting other clean and
renewable energy resources is significant to address the
energy and environmental issues. Solar energy has been
regarded as one of the most promising candidates due to
its non-emission property and gigantism: approximately
4.3 x 10%° J of solar energy is transported to the earth in 1
h, which is even larger than the global energy consump-
tion in 1 year (e.g. 4.1 x 10%° Jin 2001'%). However, it is
very challenging to efficiently use solar energy in an
economical approacht®.

Photoelectrochemical (PEC) water splitting that uses
man-made materials to emulate natural photosynthesis
(NP) for solar hydrogen (H,) production, providing a
potentially economical way to convert solar energy into
clean H, fuel, which has attracted great attention since its
first discovery in the 197089, In the past decades, the
PEC water splitting technique has also been derived to
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other applications such as pollutant degradation'®*?, CO,
reduction!®®* and value-added chemical product-
ion***¥ However, the derived applications are beyond
the scope of this review, thus we will not discuss in detail.
Readers may refer to some excellent recent review arti-
cles and book chapters for more information*>?2. Gen-
eraly, afull PEC cell is composed of a photoanode and a
photocathode immerging in an electrolyte solution
(Fig. 1). Photoanodes are made of n-type semiconductors,
while photocathodes are made of p-type semiconductors.
To achieve spontaneous PEC water splitting, the valance
band (VB) of the photoanode material should be more
positive than the water oxidation potential of 1.23 V (vs
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Fig. 1 Schematic illustration of afull PEC cell
CB: Conduction Band; VB: Valance Band; F: Fermi Energy Level
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NHE), whereas the conduction band (CB) of the photo-
cathode material should be more negative than the proton
reduction potential of 0 V (vs NHE). Moreover, the band
edge positions of the photoanode and photocathode ma-
terials should be matched, forming a Z-scheme jun-
ction®™. Under light illumination (with energy larger
than the bandgaps of the photoel ectrode materials), elec-
trons will be excited to the CBs of the photoelectrode
materials, leaving holes in the VBs of the photoelectrode
materials. Owing to the interior bias generated by the
mismatched Fermi levels between the n-type photoanode
material and the p-type photocathode material, the elec-
trons from the photoanode will be driven to recombine
with the holes in the photocathode through the external
circuit, leaving holes in the VB of the photoanode and
electrons in the CB of the photocathode for oxygen evo-
lution reaction (OER) and hydrogen evolution reaction
(HER), respectively. In redlity, it is very chalenging to
obtain photoanode and photocathode materials with
suitable bandgaps and matchable band edge positions for
efficient spontaneous PEC water splitting?. Fortunately,
the researches on photoanodes and photocathodes can be
separated by replacing the photocathode or photoanode
with a metal counter electrode. An external bias is gener-
aly needed to drive the PEC water splitting reactions
forward due to the deficient photovoltage generated by
only one photoelectrode. In comparison to HER in the
photocathode, OER in the photoanode is more challeng-
ing because it is an energetically up-hill reaction involv-
ing the transfer of four electrond®!. Therefore, the bot-
tleneck for efficient PEC water splitting lies on the
photoanode, which has been intensively investigated in
the past few decades’®®?%.

To achieve efficient photoanodes, adequate light har-
vesting and efficient charge separation are required. For
practical applications, the photoanodes should be
low-cost with reasonable durability as well. Considering
the above requirements, TiO, is not a promising candi-
date due to its large bandgap (~3.2 eV for anatase TiO,)
that can only utilize ultraviolet (UV) light, accounting for
around 4% of the solar light spectrum on the earth®>32.
Taking into account that ca. 43% of the solar energy
reaching our globe locates in the visible light region,
exploring visible light responsive photoanodes is of great
significance. During the last four decades, numerous
visible light responsive photoanodes have been devel-
oped, including metal oxides™**! sulphides®**", ni-
trides’®*, silicon!*¥, and 111-V compounds®®. Although
silicon and 111-V compounds can generate very high
photocurrent densities for PEC water splitting (Fig. 2),
they suffer photo-oxidation or photocorrosion and will
lose the activity in a very short time. Depositing a
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Fig. 2 Theoretical photocurrent densities of several semicon-
ductors under AM 1.5 G illumination

Reproduced with permission from Ref. [45]. Copyright 2013 American
Chemical Society

pin-hole free protective layer on the surface of these
photoanodes by a high-cost atomic layer deposition
(ALD) technique is generally required®. Moreover, the
fabrication of silicon and 111-V compounds themselves
are prohibitively expensive. Therefore, it is very chal-
lenging for the scale-up application of these photoanodes
for PEC water splitting. On the other hand, metal sul-
phides and nitrides are very unstable in aqueous solution
under light illumination, and efficient strategies to solve
the long-term stability issue are still lacking. By contrast,
visible light responsive metal oxide photoanodes may
have more opportunities for practical applications due to
their low cost and excellent durability in the PEC condi-
tions, which will be the main focus in this review.

Even though metal oxide photoanodes for PEC water
splitting have been discussed partly in severa review
articles in recent yeard*®®, due to the dynamic devel-
opment of this research field, a comprehensive review
focused on the rational design of visible light responsive
metal oxide photoanodes is still necessary to provide
readers with a better understanding of the state-of-the-art
progress in this dynamic research field. This review arti-
cle will introduce the state-of-the-art development of
efficient visible light responsive metal oxide photoa-
nodes for PEC water splitting. In particular, WOs,
a-Fe;0s, and BiV O, photoanodes are the hot photoanode
materials under research, which will be mainly discussed
with an emphasis on the materials design toward efficient
water splitting. In addition, the applications of visible
light responsive metal oxide photoanodes in unassisted
water splitting will be concisely introduced. Finaly, this
review will close with a brief summary of the current
research status and challenges, along with the perspec-
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tives of visible light responsive metal oxide photoanodes
for PEC water splitting. We hope to shed light on the
further development of low-cost and efficient photoa-
nodes for solar fuel production.

1 Development of efficient photoanodes

Visible light responsive metal oxide photoanodes have
attracted great attention due to their intrinsic advantages
such as low cost and relatively good photostability in
agueous solution in a certain pH range. However, the CB
position of most metal oxides is more positive than the
proton reduction potential. Thus, external biasis required
to achieve PEC water splitting. In this section, the prop-
erties and the state-of-the-art progresses of WOs;, a-Fe,Os,
and BiV O, photoanodes will be discussed in detail.

1.1 WOj3;photoanodes

With a bandgap of 2.5-2.8 eV, WO; can absorb sun-
light with the wavelength up to ca. 500 nm, which equals
to a theoretical solar-to-hydrogen (STH) efficiency of
6%!°3. Furthermore, WO; possesses some good properties
such as moderate hole diffusion length (~150 nm), good
electron mobility (~12 cm?/(V-s)) and excellent stability
against photocorrosion in acidic electrolyte, which make
it a good candidate as photoanodes for PEC water split-
ting™®. However, severe bulk charge recombination and
poor stability in the solution with a pH>4 are the main
drawbacks for WO; photoanodes®.

Modifying the surface of WO; films with oxygen
evolution cocatalysts (OECs) can improve not only the
surface kinetics but also the stability. By depositing a
thick cobalt-based (Co-Pi) OEC (>1.5 um) on WO; pho-
toanodes, all photogenerated holes were used for O,
evolution and the formation of peroxide species was
completely suppressed, resulting in good long-term sta-
bility (Fig. 3)*. The interfacial states generated in the
WO,/Co-Pi junction will shift the flat band potentia
negatively when occupied while shift the flat band poten-
tial positively when emptied. Consequently, WO,/Co-Pi
photoanode suffers less charge recombination when its
Fermi level is above the interfacial states. However,
more charge recombination occurs when its Fermi level
is below the interfacial states. Other OECs such as
FeOOH™ CoO,%”, and Mn based catalyst™ have also
been reported for modifying WO; photoanodes. On the
other hand, modifying the surface of WO; films with a
passivation layer (e.g. HfO,) is also effective to reduce
the charge recombination and improve the lifetime of elec-
trons, resulting in enhanced photocurrent densities®.

Nanostructural modification can effectively shorten
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Fig. 3 |-t curves of a bare WO; photoanode (a) and a Co-Pi
modified WO; photoanode (b)

Inset: SEM image demonstrating charge transfer and separation be-
tween the Co-Pi layer, WOs;, and FTO substrate

Reproduced with permission from Ref. [55]. Copyright 2011 American
Chemical Society

the migration distance of photogenerated charge carriers,
thereby improving the charge separation efficiency in the
bulk, resulting in enhanced PEC performance. Vertically
aligned WO; nanowire arrays were grown on fluorine
doped tin oxide (FTO) substrates by a seed-assisted solv-
othermal method (Fig. 4(a))!*. By adjusting the precur-
sors in the solution, nanoflake array films with different
thicknesses were also achieved (Fig. 4(b) and 4(c)). Int-
erestingly, the nanoflakes exhibit lower band gap values
than the nanowires. The nanoflake film with a film
thickness of 5.6 um shows the highest saturation photo-
current density under AM 1.5G illumination (Fig. 4(d)).
A simultaneous etching and reducing method was applied
to generate pores and oxygen vacancies on the pre-grown
WO; nanoflakes, which increases the surface reaction
sites and the charge carrier densities, resulting in enh-
anced PEC performance!®. Similarly, etching WO,
nanoplate photoanodes also exhibited higher photocata-
Iytic activity for both PEC water splitting and methylene
blue (MB) degradation!®?. Most of the nanostructural
WO; films are grown on FTO substrates via a seed- as-
sisted solvothermal or hydrothermal method. However,
numerous grain boundaries in the seed layer may serve as
charge recombination centers, reducing the PEC per-
formance®. Thus, directly growing WO; nanostructures
on bare FTO substrates may achieve higher photocurrent
densities. A seed-free hydrothermal method was devel-
oped to grow WO; nanoplate arrays vertically on FTO
substrates, which exhibits a high photocurrent density of
4.13 mA/cm? at 1.6 V (vs Ag/AgCl) under illumination
of a500 W Xe lamp in 0.5 mol/L H,SO, electrolyte!®.
In addition, directly growing WO3; nanorods on FTO sub-
strates also show enhanced photocurrent denstities'®,
Other WO; nanostructures such as porous nanorod arrays™,
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Fig. 4 FESEM images of the as-prepared WO; films
(a) Nanowires; (b) Nanoflakes-1 (NF1); (c) Nanoflakes-2 (NF2) Insets: film cross section; (d) Photocurrent density vs applied potential curves
Reproduced with permission from Ref. [60]. Copyright 2011 American Chemical Society

hexagonal nanoflowerd®”, nanoneedles®, and hierarchi-
cal architectures™ have also been reported.

Theoretical calculations have confirmed that {002} is
the most reactive facets for WO,"™. Thus, tailoring the
exposure of {002} is another strategy to enhance the
PEC performance of WO; photoanodes. For example, a
WO, photoanode with exposed {002} facets shows a
photocurrent density over twice higher than the counter-
part with randomly oriented facetd™. In addition to
crystal facet orientation, the morphology also synergisti-
cally affect the PEC performance, which has been con-
firmed by comparing the PEC performance of WO;
nano-multilayers with highly exposed {002} facets (60%)
and WO3; nanorods with less exposed {002} facets
(20%)!3. Owing to the unique multilayered nanostruc-
ture and the preferential exposure of highly reactive {002}
facets, the WO; nano-multilayers exhibit higher photo-
current densities. Recently, a breakthrough of PEC per-
formance was achieved by WO; nanoplate arrays with
dominant {002} facetd™. The {002} facet oriented WO,
films were synthesized by a hydrothermal process with
oxalic acid as the capping agent. Interestingly, elongating
the hydrothermal reaction time caused the conversion of
{002} facetsto {200} facets (Fig. 5(a)). With the same
film thickness, the WO; photoanode with exposed { 002}
facets exhibit a much higher photocurrent density than

that of the counterpart with exposed {200} facets.
Moreover, the WO; photoanode with exposed {002} fac-
ets obtained via a two-step hydrothermal method exhibits
an extraordinary photocurrent density of 3.7 mA/cm? at
1.23 V (vs RHE) without any OECs or sacrificial agent
(Fig. 5(b)). DFT calculations reveal that the complete
water oxidation reaction is easier to take place on {002}
facets compared to {200} facets. The intermediate prod-
uct of hydroxyl group tends to accumulate on {200} fac-
ets due to the higher energy barrier for water oxidation.
As a result, the photostability of {200} facets is much
poorer than that of {002} facets (Fig. 5(c)).

Doping is an efficient strategy to change the conduc-
tivity and electronic structures of a semiconductor, which
can tailor the charge transport and light harvesting. Gen-
erally, anion doping can reduce the bandgap of WO; by
shifting the VB upward, which is attributable to the hy-
brid of the p states of the doped anion with the O2p
states™. A carbon doped WO; photoanode exhibited
around 50% enhanced photocurrent densities compared
to the undoped attributed under visible light illumina-
tion, which is attributed to the reduced bandgap that can
absorb more visible light™™. Surprisingly, the bandgap of
WO; can be significantly reduced from 2.6 to 1.9 eV by
incorporating N, into the WO, crystal structure to form
an extraordinary thermal stable compound of XN,-WOs;
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Fig. 5 (a) Schematic illustration of crystal facet orientation of the 1-step-16 h, 1-step-8 h and 2-step-16 h WO; photoanodes; (b)
Photocurrent density vs applied potential curves; (c) I-t curves of the 1-step-16 h, 1-step-8 h and 2-step-16 h WO, photoanodes
Reproduced with permission from Ref. [73]. Copyright 2016 Elsevier

(Fig. 6(a))"®. A weak electronic interaction between the
trapped N, molecules and the WO; matrix brings the CB
and VB closer in energy, resulting in significant decrease
of bandgap (Fig. 6(b)). In particular, the 0.039N,-WOs;
photoanode can generate photocurrents under light illu-
mination with a wavelength up to 640 nm. Unfortunately,
nitrogen doped WO; photoanodes exhibited lower pho-
tocurrent densities than the undoped samples even
though the bandgap could be drastically reduced!”™. The
highly defective lattices of nitrogen doped WO, photo-
anodes worsen the electron transport properties, resulting
in poor PEC performance. On the other hand, cation
doping can replace W®" ions in the crystal lattice of WO,
and generate impurity energy levels within the visible
range™. For example, gadolinium (Gd) doping not only
reduced the bandgap, but also lifted the VB and CB posi-
tions of WO;, resulting in the extension of light absorp-
tion edge and the increase of reduction ability!™®. More-
over, the formation of gadolinium oxide on the surface of
the WO; film can function as a passivation layer, reduc-
ing surface charge recombination. As a result, 153% en-
hancement of the photocurrent density is observed.
Similarly, Sm doping is also efficient to enhance the PEC
performance of WO, photoanodes!’®. Recently, Na
doped WO; photoanodes were found to extend the light
absorption edge’®. In the presence of [PM01,040]> or
[PW1,040]> as molecular OECs, the 0.4at% Na-doped
WO; photoanode exhibits an impressive photocurrent
density of 4.5 mA/cm? at 1-1.1 V vs RHE under AM 1.5 G
illumination. Creating oxygen vacancies and low oxida-
tion state of tungsten ions (e.g. W**) through hydrogen

treatment or electrochemical treatment can also enhance
the PEC performance of WO, photoanodes®®. Re-
cently, a mesoporous WOj; photoanode with dual oxygen
and tungsten vacancies on the surface was prepared by a
facile solution-based process®. The surface amorphous
WO; layer with dual oxygen and tungsten vacancies can
improve the charge transfer efficiency and increase the
charge carrier density of the WO; photoanode, resulting
in a photocurrent density 2.4 times higher than the un-
treated sample. Interestingly, DFT calculations predicted
that Hf dopants and the simultaneous generation of oxy-
gen vacancies (Vo) not only reduce the bandgap but also
shift both VB and CB to higher energies, which is bene-
ficial for photocatalytic hydrogen production®. In addi-
tion, co-doping WO; with Hf + 2F or Hf + Siis also effi-
cient to reduce the bandgap while lifting the CB. This
work provides a potential strategy for tailoring the elec-
tronic structure of WO; toward enhanced light harvesting
and increased reduction capability. However, experi-
mental works of Hf doped WO; photoanodes are still
lacking.

Combining WO; with other materials to form hetero-
junctions is also effective to improve the PEC perform-
ance®!. Due to the built-in electrical potential in the in-
terfaces, photogenerated electrons and holes can be
separated in the two constructed materials, which effec-
tively suppress charge recombination. Moreover, the in-
troduction of smaller bandgap semiconductors, plasm-
onic metals, or carbon quantum dots (CQDs) can effec-
tively enhance the light harvesting. For example, bran-
ched WO; nanosheet array coupled with layered CsN,4
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Fig. 6 (a) Diffuse reflectance spectra and digital images of (i) pure monoclinic WOg, (ii) 0.034N,-WOs, (iii) 0.039N,-WOs;, and (iv)
0.039N,-WO3; (b) A model of electron density difference for monoclinic WO5 with incorporating N,. Yellow: electron loss; blue:
electron gain; silver sphere: W; red sphere: O; green sphere: N
Reproduced with permission from Ref. [76]. Copyright 2012 American Chemical Society

heterojunctions (WO3-NA/C3N4-NS)  exhibited much
higher photocurrent densities than the WOs-NA photo-
anode®. A remarkable photocurrent density of 5.76 mA/cm?
isachieved at 2.1 V (vs RHE) under AM 1.5 G illumina-
tion when loading CoO, as OECs. The excellent PEC
performance is attributed to the enhanced light harvest-
ing, efficient charge separation, fast charge transfer at the
interfaces, and the unique 3D layered nanostructure. In
recent years, other WO; based heterojunctions for PEC
water splitting including WO4/Bi,S;®", WO,/Cu,0'®,
WO3/g-CaNL*, WO4/Sh,5, WOyCQDS®, and WOy
AgNP? have been developed.
1.2 a-Fe,0O3 photoanodes

Hematite (a-Fe,Os) is earth abundant, non-toxic and
stable in aqueous solutions under light illumination. With
a bandgap of 1.9-2.2 eV, a-Fe,O; can obtain a maximum
STH efficiency of ~16.0% under AM 1.5 G illum-
ination®. Thus, o-Fe,0; is a potentially excellent
photoanode material for PEC water splitting, which has
attracted great attention. However, the intrinsic draw-
backs such as extremely short hole diffusion length (2—
4 nm), very short excited state lifetime (~1 ps), and low
conductivity, cause severe charge recombination in pure
a-Fe,O3 photoanodes, resulting in very low photocurrent
densities®*, |In addition, the CB position of a-Fe,Os
photoanodes is thermodynamically unfavourable for
HER and the surface kinetics for OER is very poort®, and
therefore a high external bias is required for PEC water
splitting. Over the past decades, even though numerous
achievements have been made, it is still very challenging
to overcome the intrinsic drawbacks of a-Fe,Oz; photo-
anodes toward efficient, cost-effective and sustainable
PEC water splitting.

Due to the extremely short hole-diffusion length, it is

important to control the nanostructures of a-Fe,Os
photoanodes to reduce the migration distance of holes to
the surface for OER!®”. Moreover, doping can improve
the conductivity and tune the electronic structures,
whereas OECs are efficient to accelerate the surface ki-
netics. Therefore, the combination of nanostructural con-
trol, doping, and surface modification with OECs such as
Co-Pil¥"% Co,0,/"% FeOOH!!21% NiOOH!'™| Ni:
FeOOH!'®! NiFeO,/'®! and cobalt iron oxide (CIO)%"
are necessary to improve the photocurrent density and
lower the onset potentials for a-Fe,O; photoanodes. An
early work reported that silicon doped nanocrystalline
a-Fe,O3 photoanodes fabricated by atmospheric pressure
chemical vapor deposition (APCVD) exhibit a 90% en-
hanced photocurrent density at 1.23 V (vs RHE) under
AM 1.5 G illumination™®. In addition, silicon doping
decreases the size of the a-Fe,O; nanocrystallites, which
is also beneficial for charge separation. The optimized
conditions of APCVD in terms of controlling the feature
size, film thickness, and silicon doping of a-Fe,Os photo-
anodes with enhanced PEC performance were further
studied’®. Depositing Co-Pi as OECs on the mesost-
ructured Si-doped o-Fe,O3 photoanodes reduced the ex-
ternal potential required for PEC water splitting by
>350 mV*9. Further studies found that a Si-doped
a-Fe;,0O3 photoanode deposited with a thick layer of Co-
Pi suffers a kinetic bottleneck, limiting the PEC per-
formanceé™Y. Such limitation can be greatly overcome
by more sparse deposition of Co-Pi on the Si-doped
a-Fe,O3 photoanode. The methods for depositing Co-Pi
on Si-doped o-Fe,O; photoanodes also affect the PEC
performance. By comparing with electrodeposition of
Co-Pi and Co** wet impregnation, the Si doped a-Fe;Os
photoanode with Co-Pi OECs grown via photo-assisted
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electrodeposition showed superior PEC performance!*Z.
More uniform Co-Pi can be grown onto Si doped
a-Fe,03 photoanodes by photo-assisted electrodeposition
when compared to electrodeposition, resulting in a
~170 mV cathodic shift of onset potential and a stable
photocurrent density of 2.8 mA/cm? at 1.23 V (vs RHE)
under AM 1.5 G illumination (Fig. 7). Moreover, 1rO; is
also efficient OECs to further enhance the PEC perform-
ance of Si doped a-Fe,O; photoanodes™®. However, the
utilization of expensive IrO, for modifying the low-cost
Fe,O; photoanodes is not favourable for cost-effective
PEC water splitting. In addition, the high cost of APCVD
for preparing Si doped o-Fe,O3; photoanodes is also not
feasible for scale-up applications. It may be challenging
to achieve Si doping by other low-cost wet chemical
processes. Therefore, it is more desirable to develop
other low-cost wet chemical methods with proper doping
to enhance the PEC performance of o-Fe,O; photo-
anodes.

In addition to Si, other earth-abundant metal elements
such as Sn, Ti, Mo, Cr, Al, Zr, and Nb are also efficient
to improve the PEC performance of Fe,O; photoan-
odes!?** 14119 - Encouragingly, such dopants can be
achieved in wet-chemical available Fe,O; photoanodes,
which can greatly reduce the fabrication cost. Grétzel’'s
group first reported that relatively high photocurrent
densities for PEC water splitting can be achieved with
mesoporous a-Fe,Os; photoanodes prepared by a solu-
tion-based colloidal method followed by annealing at
800°C (Fig. 8(a))!**. The diffusion of Sn atoms from
the FTO substrates to a-Fe,O; takes place at 800°C,
functioning as electron donating substitutional impurities
(Sn*"). While the signal of Sn*" cannot be detected when
the calcination temperatures are 400 or 700°C (Fig. 8(b)).
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Fig. 7 Dark-current (dotted) and photocurrent (solid) densi-
ties of bare a-Fe,0O; and Co-Pi/a-Fe,O3 photoanodes modified
by photo-assisted electrodeposition

Reproduced with permission from Ref. [112]. Copyright 2011 Royal
Society of Chemistry

Moreover, the calcination temperature of 800°Cis essen-
tial to increase the absorption coefficient by up to a fac-
tor of 2 due to the structural distortion effect (Fig. 8(c)).
However, the increased particle size after high tempera-
ture calcination may have detrimental effects on charge
separation. Encapsulating the Ti doped a-Fe,Os struc-
tures with a conformal silica layer is efficient to prevent
the further growth of the particles during high tempera-
ture (800°C) calcination®®. The final porous Ti doped
a-Fe,0O3 photoanode can be achieved by removing the
conformal silica layer, which exhibits enhanced photo-
current densities compared to its counterpart without the
silica layer. Very recently, a similar strategy was applied
to protect the a-Fe,O3 nanorod arrays after calcination at
800°C, which effectively keeps the nanorod structures
with uniform distribution of Sn doping!*??. Interestingly,
depositing a ZrO, thin layer on the FeOOH nanorods not
only can keep the 1D structures after high temperature
(800°C) calcination, but also can convert the FeOOH
nanorods to Zr doped a-Fe,O; nanotubes?®. Although
activating a-Fe,O3; photoanodes by a high-temperature
(800°C) annedling treatment is efficient to improve the
PEC performance, the fragile FTO substrates would be
destroyed if the annealing time were too long (>10 min)™*.
In this regard, a post growth doping technique was pro-
posed, in which Ti or Zr precursor solution was deposited
on a-Fe,03 nanostructures followed by subsequent cal-
cination in air at a lower temperature of 650-700°C !,
By depositing a thin TiO, layer on the FTO substrates for
the subsequent growth of a-Fe,Os; nanostructures, the
activation temperature was reduced to 600°C"*?%. Inter-
estingly, Ge-doped o-Fe,O; photoanodes could achieve
optimized PEC performance at a calcination temperature
of only 550°C!*27,

The photocurrent densities of most modified a-Fe,Os
photoanodes are less than 3.5 mA/cm? even at high ap-
plied potentials. Surprisingly, Co-Pi modified Pt doped
a-Fe,O3; photoanodes led to a record-breaking photocur-
rent density of 4.32 mA/cm? at 1.23 V (vs RHE) under AM
1.5 G illumination™®?®. Furthermore, the co-doping of Ru
cations with different valence states were efficient to
boost the PEC performance of a-Fe,O; photoanodes'*.
Even without OECs, the optimized Ru-doped a-Fe,Os
photoanode with a Fe/Ru molar ratio of 100/5 exhibits an
onset potential of approximately 0.7 V (vs RHE) and an
impressive photocurrent density of 5.7 mA/cm? at 1.23 V
(vs RHE) under AM 1.5 G illumination. The excellent
PEC performance is attributed to the increase of charge
carrier concentration and mobility, and the significant
decrease of defects after co-doping of Ru cations with diff-
erent valence states. Although noble metal dopants can
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greatly enhance the PEC performance of o-Fe,O; photo-
anodes, the scale-up application may be an issue. Further
studies to understand the fundamental mechanisms of
noble metal dopants for improving the PEC performance
of a-Fe,O3 photoanodes are required, which may provide
useful information for seeking alternative strategies.

To explore low-cost a-Fe,Os; photoanodes for efficient
PEC water splitting, our group innovatively developed
Co-Pi/Ag/a-Fe,O; photoanodes by modifying the
a-Fe,O3 nanosheet arrays with low-cost Ag and Co-Pi
nanoparticles (NPs)!**. Pure o-Fe,0O; nanosheet arrays
with enrich {110} facets were prepared by anodizing the
Fe foils in an ethylene glycol electrolyte containing fluo-
rine ions, which exhibits a high photocurrent density of
1.5 mA/cm? at 1.23 V (vs RHE) under AM 1.5 G illumina-
tion. By modifying the surfaces with plasmonic Ag NPs
and Co-Pi, the light harvesting, charge transfer, and sur-

face charge separation can be effectively improved, resulting
in an impressive photocurrent density of 4.68 mA/cm? at
1.23 V (vs RHE) under AM 1.5 G illumination. The ob-
tained Co-Pi/Ag/a-Fe,0O3; photoanode is very stable and
no photocurrent decay can be observed in the 5 h con-
secutive light illumination measurement (Fig. 9(a)). The
electrochemical anodization method to grow o-Fe,Os;
nanostructures directly on Fe foils can achieve excellent
interfacial contact, which may be another key factor to
achieve high PEC performance. Very recently, a highly
efficient a-Fe,O3; photoanode with multidimensional
nano/micro-architectures was prepared by anodizing
Fe foams (AFFs), as shown in Fig. 9(b)**Y. Under AM
1.5 G illumination, the pure a-Fe,O3; photoanode ex-
hibits a photocurrent density of 2.29 mA/cm? at 1.23 V
(vs RHE). By decorating the surfaces with OECs, an im-
pressive photocurrent density of 6.8 mA/cm?® can be
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Reproduced with permission from Ref. [130-131]. Copyright 2016 and 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

achieved before the dark current onset (at 1.55 V (vs RHE),
Fig. 9(c) and 9(d)). The excellent PEC performance ob-
tained by the anodized Fe foam is attributed to the prom-
ising characteristics such as large surface area, low-dim-
ensional confined nanostructures, and very low electrical
resistance.

The construction of heterojunction can also improve
the PEC performance of a-Fe,Os; photoanodes. A three-
dimensional branched cobalt-doped ao-Fe;O; nano-
rod/MgFe,O, heterojunction was grown on a Ti mesh,
exhibiting a photocurrent density of 3.34 mA/cm? at
1.4V (vs RHE) under AM 1.5 G illuminationt®*?. The
enhanced PEC performance is attributed to the excellent
charge transfer, enhanced light-harvesting ability, and
large contact area in the novel 3D branched structure. By
decorating undoped o-Fe,O; NPs on TiSi, nanonets to
form heterojunctions, a high incident photon to current
efficiency (IPCE) of 46% was observed at a wavelength
of 400 nm with an applied potential of 1.53 V (vs RHE)!**,
Without the loading of any OECs, a photocurrent density
of 2.7 mA/cm? can be achieved at 1.53 V (vs RHE) under
AM 1.5 G illumination. Other a-Fe,O5 based heterojunc-
tions such as WOs/o-Fe,0;5 junctions™®¥, a-Fe,04/grap-

hene/BiV,_,M0,0, junctions**!, Sh-doped SnO./a-Fe,0;
junctiond®™®® Ti doped a-Fe,0s/ZnFe,0, junctions™*",
CaFe;,0,/a-Fe,0; junctions®® and o-Fe,04/FeTiO, jun-
ctions™****Y have been devel oped.
1.3 BiVO, photoanodes

As an earth abundant, low cost, stable, and narrow
bandgap semiconductor, bismuth vanadate (BiVO,) has
attracted intensive studies as promising photoanodes for
PEC water splitting™*. The bandgap of BiVO, is2.4 eV,
corresponding to a theoretical photocurrent density of
7.5 mA/cm? under standard AM 1.5 G solar light irradia-
tion®!. Thermodynamically, the CB of BiVO;, is located
just short of the proton reduction potentiall**l, Conse-
quently, only a small external bias is required to achieve
PEC water splitting. Moreover, the charge carrier lifetime
(~40 ns) and hole diffusion length (~70 nm) of BiVO,
are much longer than a-Fe,03**!. However, BiVO, suf-
fers severe charge recombination due to sluggish electron
transport properties and poor surface kinetics*!. Many
strategies have been explored to solve the above issues
and the PEC performance of BiVO, photoanodes has
been improved significantly.

Doping is efficient to improve the electron transport



182 I

33 %

properties of BiVO,, reducing charge recombination in
the bulk. So far, only Mo, W, and P dopants can signifi-
cantly enhance the PEC performance of BiVO, photo-
anodes, which has been intensively investigated. For
example, 2.5% W doped BiVO, and 5% Mo doped
BiVO, could generate photocurrent densities that were 7
and 8 folds higher than the pure BiV O, photoanode, res-
pectively!**!. Moreover, Mo/W codoped BiVO, can fur-
ther improve the PEC performance. With simultaneous
incorporation of 6% Mo and 2% W, the photocurrent
densities are enhanced by 10 folds compared to the pure
BiVO, photoanode. Interestingly, a gradient doping
technique was developed to prepare a distributed n*—n
BiVO, homojunction, which exhibits an excellent car-
rier-separation efficiency up to 60% at 1.23 V (vs RHE)
under AM 1.5 G illumination™*”. The unique property of
gradient W doped BiVO, is shown in Fig. 10. Compared
to W doped BiVO, (Fig. 10(a)), W doped BiVO4 homo-
junction (Fig. 10(b)) and W doped BiV O, reverse homo-
junction (Fig. 10(c)) can generate band bending in the
interfaces. However, gradient W doped BiVO, extends
the presence of band bending over the entire thickness of
the photoanode (Fig. 10(d)), which is more efficient for
charge separation (Fig. 10(e)). By loading Co-Pi OECsto
further reduce the surface charge recombination, a phot-
ocurrent density of 3 mA/cm? can be achieved at 1.23 V
(vs RHE) under AM 1.5 G illumination. On the other hand,
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Fig. 10 Band diagram schematic of the BiV O, samples

(@) 1% W-doped BiVO,; (b) W doped BiVO, homojunction; (c) W
doped BiVO, reverse homojunction; (d) Gradient W doped BiVOy; (€)
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Reproduced with permission from Ref. [147]. Copyright 2013 Nature
Publishing Group

creating defects such as oxygen vacancies in the BiVO,
crystals, namely self-doping, is also efficient to enhance
the PEC performance. Oxygen vacancies and hydrogen
impurities were introduced in the BiVO, photoanodes
through hydrogen treatment™*®. DFT calculations reveal
that both oxygen vacancies and hydrogen impurities are
shallow donors for BiVO, with low formation energies,
which effectively enhances the donor densities of BiVO,
without introducing deep trap states. As a result, a max-
imum photocurrent density of 3.5 mA/cm? is achieved at
1.0 V (vs Ag/AgCl), which is one order of magnitude
higher than the untreated counterpart. Self-doping can
also be obtained by other mild processes, such as chem-
ical reduction!™ and electrochemical treatment!*>*>2,
Nanostructures with large surface areas and short hole
migration distances can drastically enhance bulk charge
separation. Modifying the surface with OECs to further
reduce surface charge recombination, high PEC perf-
ormance can be obtained. For example, a nanoporous
BiVO, photoanode can effectively suppress bulk carrier
recombination without additional doping, exhibiting an
electron-hole separation efficiency of 90% at 1.23 V (vs
RHE)!**¥. By loading FEOOH/NiOOH as dual-layer
OECs on the surface, a remarkable photocurrent density
of 2.73 mA/cm? can be achieved at a potential as low as
0.6 V vs the counter electrode (Fig. 11(a)). The PEC
performance of the nanoporous BiVO, photoanode can
be further improved by a mild nitrogen treatment proc-
ess™>¥. Surprisingly, the incorporation of nitrogen dopant
and oxygen vacancies not only reduces the bandgap by
~0.2 eV, but also enhances charge separation. As a result,
an over 2% PEC water splitting efficiency is attained
(Fig. 11(b)). Although the above nanoporous BiVO,
photoanodes can achieve high PEC performance, the
electron transport property is still poorer than the hole
transport property in the film. Therefore, back illumina-
tion is required to achieve the best photocurrent densities.
Interestingly, the difference of photocurrent densities
under front and back illumination can be greatly reduced
by modifying the synthesis conditions™*®. Furthermore,
decorating the surfaces of the obtained BiVO,
photoanodes with NiFeO,-Bi OECs, stable overall water
splitting can be achieved for 10 h (Fig. 11(c)). Very rec-
ently, molecular Co,0O, cubane OECs were used to mod-
ify nanoporous BiVO, photoanodes, which exhibits an
excellent photocurrent density of 5 mA/cm? at 1.23 V
under AM 1.5 G illumination (Fig. 11(d))[**®. Even
though high photocurrent densities can be achieved using
molecular cobalt cubane complex, the long-term stability
is not comparable to the state-of-the-art metal oxide
OECs. Along with the exploration of more efficient
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Fig. 11 (a) I-t curve of nanoporous BiVO,/FeOOH/NiOOH photoanode measured at 0.6 V (vs counter electrode) with insets show-
ing: surface and cross-sectional SEM images of nanoporous BiVO,. Reproduced with permission from Ref.[153]. Copyright 2014,
American Association for the Advancement of Science. (b) Applied bias photon-to-current efficiency (ABPE) of N,-treated
BiVO,/FeOOH/NiOOH photoanode obtained using a two-electrode configuration (CE: counter electrode). Reproduced with permis-
sion from Ref. [154]. Copyright 2015 Nature Publishing Group. Distributed under a CC-BY 4.0 license. (c) H, (black circle) and O,
evolution (red sguare) using two BiVO4/NiFeO,-Bi photoanodes. Reproduced with permission from Ref. [155]. Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Photocurrent density vs applied potential curves of BiVO, and molecular
Co,0, cubane modified BiV O, photoanodes under AM 1.5 G illumination. Reproduced with permission from Ref. [156].
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

OECs, the PEC performance of nanoporous BiVO,
photoanodes can be further improved by enhancing the
light harvesting through introducing CQDs as a visible
light sensitizer!*). The CQDs in the nanoporous BiVO,/
FeOOH/NiIOOH photoanode not only broaden the light
response range and increase charge separation, but also
maintain the excellent hole transfer capacity from BiVO,
to the OEC layer. Consequently, a new record photo-
current density of 5.99 mA/cm? is attained at 1.23 V (vs
RHE) under AM 1.5 G illumination. Moreover, stable
overall water splitting can be achieved for 10 h. Interest-
ingly, modifying the surfaces of a bulky crystalline
BiV O, thin film with impregnated CoO, OECs and atomic-
layer deposited NiO can still exhibit a PEC water split-
ting efficiency of 1.5%™®. The high activity for overall
water splitting can be maintained for 12 h, with continu-
ous and stoichiometric H, and O, evolution. Compared to
nanostructured BiVO, photoanodes that require more
sophisticated fabrication and modification processes,
planar BiVO, thin films may be more favourable for fu-
ture industrialisation.

The formation of heterojunction is another efficient
strategy to enhance the PEC performance of BiVO,

photoanodes. Owing to the matchable band edge posi-
tions, WO; and BiVO, can form type Il heterojunctions,
which is efficient for charge separation. The morphology
of WQO;, the size and the loading amount of BiVO, affect
the PEC performance of WOs/BiVO, heterojunction
photoanodes'***%%. Moreover, by carefully modifying
the substrate, the WO; nanorod arrays (NRs), the deco-
rated BiV O, particles and Co-Pi OECs, an ultimate water
splitting photocurrent density of 6.72 mA/cm? is
achieved at 1.23 V vs RHE under AM 1.5 G illumination
(Fig. 12)1*%®l. Due to the extremely positive VB and
proper CB positions, SnO, can serve as a hole blocking
layer while allowing the transfer of electrons. Introduc-
ing a SnO, layer between WO; and BiVO, to form
WO,/SnO,/BiVO, junctions can further increase charge
separation®®”). In addition, using SnO, as the bottom
layer to form SnO,/WO3/BiVO, junctions can generate
higher photocurrent densities than WO./SnO,/BiV O,
junctions, possibly due to the stepwise CB positions of
SnO,, W03, and BiV Oy, enabling the formation of type 11
heterojunctions®®. Interestingly, composite TiO,/BiVO,
photoanodes exhibit enhanced PEC performance®®1"”,
which is inconsistent with the predicted Type | band
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splitting; (b) Cross-sectional SEM image of a WO; NRY/BiV O, photoanode; (c) Photocurrent density (vs applied potential) curves of
the WO3; NRs/BiVO,4/Co-Pi junction under 1 sun and 3 sun illumination, respectively
Reproduced with permission from Ref. [166]. Copyright 2015 Nature Publishing Group. Distributed under a CC-BY 4.0 license

alignment at their interfaces because the CB of TiO, is
more negative than BiVO,. Surprisingly, the enhanced
PEC performance is attributed to the formation of type Il
heterojunctions due to the interfacial interactions be-
tween TiO, and BiV O, evidenced by X PS measurements
of the fully assembled nanocomposites in dark and under
illumination with a 405 nm laser™™. In recent years,
other Type Il BiVO, based heterojunctions such as
Sb-Doped SnO,/BiVO,*™, Ta doped TiO./BiVO,*™,
BiVO,/BiOIM™, znO/BiVO,[™8 | BiVO,/g-CsN,™,
BiVO,/CaFe,0,'"®, and BiV0O,/Cos0,/*"® photoanodes
have been devel oped.

Controlling the BiVO, photoanodes with highly reac-
tive {040} facets can also enhance the PEC perform-
ance!’®181 BjvO, nanoplate arrays with exposed higher
percentage of the lateral {040} facets ({040}-BVO) were
found to be important for PEC water spitting!*®3. The
highly exposed {040} facets leads to the higher solar
light absorption, higher charge separation efficiency, and
longer lifetime of the photogenerated charges, contribut-
ing to higher PEC performance. Moreover, the
{040} -BVO photoanode can maintain relatively stable
PEC water splitting for over 40 h. By modifying the sur-

faces of {040}-BV O photoanodes with Fe-based layered
double hydroxide OECs, higher photocurrent densities
can be achieved!™®!. Generally, a photoanode with more
exposed oxidative facets is beneficial for OER™. It has
been reported that BiVO, crystals possess reduction
functional facets of {040} for photogenerated electron
accumulation and oxidation functional facets of {110}
for photogenerated hole accumulation!*®*%¢ Corre-
spondingly, the different orientation of {040} and {110}
also affects the PEC performance of BiVO,4 photoanodes,
which has been confirmed by a recent study!*®”. The
BiVO, photoanodes with {040} facets grown verticaly
on the FTO substrates (BVO-{040}-V) exhibit higher
photocurrent densities than the counterpart with {040}
facets grown parald to the FTO substrate (BV O-{ 040} -P),
which is attributed to the exposure of more oxidative
facets in the former that provides more reactive sites for
OER. Surprisingly, with amild electrochemical treatment
the BVO-{040}-V photoanode with a film thickness of
around 1 um exhibits a remarkable photocurrent density
of 2.5 mA/cm? at 1.23 V (vs RHE) under AM 1.5 Gillu-
mination (Fig. 13(a)-(c)). The partial reduction of Bi®**
and V*" ionsin BVO-{040}-V photoanode that generates
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Fig. 13 SEM images of BVO-{040}-V: (a) top view and (b) cross-sectional view, (c) photocurrent density vs applied potential
curves and (d) the corresponding PEC water splitting efficiency curves of 1: BVO-{040}-V, |I: electrochemically treated
BVO-{040}-V, and I11: electrochemically treated BV O-{ 040} -V/CoBi photoanodes
Reproduced with permission from Ref. [151]. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

oxygen vacancies as shallow donors, which significantly
enhances both bulk and surface charge separation, re-
sulting in the drastic improvement of PEC performance.
After surface modification with cobalt borate (CoBi)
OECs, the photocurrent density can be further enhanced
to 3.2 mA/cm?, with an impressive 1.1% PEC water
splitting efficiency (Fig. 13(c)-(d)). This work provides a
new strategy for the design of efficient BiVO, photo-
anodes for sustainable solar hydrogen production.

In addition to enhance the photocatalytic activity of
BiVO, photoanodes, long-term stability is another im-
portant factor for practical applications. Theoretical cal-
culations have predicted that BiVO, is resistant to
photocorrosion because the oxidation potential of BiVO,
is more positive than the water oxidation potentiall*®”).
However, the instability of BiVO, during PEC water
splitting in both near-neutral and alkaline pH ranges has
been observed experimentally!*®°Y, Although loading
OECs on the surfaces of BiVO, photoanodes can avoid
the direct contact of BiVO, with electrolyte to improve
the stability to some extent, most of the reported stability
is only several hours*2%! Recently, a breakthrough of
long-term stability was achieved using a Mo doped BiVO,
photoanode prepared by loading a monolayer of high-
temperature treated Mo doped BiVO, particles on a Ni

contact layer and a subsequent Sn conducting layer!*®l.
The highest PEC photocurrent densities were achieved
when the pre-annealed (800°C) Mo doped BiVO, parti-
cles were ball-milled, followed by the second thermal
treatment process at 700°C (800°C-BM-700°C). Surpri-
singly, the high-temperature treatment enhances the in-
trinsic stability of BiVO, against photocorrosion and
chemical corrosion (Fig. 14(a)-(b)). In addition, the Ni
layer not only acts as an electrical back contact, but also
serves as an ion source to alow in situ self-generation of
OECs. Interestingly, the regeneration of OECs is a
site-specific process, in which self-generated OECs can
be selectively deposited on the sites where catalytic ac-
tivity decreases due to loss of catalyst. As aresult, ultra-
stable PEC water splitting is achieved for over 1, 000 h at
0.6 V (vs RHE) under AM 1.5 G illumination (Fig. 14(c)).

2 Theapplicationsfor unassisted PEC
water splitting

Coupling metal oxide photoanodes with photocath-
odes or solar cells in tandem to achieve unassisted PEC
water splitting (without external bias) is the ultimate goal.
In this section, we will briefly summarize the state-of-
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the-art progress of unassisted PEC water splitting sys-
tems, with the main focus on the utilization of visible
light responsive metal oxide photoanodes. Readers may
refer to several excellent reviews for more comprehen-
sive information about the unassisted PEC water splitting
syst emgl197-198]
2.1 PEC tandem systems

A PEC tandem system is composed of a photoanode
and a photocathode with good ohmic contact, forming a
Z-scheme junction. Generally, the photoanode is com-
posed of n-type semiconductors, whereas the photocath-
ode is composed of p-type semiconductors. To achieve
enhanced performance, OECs and hydrogen evolution
cocatalysts (HECs) should be deposited on the photo-
anode and the photocathode, respectively. As shown in
Fig. 15(a), under light illumination, photogenerated elec-

(@) p-type

n-type

Eyrm,

Ohmic contact

(b) Parallel illumination

Photoanode

trons in the CB of the photoanode will recombine with
the holes in the VB of the photocathode, leaving holes in
the VB of the photoanode for OER while electrons in the
CB of the photocathode for HER. The photoanode and
photocathode can be connected with a conductive metal
wire to form a wire configuration or a transparent con-
ductive material to form a wireless configuration. More-
over, the photoanode and photocathode can be assembled
side-by-side to form a parallel illumination mode (Mode
P, Fig. 15(b)), or in series to form a tandem illumination
mode (Mode T, Fig. 15(c)). Both photoanode and photo-
cathode are exposed to the full solar spectrum in Mode P,
Thus, transparency and bandgap difference are not re-
quired for the photoelectrodes. While in Mode T, the
front photoelectrode should be transparent with larger
bandgap, so that more light with lower energy penetrat-
ing through the front photoelectrode can be utilized by
the back photoel ectrode with smaller bandgap. Due to the
mismatch of band edge positions of most photoanode and
photocathode materials, very few PEC tandem systems
can be achieved**”,

With the low onset potential, BiVO, photoanodes are
good candidates used in PEC tandem systems. By cou-
pling a W doped BiVO,/Co-Pi photoanode with a
Cu,O/Al: ZnOITiO,/RuUO, photocathode to form a Mode
T wired configuration, a STH efficiency of 0.5% was
achieved!’. However, the abstained STH efficiency is
still much lower than the theoretical maximum of 8% for
this system based on the known band gap energies and
band edge positions. Owing to the low onset slopes (Fill
Factors) of both photoanode and photocathode, less than
1 mA/cm?of photocurrent density can be achieved at the
intersect of the J-V curves (Fig. 16(a)). In another case, a
Pt/In,S;/CdS/Cu,ZnSnS, photocathode was connected
with a FeOOH/BiV O, photoanode through a conducting
wire for unassisted PEC water splitting, achieving a STH
efficiency of 0.28%1%7. A wireless artificial leaf com-
posed of free-standing BiVO, and Ru/Rh-SrTiO;
nanowires was fabricated using solution synthesis and

(c) Tandem illumination
Mode P Mode T

A
-~

Photocathode

Photocathode Photoanode

Fig. 15 (a) Mechanism of a PEC tandem system with Ohmic contact, a schematic of the wired PEC tandem systemin (b) a parallel
illumination mode (Mode P) and (c) atandem illumination mode (Mode T)
Reproduced with permission from Ref. [197]. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 16 (@) Current density-voltage (J-V) curves of the BiV O, photoanodes with (solid lines) and without (dashed lines) Co-Pi
OECsunder AM 1.5 G illumination. The |J]-V curves of the Cu,O photocathode is measured with the coverage of the corresponding
BiV O, photoanode (dotted line with the same colour). Reproduced with permission from Ref. [199]. Copyright 2014 American
Chemical Society. (b) J-V curves of various a-Fe,O; photoanodes. The |J|-V curve of the Si photocathode is measured behind the
a-Fe;O3 photoanode. (c) Schematic of overall unassisted water splitting by a-Fe,O3 photoanode and amorphous Si photocathode in
wired Mode T. (d) Photocurrent stability measurement of the PEC tandem system in (c). Reproduced with permission from Ref.
[202]. Copyright 2015 Nature Publishing Group. Distributed under a CC-BY 4.0 license

vacuum filtration, which can achieve spontaneous overall
water splitting’®®. Nevertheless, the STH efficiency is
only 0.0017%. A new record of 0.91% STH efficiency
was obtained in a PEC tandem system composed of a
modified o-Fe,O; photoanode and a Si photocathode?*?,
A facile re-growth strategy is developed to effectively
reduce the surface disorders on a-Fe,O; photoanodes,

which greatly shifts the onset potential to 0.45V (vs RHE).

Further modifying the surfaces with NiFeO, OECs, the
fill factor of the u-Fe,O3; photoanode can be significantly
improved (Fig. 16(b)). In addition, the wired Mode T
configuration can generate stable photocurrent densities
without external bias for 10 h (Fig. 16(c) and 16(d)).
Theoretically, a maximum STH efficiency of 29.7%
can be achieved for PEC tandem systems®®®. However,
the real STH efficiencies of PEC tandem systems are still
less than 1% using earth abundant metal oxide photo-

anodes®®, due to the lack of photoanode and photoca-
thode materials with appropriate bandgap and matchable
band edge positions to deliver high enough operated
photocurrent densities.
2.2 PEC/PV tandem systems

Alternatively, coupling visible light responsive photo-
anodes with photovoltaic (PV) devices to form PEC/PV
tandem systems is easier to achieve unassisted PEC wa-
ter splitting. The PV devices can provide high enough
photovoltage for the photoanode, so that the PEC/PV
tandem system can be driven by only sunlight. In this
regard, the harsh requirements for the PEC tandem sys-
tems can be aleviated in the PEC/PV tandem systems.
However, it isimportant to keep the balance of solar light
absorption between the PEC and PV cells to achieve
optimized STH efficiencies. On the other hand, PV de-
vices are generally unstable in aqueous solutions, so the
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protection of PV devices in the PEC/PV tandem systems
should also be considered. Compared to the triple-jun-
ction amorphous silicon®™ and I11-V multi-junctionf2*>2%!
PV devices for direct water splitting, the utilization of
earth-abundant metal oxide photoanodes in the PEC/PV
tandem systems can reduce the cost and device complex-
ity aswell.

An early work demonstrated PEC/PV tandem devices
with a WOz or o-Fe,0; photoanode connected with a dye-
sensitized solar cell (DSSC)!*™. As shown in Fig. 17(a)
and 17(b), light is incident on the WO; or a-Fe,Os
photoanode before the underlying DSSC. Both photo-
anode and DSSC are excited to generate electron-hole
pairs and the electrons in the photoanode will recombine
with the holes in the DSSC, leaving holes in the
photoanode for OER while electrons in the DSSC for
HER, similar to the Z-scheme mechanism in PEC tandem
systems (Fig. 17(c)). Therefore, the photoanode should
be transparent with a bandgap larger than the light ab-
sorber in the DSSC, so that solar light with energy lower
than the bandgap of the photoanode can efficiently pene-
trate through the photoanode to be absorbed by DSSC.
Modifying the photoanode to achieve higher photocur-
rent densities, in particular at the onset potential will
significantly enhance the STH efficiency for the whole
system. A WO3/BiVO, heterojunction photoanode deco-
rated with dual-layer FEOOH/NiOOH OECs led to a
STH efficiency of 5.7% when coupled with a DSSC!?.
By further introducing a hybrid conductive distributed
Bragg reflector on the back side of the transparent

VByo,

Fig. 17 General schemes of a WO,/DSSC tandem system (a)
and a Fe,O5/DSSC tandem system (b); Working mechanism of
the WO3/DSSC and Fe,0,/DSSC tandem systems (c)
Reproduced with permission from Ref. [207]. Copyright 2012 Nature
Publishing Group

conducting substrate for the front photoanode to enhance
solar light utilization, an impressive STH efficiency of
7.1% was achieved®,

In addition, silicon cells and I11-V multi-junction cells
have also been used in the PEC/PV tandem systems. Due
to the low open circuit potential, at least double junction
of silicon cells or 111-V multi-junction cells are generally
required to provide satisfied photovoltage for the
photoanode. Using Mo doped BiVO, modified by
FeOOH OECs as the photoanode and triple-junction Si
solar cell as the photocathode, a STH efficiency of 2.5%
was achieved in the Mode P configuration?. Higher
STH efficiencies can be achieved by the modification of
the BiV O, photoanode. For example, the gradient doped
BiVO,/Co-Pi photoanode/double junction Si solar cell
tandem system can achieve 4.9% STH efficiency!™",
whereas the WO,/BiVO,/CoPi photoanode/double-junction
GaAg/InGaAsP solar cell tandem system generate a high
STH efficiency of 8.1%%. Recently, transparent BiVO,
and a-Fe,O3 dual photoanodes were developed to extend
the light absorption range up to 610 nm, which can
achieve a STH efficiency of 7.7% when coupled with
two crystalline Si (c-Si) solar cells (Fig. 18)!?Y.

The rapid development of perovskite solar cells (PSCs)
may open up hew opportunities in the PEC/PV tandem
systems. Due to the high open circuit potential (0.9-1.5V),
tuneable bandgap and cost-effective properties, PSCs
have attracted increasing attention in PEC/PV tandem
systems. Generally, only one PSC is required for the
PEC/PV tandem systems, which can reduce the complex-
ity of the device and decrease the cost as well. However,
PSCs cannot survive in aqueous solutions. Thus, avoid-
ing the direct contact of PSCs with water should be con-
sidered when designing this kind of devices. A BiVO,/
PSC device with wired configuration was designed by
soaking the BiV O, photoanode in the electrolyte solution
while keeping the PSC in the air (Fig. 19(a)) with light
illumination from the BiVO, photoanode, which can
achieve a STH efficiency of 2.5%**?. Ancther different
design of wired BiVO,/PSC system was reported using a
beam filter to separate the light into different regions,
where the light with A<515 nm can pass through the
beam filter for BiVO, photoanodes in aqueous solution
while the light with A>515 nm will be reflected to PSC in
the air (Fig. 19(b))!**®!. The system can generate a stable
photocurrent density of 5.01 mA/cm? for 10 h (Fig.
19(d)), corresponding to a STH efficiency of 6.2%. The
efficient photoanode alone can achieve a photocurrent
density of (5.82 + 0.36) mA/cm? at 1.23 V (vs RHE) un-
der AM 1.5 G illumination, which is attributed to the
engineered cone- shaped nanostructures as substrates for
the deposition of nanoporous Mo-doped BiVO,. Compared
to a flat substrate, the nanocone substrate not only can
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(d) stability measurement of the BiVO,/PSC tandem devicein (b)
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maintain the high charge separation efficiency of thicker
BiVO, films, but also enhances the light absorption abil-
ity by multiple light scattering in the nanocone structure.
On the other hand, a wireless artificial leaf was prepared
using a modified BiVO, photoanode and a sealed PSC,
which can be immerged in the electrolyte solution di-
rectly (Fig. 19(c))?¥. Stable overall water splitting can
be achieved for 12 h, with a STH efficiency of 3.0%.
The STH efficiency of the PEC/PV tandem systems is
mainly determined by the performance of the photoanode.
In particular, it is important to improve the photocurrent
densities of the photoanodes at the potential range of

0.6-0.7 V that matches the operating potentials of most
solar cell§'?. Moreover, transparency is also important
to allow the bottom solar cells to absorb enough light.
However, it is challenging to keep the balance of trans-
parency and high photocurrent densities of a photoanode.
For example, reducing the thickness of a photoanode can
keep good transparency, but the photocurrent densities
are also reduced due to the decrease of light harvesting.
To achieve high performance in a PEC/PV tandem sys-
tem, both PEC performance and transparency of the
photoanode should be carefully tailored. For practical
applications, the cost should also been considered. Al-
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though the rapid development of PSCs may provide
cheaper solar cells for the PEC/PV tandem systems, it is
very challenging to achieve ultra-stable PSCs in agqueous
solutions.

3 Conclusion and outlook

PEC water splitting is an important technique for solar
hydrogen production, which is promising to address the
potential energy crisis with less-adverse impact on cli-
mate change. Although a hybrid system composed of two
polymer electrolyte membrane electrolysers in series
with one InGaP/GaAs/GalnNASsSh triple-junction solar
cell can achieve the world record efficiency of ~30% for
water splitting?®*®, the use of 111-V multi-junction PV and
noble metal are prohibitively expensive. For low-cost
PEC water splitting systems, the STH efficiencies are
still too low to achieve the 10% target for practical ap-
plications. Compared to photocathodes for HER, it is
more challenging to develop efficient and stable
photoanodes for OER due to the harsh oxidation envi-
ronment and four-electron process that generally cause
photocorrosion and severe charge recombination. Com-
pared to metal sulphides and nitrides that are vulnerable
in astrong oxidation environment, metal oxides are much
more stable during PEC water splitting. In order to
achieve high STH efficiencies, the first requirement for
metal oxide photoanodes should possess narrow bandgap
for visible light harvesting. Therefore, the development
of robust and efficient visible light responsive photo-
anodes is of great significance for PEC water splitting. In
this review, we have summarized the state-of-the-art
progresses of visible light responsive metal oxide
photoanodes with a focus on the rational design of WQOs,
a-Fe;0s, and BiVO, photoanodes toward efficient PEC
water splitting. Moreover, their applications in unassisted
PEC water splitting by coupling with photocathodes or
solar cells have also been concisely introduced. In par-
ticular, we focus on the working mechanisms and the
characteristics of various unassisted PEC water splitting
systems using visible light responsive photoanodes.

In the past decades, even though numerous achieve-
ments have been obtained on visible light responsive
photoanodes, it is still challenging to develop an efficient
photoanode for unassisted water splitting with 10% STH
efficiencies in a PEC tandem system. By coupling with
solar cells, higher STH efficiencies can be achieved.
However, the complexity and cost of the whole device
also increase. To achieve high STH efficiencies in an
unassisted PEC tandem system, it is important to greatly
reduce the onset potential and significantly increase the
photocurrent density at the onset potential of a photo-

anode. Strategies such as nanostructural control, doping,
heterojunction construction, cocatalyst deposition, pla-
smonic enhancement, crystal facet engineering can
overcome the intrinsic drawbacks of WO, a-Fe,0Os, and
BiVO, photoanodes to some extent. However, even the
combination of the above mentioned strategies still can-
not achieve high photocurrent densities at a desirable low
onset potential of these photoanodes. Most of the re-
searches on photoanodes only focus on the photocurrent
densities at the water oxidation potential of 1.23 V (vs
RHE). In the PEC/PV tandem systems, the operating
potential of the PV device is at 0.6-0.7 V, while the op-
erating potential in the PEC tandem system is even lower.
Thus, more attention should be paid to improve the
photocurrent densities of a photoanode at lower poten-
tials. In addition to WO;, a-Fe,O;, and BiVO, photo-
anodes, other metal oxide photoanodes such as
Cuwo,2  Bi,WO¢?", TiFe,04?®, Bi,M00.,%",
CUVZOG[Zlg'zzo], Cu2V207[219'22°], Cu3V208[221], and
FeV0,%??% have been developed in recent years.
However, most of the reported photocurrent densities of
these photoanodes are very low (< 1 mA/cm?). The con-
ventional strategies may not work well for these materi-
als. The exploration of other efficient strategies to
achieve high photocurrent densities are required. Mean-
while, we should not lose the patience in exploring new
materials. If thinking “out of the box” about PEC water
splitting, maybe the development of other research fields
can open up new opportunities for PEC water splitting.
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