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Photoelectrochemical (PEC) water oxidation for sustainable clean energy and fuel production is a
potential solution to the demands of organic pollutant removal and growing energy consumption.
Development of high performance photoanodes, which is a key component in the system, is one of the
central topics in the area. The crystal defect is an old concept but fruiting new understanding with
promotive impact to the development of high performance photoanodes. In this review, we elucidated
the typical defects involved in the photoanode with the position where they play the roles in the
structure and how the properties of photoanode are influenced. In addition, we summarized the feasible
protocols to maximize the pros but reduce the cons brought by having defects to the photoanode
performance based on recent most prominent research advancements in the field. Finally, we briefly
sketched the future perspective with the challenges of this topic when in the scenario of possible
developments into practical applications.
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1 Introduction

Environmental issues and energy crises are getting more

*Special Topic: Solar Energy Storage and Applications (Eds. Min
Liu and Haotian Wang).

closely linked to our daily life with the accumulated en-
vironmental cost paid to industrialization and rocketed
energy consumption of modern life. The renewable and
ecofriendly energy sources are urgently required to reduce
our dependence on traditional fossil fuels [1, 2]. The sun-
light, as an abundant clean source, is delivering enor-
mous amount of energy to earth (1.3 × 105 TW) four
orders of magnitude more than current global consump-
tion (1.6× 101 TW in 2010) [3, 4]. Therefore, robust and
cost-effective solar conversion is drawing more and more
attention from researchers and engineers [5]. Photoelec-
trochemical (PEC) system offers paths to efficient solar
energy harvesting to produce clean hydrogen by solar-
driven water splitting, or to yield hydrocarbon fuels by
photo-conversion of CO2 and other low-value organics [6].

High performance semiconductor (SC) photoanode
plays a critical role in PEC system and raises the following
requirements: (i) rational bandgap deployment for effec-
tive light absorption to yield plenty numbers of electron–
hole pairs; (ii) suitable band positions which can provide
sufficient energy for the activation of electrochemical re-
actions; (iii) reasonable crystal size that is smaller than
the effective carrier diffusion length to facilitate the car-
rier transportation from the SC interior to the surface;
(iv) good long-term stability over hundreds of hours. Un-
fortunately, in most cases these requirements cannot be
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fulfilled easily. For instance, semiconductors (SCs) them-
selves could be oxidizable at lower anodic potentials than
that for water oxidation reaction [7]; furthermore, the
sluggish kinetics of the latter one may cause holes to ac-
cumulate at the SC-solution interface, and lead to severe
charge recombination and further surface corrosion. Be-
sides the surface, the adjustment towards the bulk char-
acteristics of SCs is challenging as well. For example, the
real band alignment of the photoanode can be ambigu-
ous due to the uncertain band structure as the result of
sensitive relationship between preparation conditions and
electronic properties of SCs. Therefore, for improving the
properties of photoanode, new methodologies and proto-
cols aiming at crystallinity improvement [5, 8, 9], morpho-
logical control [10, 11] and surface modifications [12, 13],
etc., are highly desired and attractive to the community.
Oxide SCs are among the best candidates considering the
material availability, manufacturing cost, and the stabil-
ity for long-term operation at strong redox potentials [14].
Particularly, regarding the anodic reaction, the oxides are
inherently better than other SCs. In addition, there are
various preparation routes for oxide materials, with highly
tunable properties. Moreover, many other applicable ma-
terials in PEC, i.e., nitrides or sulfides, can be conve-
niently prepared by converting their oxide counterparts.
Therefore, we select metal oxides as the major objects in
this review, with the discussion slightly extends to other
categories.

In recent reports, “crystal defects”, the frequently men-
tioned concept in solid physics produces numerous new
understanding to the PEC electrodes and has been proved
as an important variable for tuning their properties and
improving their performance. In past decades, defects have
been introduced into SCs for modulating their electronic
structure, bandgap, conductivity, catalytic performance,
etc.. Specifically, since we are focusing on the direct elec-
tronic impact of solid-state imperfectness, all “defects”
discussed in this review are limited to point defects. How-
ever, as a sword of two edges, the defects also act as
electron–hole recombination centers which worsen the per-
formance of photoanodes. Therefore, it is necessary to un-
derstand the essential role of different defects in scenarios,
and the mechanism behind their impact towards specific
photoanodes, for the sake of improving the photoanode
performance.

For the convenience to describe and discuss the defects
in oxide SCs, we would like to briefly introduce the typi-
cal classification of them using TiO2 as an example. Their
specific influence in photoanodes is discussed in follow-
ing paragraphs. In this review, the well-accepted defect
notations for nonstoichiometric compounds proposed by
Kröger and Vink were used, such as the commonly seen
defects of TiO2 listed below in Table 1.

In this review, we discuss the photoanode performance
affected by defect based on the configuration of a typi-
cal n-type SC photoanode [see Figs. 1(a, b)]. As shown

in Figs. 1(b, d), the inserted hole blocking layer could
suppress effectively RI recombination path [see Fig. 1(c)].
Hole transport layer (also called passivation layer) could
passivate surface state which increases the electron–hole
pair recombination [Fig. 1(c) Rss] and lead to Fermi-level
pinning in some extent [compare Fig. 1(c) with Fig. 1(d)].
In addition, the four-electron oxygen evolution reaction
requires a large overpotential to complete. To overcome
this overpotential, photoanodes are usually coupled with
efficient oxygen evolution catalysts [see Figs. 1(b, d)], and

Table 1 Ionic and electronic defects in TiO2 according to
the Kröger–Vink notations [15].

Description Kröger–Vink notation
Ti4+ ion in the titanium lattice site Ti×Ti
Ti3+ ion in the titanium lattice site (quasi-
free electron)

e′

Titanium vacancy V′′′′
Ti

Ti3+ in the interstitial site Ti···i
Ti4+ in the interstitial site Ti····i
O2− ion in the oxygen lattice site O×

O
Oxygen vacancy V··

O
O− ion in oxygen lattice site (quasi-free
hole)

h·

Fig. 1 (a) The schematic structure of a bare photoanode.
(b) The schematic structure of a typical photoanode. (c)
Quasi-static band diagram with charge transfer and recombi-
nation pathways of an extremely simplified photoanode (with
only n-type SC) in contact with the electrolyte under contin-
uous illumination corresponding to (a). (d) Quasi-static band
diagram and charge transfer of an operating photoanode under
continuous illumination in contact with the electrolyte at same
bias corresponds to (b). RI is the recombination pathway at
interfacial defects between substrate and n-type SC; RB is the
bulk defect induced recombination; Rsc is the recombination
in space charge layer; Rss is the surface-states induced recom-
bination; EF,n and EF,p are the quasi-Fermi levels of electrons
and holes under illumination, respectively.
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thereafter elucidate the roles of the defects in the sequence
of geometric configuration of interfaces or components,
which is outlined below [see Fig. 1(c)]: i) interfacial de-
fects between the substrate/current collector and the SC;
ii) defects in the n-type SC; iii) defects on SC surface or
SC/solution interface.

In later sections, the roles of defects play in PEC reac-
tion and how they affect the properties of photoanodes are
discussed individually following the order above. To take
one step further, we summarize the feasible or possible
routes based on most prominent research advancements in
these fields by using defect engineering as the key method
for improving photoanodic performance.

2 Substrate-semiconductor interfacial defects

The importance of this interface has been long recognized
by researchers from the area of electric engineering due
to its essential role for realizing high-performance metal-
oxide-SC field-effect transistor and other electronic de-
vices [16, 17]. But unfortunately, the PEC community has
only started to realize its critical role from recent years.
Even though, right after more attention was given to the
structural defects in this region and the junction against
the back contact [18–23]. Liang et al. [24] suggested that
the presence of defect states in fluorine-doped tin oxide
(FTO) substrate acting as recombination centers under-
mining photoelectronic properties of the photoelectrodes,
As can be seen in Fig. 2(a), and with the photogenerated
electrons being trapped in defect sites, negative charges
accumulate at the SC/FTO interface, preventing the elec-
tron transport from SC to FTO. In addition, Souza et
al. [19] suggested that stress induced by the strong inter-
action between the hematite and the FTO substrate can
cause the formation of defects on hematite surface that in-
crease the recombination of electron–hole pairs. The lat-
tice distortion can generate electron band distortion in
some extent, thus, intermediate defect levels formed close
to the conduction band serve as recombination centers
decreasing the properties of hematite. These phenomena
have been commonly reported in the cases of hematite and
BiVO4 photoanode [18, 20, 21, 25]. Therefore, the defects
in this junction [see Fig. 2(a)] act as recombination cen-
ters that quench the electron–hole pairs and degrade the
PEC performance drastically. In order to reduce the issue
raised by these counteractive defects, several rational and
effective paths were applied in recent reports, such as by
inserting a thin metal-oxide layer between substrate and
SC as the hole blocking layer [18, 21, 26–28] [see Fig. 2(b)]
or host scaffold-guest absorber structures [29–31]. These
means were also used extensively in solar cells for similar
reason [32, 33].

The hole blocking layer has been reported widely. In
general, they have some common features or material
requirements. For instance, such interlayer metal oxides
have relatively large band gaps and valence band (VB)

Fig. 2 The schematic diagrams (a, b) illustrate the recom-
bination at the defect state present at the FTO/BiVO4 inter-
face and the hole mirror effect of the SnO2 layer, respectively.
Reproduced from Ref. [24], Copyright © 2011 American Chem-
ical Society.

edges deeper than that of the light absorbing SC layer. The
resulting tandem configuration prevents the hole recombi-
nation in defect sites with electrons from the conduction
band (CB) by rectifies the carrier flow [see Fig. 2(b)]. In
some cases, the inserted interlayer decreases the stress be-
tween SC and substrate and imperfect crystal alignment,
the defect content is reduced greatly, thus decreasing the
electron–hole recombination at the interface. For instance,
by introducing SnO2 [24, 25, 27, 34] layer to replace the
initial interface, as shown in Fig. 2(b), can realize this con-
cept. Byun et al. [25] have investigated the thickness effect
of the SnO2 buffer layer on the properties of BiVO4 based
photoanode. Interestingly, the structure of BiVO4 answers
to the thickness changes of SnO2 buffer layer, with effects
of crystalline phases and grain size. The photocurrent in-
creased with smaller grain size and smoother surface of
BiVO4 as the SnO2 thickened from 0 to 65 nm.

In addition, Hisatomi et al. [35] reported the deposi-
tion of beneficial Ga2O3 underlayer for hematite by atomic
layer deposition, for reducing its lattice mismatch with the
substrate. The nucleation and growth mode of hematite
films were modulated by the Ga2O3 underlayer. The
greatly improved crystallinity and uniformity of hematite
films thus notably improved the photocurrents of elec-
trodes. However, a certain thinness of Ga2O3 underlayer
was required due to the poor crystallinity of very thin
films.

Regarding the significance of the quality of hole block-
ing layer, i.e., crystallinity and pin-hole-free requirement,
great efforts have been dedicated to the selection and re-
alization of new coating materials. For instance, beyond
SnO2, Hisatomi et al. [29] reported a 9 nm Nb2O5 layer
can effectively prevent the recombination between pho-
toexcited holes and electrons at the FTO-Fe2O3 interface.
In the meantime, it is also helpful to suppress electron–
hole recombination in hematite bulk by its rectifying con-
tact with Nb2O5 layer. The interlayer can be even thinner.
Zhang et al. [18] reported that an ultrathin lutetium ox-
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ide (Lu2O3) film could be deposited as the hole blocking
layer by pulsed laser deposition. Besides a deeper VB edge
than that of BiVO4, which is the minimal requirement for
the hole blocking layer, the peculiarity of using Lu2O3 is
the lattice matching. The deposited 1.4 nm Lu2O3 layer
could notably increase the photocurrent density and im-
prove the carrier separation efficiency, suggesting that the
presence of Lu2O3 layer matched FTO and BiVO4 lattices
and helped minimizing the number of structural defec-
tive recombination centers formation at these interfaces.
Similar to oxides, lately using the GaN as the hole block-
ing layer for Ta3N5 photoanode also gave a 1.8-fold en-
hancement to the efficiency, due to effective depression
of the recombination pathway by the high quality GaN
[26]. Therefore, as we mentioned above, carefully selected
hole blocking layer with high crystallinity and minimized
number of defects is highly desired for improving the PEC
performance.

Beyond planar layer by layer structures, similar band
layout can be used in more complicated hierarchical
nanostructures. Host scaffold-guest absorber structure
have been reported widely [29–31, 36], in which the light
absorbing nanosized guest material was attached to a
nanostructured host scaffold. Similar to the above hole
block layer in the photoanode assembly, oxides such as
WO3 [31, 36], SnO2 [37], and Nb2O5 [29], were used as
the scaffolds because of similar band requirements of Va-
lence Band Maximum (VBM). Since their motif on the
design of interface is very similar to hole blocking layers
and the designing challenge relies more on the morpholog-
ical issue, discussions on them are not included.

In short, the substrate-SC interfacial defects are a criti-
cal issue for maximizing the potential of high performance
photoanodes. Such a layer has been proved to require
high crystallinity and precise thinness control that could
be achieved by reliable coating technique. Furthermore,
matching between lattices of both sides are highly desired,
although in most cases such a demand is hard to be ful-
filled. Nonetheless, even though the inserted hole blocking
layer could enhance the PEC properties in some extent,
the cognition of specific interface defect formation still re-
mains ambiguous. Therefore, it is essential to figure out
the concrete form of this defective interface for further
improving the PEC performance in the future.

3 Defects inside the semiconductor bulk

Defects in the bulk of SC are mainly the result of crys-
tallinity issues or doping. The intrinsic imperfectness or
heteroatom in SC crystal structure strongly disturbed
the periodic arrangements of perfect crystals and greatly
changed the electronic behavior of the material. Such a
statement is true not only for simple SC like single crystal
silicon, but also for oxides although their structures are
way more complicated. Regarding the importance of de-

fects, tremendous amount of efforts have been made both
experimentally and theoretically for elucidating their roles
in various oxide SCs. To date, diverse defects were studied
and even their role was well illustrated in several binary
oxide systems. But for ternary or more complicated com-
pounds, to understand a particular type of defect among
many of them could be extremely challenging. Thus, in
here we will focus on their overall impact to the physi-
cal properties of SCs rather than the mechanistic details.
Considering the defects have both advantageous and ad-
verse impact to the material, we would like to discuss
their roles from following aspects: i) contribution to spec-
tral absorption of visible light; ii) relationship with carrier
transportation kinetics; iii) acting as recombination cen-
ters.

3.1 Contribution to spectral absorption of visible light

The spectral absorption range of SCs is of manifest signifi-
cance for the PEC systems. Since the absorption is directly
linked to the band structure of the SCs, the terms of “wide
bandgap” and “narrow bandgap” are frequently used re-
garding this topic. However, the “narrow” or “wide” is
not precisely defined to a certain number, but rather re-
lated to the context of the SCs application. In PEC and
photocatalysis community, the divide was usually implied
to about 2.4 eV, which corresponds to the spectral max-
imum of the solar energy, or around 3.0 eV as the edge
of visible light. For instance, many oxides of highest oxi-
dation state with empty valence d-orbitals, such as TiO2,
Nb2O5, V2O5, and Ta2O5, are wide bandgap SCs. They
cannot absorb an ample portion of solar light, resulting in
poor overall solar to chemical conversion efficiencies. Using
a simple integration of the solar spectrum, the theoreti-
cal conversion limit can be estimated [assuming a 100%
incident photon-to-current efficiency (IPCE) of the pho-
toelectrode]. Given the visible light carries more than 40%
of solar energy rather than ∼2% of UV light, the necessity
is evident to utilize both. Therefore, effective approaches
for modulating the electronic structure of metal oxides are
urgently needed to extend their spectral absorption range.

Herein we use TiO2, a classical width bandgap SC, as
an example to elucidate the route of employing doping
and defects to reduce bandgap for enhancing visible light
harvesting. TiO2 was used for PEC water oxidation in
the earliest report [38]. Since the wide bandgap (3.2 eV)
limits its light harvesting to UV range, its photocurrent
and overall efficiency was predominately restrained. On
the other hand, the great stability, unobstructed internal
charge transportation and low cost made TiO2 still as an
attractive candidate for practical PEC systems. Various
developments have been made by sensitizing or fabricat-
ing hybrid structures. However, the material itself still can
be further engineered to reach out a better absorption, and
one of the most feasible strategy is defects introduction.
With this concept, numbers of preparation and perfor-
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Fig. 3 Energy level diagrams for undoped and N-doped
TiO2. Reproduced from Ref. [55], Copyright © 2016 Royal So-
ciety of Chemistry.

mance study on defective titania, i.e., yellowish TiO2 [39],
black TiO2 [40–42], red TiO2 [43] have been reported in
recent years.

It is straightforward that the color of TiO2 is related
to its band gap width. The yellowish TiO2 is the result
of the absorption edge being slightly extended from UV
to visible and the bandgap being decreased from ∼3.2 eV
to about 2.3–2.8 eV [39, 44–46]. Doping with nonmetal el-
ements, such as N [46–50], S [39], P [51], and F [52, 53]
can produce TiO2 with large quantity of defects and the
yellowish appearance. The basic concept is similar to us-
ing Bi3+, Sn2+ or Pb2+, that introduces new orbitals to

mix with O2p components of the VB [44, 54, 55], resulting
in the valance band shift to negative direction due to the
mixture of N2p and O2p states, as shown in Fig. 3. The
difference is the quantum selection rule leads to different
absorption coefficient corresponds to s-d and p-d transi-
tions. Various elements can serve as dopant for TiO2, how-
ever, N was the most popular one among them [41, 47].
For example, Wang et al. [46] reported that the N-doped
TiO2 bowl nanoarrays with decent visible response. The
higher N-doped contents in TiO2 bowl nanoarrays corre-
sponds to larger photocurrent which agrees with the nar-
rowed bandgap of TiO2-NH3 is 2.7 eV, whereas TiO2-N2

bandgap is 3.0 eV, similar to regular TiO2.
Furthermore, the position of doped N atoms can be

controlled by the experimental conditions. For instance,
N-doped TiO2 nanowire arrays was prepared by N-
implantation (notation N-TiO2) and its subsequently an-
nealed sample was applied to PEC water splitting [48].
The N implantation changed the color of TiO2 NW ar-
rays from white to green, indicating the occurrence of
N-doping, and further to brilliant yellow after annealing,
as depicted in Fig. 4(a), corresponding to the removal of
interstitial-N atoms and the evolution of substitutional-

Fig. 4 Characterization and PEC performance of TiO2 and N-TiO2 NWs. (a) Light absorption properties of TiO2, as prepared
N-TiO2, and post-annealed N-TiO2. The insets are the digital photograph of these samples. (b) Linear sweep voltammograms
of pristine TiO2, as prepared N-TiO2 and post-annealed N-TiO2 under 100 mW/cm2 xenon light illumination with a scan rate of
20 mV/s in 1.0 M NaOH aqueous electrolyte. (c) Photoresponse of TiO2, as-prepared N-TiO2 and post-annealed N-TiO2 NWs
under chopped visible light illumination (>400 nm) at 0.5 V vs. Ag/AgCl. (d) IPCE spectra of TiO2, as-prepared N-TiO2 and
post-annealed N-TiO2 NWs collected at 0.5 V vs. Ag/AgCl. Reproduced from Ref. [48], Copyright © 2015 American Chemical
Society.
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N atoms via N atoms being captured by V··
O. This final

structure showed absorption edge extended to 530 nm.
The photocurrent and IPCE for visible light absorption
was enlarged by an order of magnitude, proving the im-
portance of N-atoms in specific sites [see Figs. 4(b–d)].

Besides of considering only one type of sites, different
defects can occur simultaneously. For instance, Premku-
mar [54] proposed that V··

O could be generated accompany
with the nitrogen doping. The band gap of TiO2−xNx was
further narrowed by shifting up VBM by N2p and lowering
CBM due to the presence of V··

O, decreasing the bandgap
from 3.2 eV to 2.8 eV. However, the physical mechanism
of V··

O for reducing the bandgap was illustrated by reports
[54, 56]. Specifically, V··

O results in local states below the
CB edge. The V··

O local state can accept electrons from the
VB by visible light excitation. Therefore, V··

O are called
Frenkel centers (Fch centers) [56]. Besides, the electron
trapped in V··

O could interact with Ti4+ and reduce it to
Ti3+ spices, whereas the Ti3+ defect contribute to visible
rage response as well, due to its serving as shallow donors
below the CB. Recently the co-doping route for reducing
the bandgap of TiO2 was widely used given its more flex-
ibility of controlling the band structure, which leads to
the development of several high performance photoanode
[57, 58].

Heavy doping to TiO2 with suitable energy state may
even half the bandgap width. Such a condition produces
black TiO2 and was reported firstly by Chen et al. [41]. It
can enhance solar absorption of regular white nanophase
TiO2 by introducing a disorder surface layer, namely black
TiO2, through hydrogenation. It presents a striking con-
trast to TiO2 primitively both in color and in the light
absorption. The tremendous amount of reduced Ti species
almost completely removed the lattice structure near the
surface of SC, and yields mid gap states whose energy
distribution differs from that of a single defect in crys-

tal. Therefore, a band tail states was formed by con-
tinuum extending of mid-gap states, thereby overlapping
with the CB or VB edge instead of forming discrete donor
states [see Fig. 5(b)]. In addition, the disordered surface
layer can provide enough trapping sites for photogener-
ated carriers and prevent them from rapid recombina-
tion, which is quite different with other SCs discussed in
later paragraphs. As depicted in Fig. 5, the light absorp-
tion properties were enhanced by reducing the bandgap
width from 3.2 eV to 1.54 eV. Other strong reducing con-
ditions could produce black TiO2 as well. For instance,
the black TiO2 can be obtained by melted Al reduction
[49, 59]. Moreover, beyond only a surface layer, the black
disorder part of above mentioned materials can be solely
prepared. According to the report by Liang et al. [60],
a pure amorphous hydrogen-doped TiO2 (a-TiO2:H) film
was prepared using a magnetron sputtering technique un-
der reactive hydrogen plasma. Since the method maxi-
mizes the portion of defective part, the structure can gain
a similar absorption with much less material and thinner
film, which is favorable for carrier transportation. Further
combining the black TiO2 with nanotube arrays (B-TNTs)
is another promising approach, such a structure was used
in photoanode for water splitting by Cui et al. [59]. As de-
picted in Fig. 6, the light absorption was enhanced dras-
tically, so that the photoanode gave a photocurrent den-
sity of 3.5 mA/cm2 and high ABPE of 1.2%, which is 5
times better than that of the pristine TiO2 nanotube ar-
rays (TNTs) (see Fig. 6).

Given the large overpotential for OER, a band gap of
1.5 eV like black TiO2 can be somewhat too narrow for
holes to have enough energy. A middle width around 2
eV could be a balanced choice between the light absorp-
tion and the energetics of individual carriers. Red TiO2

materials are suitable for bridging this gap, for instance,
the case reported by Yang et al. [43], the red TiO2 display

Fig. 5 (a) Spectral absorbance of the white and black TiO2 nanocrystals. The inset enlarges the absorption spectrum in the
range from approximately 750 to 1200 nm. The inset sample photographs comparing between unmodified white and disorder-
engineered black TiO2 nanocrystals. (b) Schematic illustration of the DOS of disorder-engineered black TiO2 nanocrystals, as
compared to that of unmodified TiO2 nanocrystals. Reproduced from Ref. [41], Copyright © 2011 American Association for the
Advancement of Science.
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Fig. 6 (a) Linear sweep voltamograms collected under 100 mW·cm−2 illumination using a three electrodes setup (working
TNTs or BTNTs, Pt counter, Ag/AgCl reference electrode, scan rate of 50 mV·s−1) in 1 M NaOH electrolyte (pH = 13.6).
(b) IPCE spectra in the region of 300–700 nm at 0.23 V vs. Ag/AgCl. (c) Transient photocurrent responses of the TNTs and
B-TNTs at 0.23 V vs. Ag/AgCl. (d) ABPE of the TNTs and B-TNTs as a function of applied potential. Reproduced from Ref.
[59], Copyright © 2014 Royal Society of Chemistry.

the maximum absorption edge beyond 700 nm but the
bandgap is larger than black TiO2. However, although
it is also produced from strong reducing conditions, the
chromophore forming mechanism is different from black
TiO2. 1H nuclear magnetic resonance (NMR) spectra in-
dicates the presence of new chemical environment of hy-
drogen species in the red TiO2. Moreover, both electron
spin resonance (ESR) and extended X-ray absorption fine
structure (EXAFS) spectra proved that the hydrogen was
introduced into V··

O. Combining experimental characteri-
zations with theoretical calculations reveals the excitation
of a new sub-valence band associated with atomic hydro-
gen filled V··

O. It is different with the discrete band yield
by V··

O below the edge of CB for trapping photogenerated
electron [56], even though the bandgap width decreased
in both structures.

We have discussed the pivot role of defects for modu-
lating the bandgap width via introducing new electronic
states to TiO2. The concept here offers an angle of view
about the manipulation of defects for narrowing band gap,
although the great chemical diversity between different ox-
ide materials may make it not likely to use the experience

of TiO2 to other systems directly. The motif is applicable
to other oxides, for instance, ZnO, Nb2O5, and S-doped
BiVO4 and N-doped BiVO4 with various doping and ther-
mal processing protocols [61–65]. However, the occurrence
of various defects with a raveled impact is quite common,
particularly for ternary oxides or mixed valence state ox-
ide. Such a situation can be very challenging for solving
out the physical mechanism which precisely reflects the en-
ergy band change, but on the other hand, the engineering
based on PEC performance is still workable. By combin-
ing the evaluation of external quantum efficiency (EQE),
IPCE and the absorption spectrum, the contribution from
enhanced absorption can be extracted in most cases.

An extreme situation of doping, in which an over-
whelming amount of dopant level was introduced, could
completely restructure the crystal into new phases. The
ternary metal oxide, such as BiVO4 [10, 66], SnNb2O6

[67, 68], and PbMoO4 [69], was formed by introducing
Bi3+, Sn2+ or Pb2+ to metal oxide for narrowing the SC
bandgap to the range of visible light [70]. The concept
is that, the initial VB of the binary oxides counterparts,
which mainly consists O2p orbitals, was hybridized with
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the orbitals of Bi 6s in Bi3+, or Sn 5s in Sn2+, Pb 6s in
Pb2+ and extended to higher energy levels. However, such
a band engineering route by new phases is developed into
another methodology and would not be discussed in this
review.

Although the light absorption change is the most intu-
itive difference induced by the defects, it may not be the
most important pattern of how the defects change the fi-
nal PEC performance. In later paragraphs, the electronic
impacts, particularly about the charge transfer and re-
combination are discussed.

3.2 Relationship with carrier transportation kinetics

Unlike photocatalysis, PEC system requires the electron
(from anode) to flow all the way out from the SC to exter-
nal circuit. Therefore, the photo-generated carriers must
pass through the SC layer for hundreds of nanometers and
even microns. Furthermore, the longer travel distance and
much less surface area suggests the SC must be conductive
enough to collect the current. Since the solar irradiation
typically creates bonded electron–hole pairs rather than
completely unchained free carriers, a large resistance will
significantly increase the chance of those pairs to recom-
bine via dissipation or photoluminescence. A fluent ex-
traction of major carriers can notably facilitate the move-
ment of minor carrier, namely holes in photoanodes, to
the electrode-solution interface. In general, there are two
factors related to the conductivity of the SC layer affect-
ing the carrier transportation. The first one is still the
crystallinity, for instance, the grain boundary scattering
and all types of defects (not only point defects discussed in
this section), changing the carrier mobility and lifetime;
the second factor is the carrier density, which is deter-
mined by one or several specific type of defects in the
SC. A suitable number of defects facilitate the major car-
rier transportation and benefits the photoelectrode with a
larger photocurrent density, but an excess number of de-
fects will act as recombination center that strongly trap
all photo-generated carriers. Therefore, it is very impor-
tant to control and optimize the defect level to achieve the
best PEC performance.

Unfortunately, this optimized number is usually very
hard to be predicted by modelling or computation. Exper-
imental trial-and-error process is still the best and most
straightforward method to figure out the optimized con-
dition for a specific system. This optimization has been
realized with various photoanodes, for instance BiVO4

[64, 71, 72], SnWO4 [73, 74], CuWO4 [75, 76], with di-
verse approaches including doping with metal ions, hy-
drogen, and other elements, or controlling the intrinsic
type of defects by post-synthesis activation procedures
(i.e., thermal annealing, UV-curing, photo-charging, elec-
trochemical treatment, etc.). These methods can improve
the conductivity and thus benefit the PEC performance.
Although it is very hard to predict the best level of de-

fects before test, the understanding of the speciation and
concentration of defects is still helpful for elucidating pho-
toanode property changes induced by the treatment men-
tioned above. In this section, we take BiVO4 as an example
to demonstrate how defects in SC layer were formed and
the impact to the photoanode. The case can serve as a
guiding paradigm to understand the defect in other oxide
SCs.

In general, BiVO4 is an promising candidate for PEC
water splitting applications due to its good chemical sta-
bility, suitable VB edge position for OER and a theoretical
maximum solar-to-hydrogen efficiency close to 10% [77].
However, its performance is limited by the hindered charge
transport kinetics [72]. Due to its poor carrier mobility
and a short carrier lifetime, the carrier diffusion length
is limited to 70 nm [78, 79]. The short board between
the transportation of electrons and holes can be discrim-
inated by the illumination configuration. For the case of
backside illumination, charge carriers are generated, on
average, closer to the back contact and electrons have a
shorter distance to travel, whereas the opposite is true for
front-side illumination [80]. The photocurrent density of
pristine BiVO4 in back illumination is always much bet-
ter than front illumination in numerous reports [18, 24],
suggesting the electron transport is the limiting factor in
those systems.

In another word, since electrons are the major carri-
ers in the n-type BiVO4, increasing its electron density in
CB can improve its electric conductivity and thus enhance
its photoactivity despite the side effect of recombination.
Given the flexibility of ternary oxide, doping is the most
straightforward and controllable approach to control its
carrier density via defects. The most commonly reported
doping species of BiVO4 includes high valence metal ions,
i.e., Mo6+, W6+, which substitutes V5+ sites [34, 71, 81–
85]. Specifically, a modest Mo6+, W6+doping act as donor
impurities for increasing the carrier density and reducing
majority carrier transport limitations, which caused ex-
tensive carrier accumulation and recombination. On the
other hand, the isovalent ions of Bi3+ such as lanthanide
(Ln) group elements Sm3+, La3+, Yb3+ could also im-
prove the conductivity of BiVO4 [86]. Again, several other
non-metal doping and reductive treatments were also re-
ported to be beneficial to the carrier transport properties
of BiVO4 photoanode. Since the chemical origin of above
mentioned techniques are distinctly diversified, they are
discussed specifically in following paragraphs.

As we stated above, one of the most developed doping
methods for improving the conductivity of BiVO4 is using
W6+ to substitute V5+ sites. Abdi et al. [81] reported
that 1% W-doped BiVO4 could boost the carrier den-
sity, thus resolve poor carrier transport limitation, which
could improve the photocurrent density to 2.3 mA/cm2

compared to ∼1 mA/cm2 without doping. Moreover, the
greatly enhanced electronic conductivity erased the pho-
tocurrent difference between front- and back-illumination,
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suggesting the carrier transportation in SC layer was no
longer the limiting issue. In addition, they suggested that
the increasement of carrier density attribute to W6+ sub-
stituting V5+ doping. If WO3 was solely doped to BiVO4,
as shown in Eq. (1), The process is thermodynamically not
favorable. In addition, Path (2) [see Eq. (2)] even reduces
the electron density:

WO3
BiVO4−−−−→ V′′′

Bi + W·
V + 3O×

O + V··
O, (1)

WO3 +
1

2
O2 + 2e′ BiVO4−−−−→ V′′′

Bi + W·
V + 4O×

O. (2)

To compensate the adverse impact of solely having WO3 in
above reactions, more Bi3+ need be brought in the struc-
ture as well [24, 72, 87]:

WO3 + Bi2O3
BiVO4−−−−→ 2Bi×Bi + 2W·

V + 8O×
O + 2e′. (3)

The inference could be deduced from Eq. (3) that W6+

substituting V5+ sites results in net positive charges. It
has to be balanced by free electrons that increases the
carrier density, improves the conductivity and enhances
the PEC performance.

In another report, the V··
O occurrence and contribution

in annealed BiVO4 was confirmed [84]. Its speciation can
be written as [24, 84]:

O×
O →

1

2
O2 + V··

O + 2e′. (4)

Since the reaction involves oxygen in the chemical equi-
librium, annealing in different atmosphere can lead to
different contents of V··

O. A lower oxygen partial pres-
sure yields a higher concentration of V··

O. The relationship
could be calculated by defect equilibria and Brouwer di-
agram. Specifically, to their sample [84], the air-annealed
sample have a higher electron density of 6.1× 1020 cm−3

in contrast to 4.8× 1020 cm−3 for O2-annealed sample.
Mo-doped BiVO4 was also widely studied in recent

years [5, 65, 82, 85, 88]. The function of the substitution of
V5+ with Mo6+ is similar to that with W6+, which could
primarily improve the conductivity and decrease the sur-
face carrier transportation barrier of photoanodes. How-
ever, Mo6+ doping works better than W6+ [89]. Nair et al.
[85] has reported a Mo-doped BiVO4 having impressively
improved carrier separation efficiency. The photocurrent
density of front- and back-side illumination in sulfite ox-
idation are similar and is 10 times bigger than that of
undoped sample. The amendment was explained by the
carrier transportation kinetics that, first, the electron mo-
bility was significantly amended, and second is the pro-
longed carrier life time. For instance, a 4-fold improve-
ment of the carrier mobility and the 200-fold of electron
lifetime increasement than pristine BiVO4 for Mo-doped
BiVO4 films was reported by Seabold et al. [90]. Mo-doped
BiVO4 with reduced space charge layer thickness can sig-
nificantly improve electron–hole separation and collection
by drifting, which is the dominating movement of carrier
in biased condition [85, 91]. Moreover, another plausible

possibility is that Mo sites can passivate traps and re-
combination centers at grain boundaries and perhaps also
at the BiVO4/electrolyte and BiVO4/FTO interfaces, so
that reducing not only the bulk recombination, but the
interfacial one as well [85, 92].

The isovalent ion doped BiVO4 in Bi3+ sites were re-
ported in numbers of cases as well. As shown by a typical
one reported by Govindaraju et al. [86], in Mott-Schottky
plots, the Sm and Yb doped sample shows a more sluggish
slop than pristine, suggesting their higher carrier density
than pristine BiVO4. Meanwhile, both the photocurrent
densities increased in Sm- and Yb-doped BiVO4. Com-
bining experimental and theory calculation, the results
showed these doping induced V··

O in bulk, which serves as
donors and contributes to higher carrier density.

The doping level does not need to be uniform in the SC
layer. For instance, gradient doping is a promising method
for improving the charge separation efficiency of BiVO4.
Such a route has been reported by Abdi et al. [93] by in-
troducing a gradient in the dopant profile, it is possible
to create a distributed n+-n homojunction in BiVO4. It
not only optimizes the carrier density for efficient charge
transportation, but also leads to a better charge separa-
tion efficiency by creating a wider space charge region.
A separation efficiencies up to 80% are achieved. In addi-
tion, the aforementioned host scaffold components (WO3)
of Host scaffold-guest absorber structure have the similar
function in some extent [31, 36].

The carrier transportation in BiVO4 photoanode via
other mechanisms rather than direct drifting or diffusion
were observed as well, for instance, by bonded state and
small polarons hopping [65, 78, 80, 94–97]. Recently, a ris-
ing trend is to improve the charge mobility by promoting
small polarons hopping pathway. Zhang et al. [96] have ob-
served the phenomenon that, the photocurrent density of
Mo-doped BiVO4 photoanode increase from 1.8 mA/cm2

to 4.0 mA/cm2 followed by temperature elevating from
10◦C to 42◦C, the fill factor also increase distinctly. The
mobility increased along with elevated temperature corre-
sponding to stronger small polarons hopping in SC [98].
Combined with theoretical calculation, the polarons inter-
mediated transport mechanism of Mo-doped BiVO4 was
proposed by Zhang et al. [95]. An additional electron is
placed at V sites and form the V4+O4 small polarons,
the V-O bond in V4+O4 is longer than V5+O4, which
implies strong electron-phonon coupling in this small po-
larons hopping process. A Mo6+O4 unit with positively
charge and small polarons V4+O4 unit with negatively
charge attract each other electrostatically, which decrease
electron transport efficiency in some extent. However, The
volume both of unit V4+O4 and Mo6+O4 are bigger than
V5+O4, which forces them to be separated easier for less
local structural distortion and a lower energy in crystal,
this volume effect is superior to electrostatic attract in-
teraction in carrier transport process. Therefore, a vol-
ume effect decreases electron transport path and provides
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a lower barrier for electron hopping. The small polarons
mobility and photocurrent density was boosted by extrin-
sic dopants, which provide the new insight into doping for
improving the photoanode properties.

In comparison with doping using other elements, hydro-
gen can be much more complicated than just as a dopant.
The hydrogen annealing process has been proved a quite
universal way to improve the conductivity and PEC per-
formance of n-type oxides. Even for binary oxides, the
mechanism of its impact is not fully clear yet and highly
diversified to different oxides [41, 80, 97, 99–102]. Nonethe-
less, this method creates various interesting functionalized
materials. As abovementioned, H2 atmosphere annealing
of pristine TiO2 lead to the formation of black TiO2 [41].
Such a distinct difference from hydrogenation treatment
drew great attention of researchers, and was used for not
only for aforementioned better light absorption, but also
improving the conductivity and the carrier transport ef-
ficiency of various SC photoanodes [34, 80, 97, 103, 104],
such as WO3 [105, 106], TiO2 [42, 60], BiVO4 [34, 80],
CuWO4 [101, 107], and Fe2O3 [102].

Cooper et al. [80] reported the performance improve-
ment of BiVO4 after annealing under hydrogen atmo-
sphere, which induced the formation of H interstitial

(Hint) and H substitute the O sites (HO) into BiVO4.
The majority carrier transport limitations can be observed
from the PEC properties in As-grown sample, As shown
in Fig. 7(a), the photocurrent density of back-side illu-
mination is 2.6 mA/cm2 contrast with 1.6 mA/cm2 in
front-side illumination at 1.23 V vs. RHE, consisting with
others reports [72, 85]. In contrast, after annealing in hy-
drogen at 275 ◦C, the photocurrent density of front-side
illumination increased distinctly rather than back-side il-
lumination, indicating the removal of limiting factor to
major carrier transportation. In addition, the onset po-
tential and fill factor were improved. On 1H-NMR spec-
tra [see Fig. 7(b)], peaks at 0.2 ppm and 7–9 ppm intro-
duced by hydrogen annealing were assigned to HO and
Hint respectively. Further, the content of V4+ increased
as well. These V4+O4 sites are small polarons and pro-
posed as the dominant contributor to the major carrier
concentration. Increasing the annealed temperature from
245◦C to 290◦C tuned the Fermi energy of samples from
0.49 to 0.44 eV below ECB [see Fig. 7(c)], and an upward
displacement of Fermi level due to the carrier concentra-
tion increased. The attraction between small polarons
with negative charge and positively charged V··

O results
in bound polarons, whose mobility is worse than unbound

Fig. 7 (a) PEC testing of nano-BiVO4 samples in 0.5 M phosphate buffer with 1 M Na2SO3 (pH 7.16), deposited on
FTO/glass substrates, showing the forward sweep of the second cycle from open-circuit voltage to 1.4 V vs. RHE. The Eon is
shown for the H2 annealed sample, which yielded the lowest value of 167 mV. As-grown films are compared to films annealed
in hydrogen at 275 ◦C. (b) 1HNMR of BiVO4 powder As-grown (gray) and H2 annealed at 270 ◦C (blue). The signal from the
As-grown sample is magnified 200× for ease of comparison. The signal at ∼7–10 ppm is consistent with interstitial hydrogen,
and the signal at ∼0 ppm is assigned to substitutional hydrogen. (c) Valence band spectra of As-grown BiVO4 (gray) and
BiVO4 that was H2 annealed at 245 ◦C (green), 265 ◦C (blue), and 280 ◦C (orange). Measurements were performed on BiVO4

thin films on FTO glass substrates and indicate a progressive shift of the Fermi energy toward the conduction band edge with
increasing H2 annealing temperature. (d) Temperature-dependent photoluminescence (PL) Spectra taken at 20 K are shown
for As-grown (gray) and H2 annealed at 265 ◦C. Reproduced from Ref. [80], Copyright © 2016 American Chemical Society.
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polarons created by self-trapping (HO or Hint) of photo-
generated charge carriers. Temperature-dependent photo-
luminescence (PL) spectroscopy also revealed a lower ra-
diative recombination (deep trap states associated with
V··

O defects) in H2-annealing sample than as-grown BiVO4.
Therefore, in BiVO4 samples, all experimental proofs sug-
gest that, although both related to a lower O content, only
the hydrogen incorporated defects rather than V··

O forma-
tion in the structure is beneficial to the PEC performance.

The hydrogen annealing process is applicable to other
n-type ternary oxides. Similar to BiVO4, CuWO4 pho-
toelectrodes also suffer from the low charge separation
efficiency in bulk [98]. Hu et al. [108] reported a bet-
ter photocurrent density of CuWO4 film by hydrogen-
treatment from 0.7 mA/cm2 to 1.0 mA/cm2. 3.5% of W6+

was reduced to W5+ revealed by X-ray photoelectron spec-
troscopy (XPS), which corresponds to the formation of
V··

O. The author proposed V··
O as shallow-donors for higher

carrier density, which is 2.7-fold of untreated sample. In
addition, Tang et al. [101] also reports that a larger cur-
rent density of H-treated CuWO4 samples, with carrier
density is 3.5-fold than the control. Similar reports also
have been discovered in MgFe2O4 and CuFe2O4 with those
of ZnFe2O4 [100, 109]. However, due to the experimental
difficulty of characterizing hydrogen atoms, particularly
as a dopant with low content, usually it is very hard to
discriminate the true contribution is from ether the simple
oxygen vacancy or hydrogen occupied sites. Even though,
experimental trials of hydrogen treatments to n-type ox-
ides are always worth to try, and the optimized conditions
can be empirically determined.

Electrochemical methods were also feasible to create de-
fects beside abovementioned routes of doping in the syn-
thesis or via thermal infusion from gas phase. An electro-
chemically reduction approach of doing that was reported
by Wang et al. [110] which can improve the conductivity
of BiVO4. The BiVO4 photoanode was reduced in mild
condition and brought out a photocurrent density of 10-
folds higher than the pristine BiVO4. They proposed the
remarkable improvement was probably due to the V··

O,
which is result of the reducing V5+ and Bi3+ to lower
valence state, this phenomena also be observed in Ref.
[11].

It is worthy to note that the doping level is not the
higher the better. Usually an over-doped sample could still
have good conductivity, but much shorter carrier diffusion
length due to strong scattering effect of carriers. Further-
more, the defects can also act as recombination centers
which result in deteriorated PEC performance, i.e., lower
onset potential and smaller photocurrent density, in the
next section, the negative effect will be discussed in detail.

3.3 Acting as recombination centers

In above paragraphs we discussed the constructive con-
tribution of defects to SC photoanodes. However, using
defects is a double-edged sword, which may also degener-

ate photoanodes as recombination centers which eliminate
electron–hole pairs. The crystal defect may have deep en-
ergy level in bandgaps which traps electron or/and hole,
decreasing the carrier lifetime. Indeed, almost all defects
could serve as recombination centers, such as vacancies,
impurity atoms and self-interstitial atoms.

For instance, Abdi et al. [72] reported that W·
V serve as

electron traps decreasing the carrier lifetime and mobility
for an order of magnitude. Its speciation can be written
as Eq. (5):

W·
V + e′ →W×

V . (5)

In addition, the carrier tend to be located and form
polarons decreasing the carrier transport efficiency as we
discussed above [97]. Therefore, the efforts for avoid or at
least reduce the undesired defects in SC are as important
as to improve the SC photoanode via “good” defects. Var-
ious approaches has been used to tame the doping into
desired levels, such as using reasonable doping elements
content [85, 96], control annealing temperature, time and
atmosphere [5, 9, 62, 104], and the redox chemistry of the
elements [11, 110] in the SC. Given the chemistry and
physics of these parameters are so diverged, we focus our
discussion to the performance aspects caused by above
processes.

The PEC performance varied with the doping concen-
tration was reported widely, such as W6+, Mo6+-doped
BiVO4 [81, 85, 111–113], Si, Mg-doped TiO2 [114, 115],
Ti4+, Si4+, Sn4+-doped Fe2O3 [20, 92, 116], Fe-doped
CuWO4 [75], and Ti4+-doped ZnFeO4 [117]. Taking our
previous work as an example, impacts of Mo doping on
BiVO4 PEC performance differed distinctly at different
doping levels. With Mo doping lower than 0.3 at.%, the
photocurrent increased along with Mo content; but for
doping concentrations between 0.3–1 at.%, the photocur-
rent decreased with higher Mo level. Such an observation
can be roughly explained that excessive dopant served as
the recombination centers [see Fig. 8(d)].

The intrinsic defects usually can be described with crys-
tallinity and its influence on the PEC performance has
been extensively examined [5, 8, 118–122]. However, the
exploration on crystallinity issue is sometimes limited by
the overall photoelectrode structure, for instance, the ITO
or FTO glass substrate. The particle transfer protocol
nicely bridged the variance of synthesizing SC material
themselves and the requirement of making good contact
of powders with the substrate [5, 67, 123, 124]. Using
this route, we explored the SC crystallinity changes dur-
ing post-annealing in different temperature and that in-
fluence on the PEC performance. As shown in Fig. 8, the
photocurrent density increased with BiVO4 prepared from
450◦C to 800◦C although particles grown larger simulta-
neously. The better crystallinity along with elevating tem-
perature [see Fig. 8(b)] produced better performance, indi-
cating the crystallinity suppressed the drawback brought
by sintered particles. Meanwhile, the crystalized structure
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Fig. 8 Characterization of bare 0.3 at.% Mo-doped BiVO4 electrodes. (a) Current–potential curves for sulfite oxidation
in 0.2M sodium sulfite containing 1M potassium borate buffer at pH = 9 under AM 1.5G irradiation comparing the charge
separation abilities of bare Mo-doped BiVO4/Ni/Sn electrodes prepared using As-synthesized particles, particles annealed at
various temperatures (as shown in the legend), and particles treated by 800◦C annealing followed with ball milling and 700◦C
post-annealing (800◦C-BM-700◦C). (b) Narrow-range XRD patterns of the same set of Mo:BiVO4 particles. The standard XRD
pattern for monoclinic BiVO4 is shown at the bottom (JCPDS, No. 83–1699). (c) SEM images of the same set of electrodes.
Scale bars, 1 µm. (d) Effect of Mo-doping contents on the photoelectrochemical properties of bare Mo:BiVO4/Ni/Sn electrodes.
CV curves of BiVO4 particle electrodes prepared from particles with Mo doping concentrations between 0–1 at.% were recorded
for sulfite oxidation under AM1.5G irradiation. The black curves are the corresponding dark currents. All BiVO4 particles were
treated by 800 ◦C annealing, ball milling and 700 ◦C post annealing sequentially. Fitted lines added as a guide to the eye.
Reproduced from Ref. [5], Copyright © 2016 Nature Publishing Group.

also reduced the chance of photo-corrosion that comparing
to nanoworm BiVO4. It is noteworthy that the annealing
process is affecting various aspects of the materials rather
than only reducing defects, for instance, it could result to
sintering, evolving of new defects, phase transformation,
surface reconstruction and even sublimation. Therefore,
it is tricky but necessary to carefully consider above men-
tioned possibilities and extract the true contribution from
the key factors behind phenomenological explorations.

A mild reductive condition may anneal the BiVO4 with
larger improvement. The mechanism of this annealing was
not completely clear yet, for instance, in above discus-
sion the improvement was mainly attributed to the hy-
drogen substituted or interstitial sites. However, in an-
other case reported by Jang et al. [97], they proposed
an explanation based on the elimination of undesired de-
fects. As shown in Table 2, the photocurrent density of
hydrogen treatment BiVO4 is increased 25% compared
to pristine BiVO4 with the onset potential shifted 100
mV lower. The carrier lifetime and carrier diffusion length
both increased about 2-folds than pristine BiVO4. On the
contrary, the carrier lifetime and diffusion length is de-
creased in W-doped BiVO4 than pristine BiVO4, the re-
sult was explained with the recombination centers formed

at W·
V defect sites in W-doped BiVO4. They also observed

the hydrogen contents increased significantly in hydrogen
treatment sample. Time-resolved microwave conductivity
(TRMC) shows the trap states appearing after hydrogen
treatment. In the meantime, the lower sub-bandgap pho-
toluminescence intensity represents the trap state reduc-
tion. Thus, the reduction in the number of trap states
was consistent with the increase in carrier lifetimes. Com-
bining experiment and theory calculation, they proposed
the formation energy of interstitial vanadium (V·····

i ) and
vanadium antisite on bismuth (V··

Bi) in lower than others
in untreated BiVO4, which means both defects are eas-
ier to form. However, the formation energy increased in
both defect by insertion hydrogen, therefore, the hydro-
gen treatment diminished the trap states and passivated
the lattice, which benefited the carrier lifetime and dif-
fusion length. Therefore, although the mechanism of im-
proved PEC performance by hydrogen annealing is not
detailed yet, experimentally such a method is quite useful
for achieving high performance photoanode.

The statement of eliminating undesired defects in the
bulk SC sounds always right for photoanodes. However,
the problem is what it is very hard to figure out the im-
pact of different defects in the bulk, particularly in some
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Table 2 Carrier mobilities, lifetimes, and diffusion lengths of pristine, hydrogen-treated, and 1% tungsten-doped BiVO4 [97].
(µ: Carrier mobility, µe: Electron mobility, µh: Hole mobility, τ : Carrier lifetime, Lh: Carrier diffusion length, Nd: Carrier
density) All values were measured using a 355 nm laser pulse with a photon flux of 1.65× 1012 photons cm−2 pulse−1.

Photoelectrode µ (cm2·V−1·s−1) µe (cm2·V−1·s−1) µh (cm2·V−1·s−1) τ (ns) Lh (nm) Nd (cm−3)

Pristine BiVO4 0.07 0.04 0.03 43 57 7.0± 1.7× 1018

H-BiVO4 0.08 0.045 0.035 109 101 1.1± 0.3× 1021

W-BiVO4 0.02 0.01 0.01 32 28 2.9± 0.8× 1021

defect-rich or nonstoichiometric structures. For instance,
α-SnWO4 with 1.64 eV bandgap that cross the redox po-
tential of water [73, 125–127] and has been regarded as a
promising photoanode materials. However, based on the
experiment of Zhu et al. [73], its performance was strongly
limited by the bulk defects. The porous α-SnWO4 film
prepared by a hydrothermal conversion of WO3 film only
produced a photocurrent density far below the theoreti-
cal number estimated from the bandgap width. The film
was tested in both nonaqueous and aqueous electrolyte
solutions, with performance barely changed. Sn4+ was de-
tected on the surface after aqueous test, which mechanism
is mentioned as below:

SnWO4 + H2O + 2h· → SnO2 + WO3 + 2H+. (6)

Such an oxidation did not take places in nonaqueous en-
vironment, indicating the surface Sn2+ oxidation is not the
limiting factor. The incapability of hole scavenger Na2SO3

towards its PEC performance also agreed with above con-
sideration. Besides, the anode transients became more ob-
vious in present of the hole scavenger than it absent. This
phenomenon may be resulted from localized or trapped
charge within the bulk. Based on both experiment and
modelling, they propose Sn antisite at W, Sn′′′′

w defect
could formed easily in Sn-rich and W-poor synthesis con-
dition, which play as the deep, localized hole trapping
states. Thus, the Sn′′′′

w defect may correspond to small po-
laron conduction similar to the scenario of BiVO4 as we
mentioned above. However, since the α-SnWO4 photoan-
ode was not extensively studied like BiVO4 or TiO2 yet,
both the experimental facts and related characterization
are far from sufficient to illuminate the impact of defects
in this structure. Therefore, the exploration of reasonable
synthesis conditions is even more desired for α-SnWO4

photoanode, particularly if it is well designed to illustrate
the specific role of a certain type of defects.

4 Interfacial states between semiconductor
and electrolyte solutions

The interface is the boundary condition for a piece of SC in
solid physics. On this layer, the lattice lost its translation
symmetry and result to new electronic and chemical states
that do not exist in the interior part. For PEC system,
these states decide the interface characteristics between

SC surface and electrolyte solutions. Since the dangling
bond cannot exist on a real surface in solution, the inter-
action between SC and solution results to surface states
via various mechanisms, such as lattice imperfection, im-
purities ion absorption, doping, SC surface species redox,
photocorrosion and chemical dissolution during PEC test.
The existence of interfacial states is a double-edge sword
with both two sides. The positive effects mainly include
serving as catalytic active sites, and modulating the sur-
face hydrophilicity, improving the carrier separation and
transfer efficiency, etc.. The negative effects are such as
serving as recombination centers, formation of Fermi Level
Pinning, and complication to the design of multilayered
structure. Both the pros and cons are discussed in this
section based on the mechanism, from the aspect of im-
proving their electrochemical activity, charge transfer ki-
netics, band position (Fermi level pinning) and stability.
The discussion is based on several popular photoanode SC
materials as the examples, for instance, TiO2, BiVO4, and
Fe2O3.

4.1 Surface active sites for electrochemical reaction

Almost all typical n-type oxide SCs are not good electro-
catalyst for OER reaction. This is not surprising since
the electrocatalytic materials have electronic structural
requirements that dramatically different with the band
structure for good PEC materials. In the cases of pho-
toanode with bared SC surface, the presence of defect can
provides electrocatalytic pathways for the photogenerated
holes to flow out of the SC. Namely, the defect works as
electrocatalytic sites and also become the new limiting
factor on surface to the overall efficiency of the photoelec-
trode. The evolvement of these type of defects is not rare
and has been spotted with many SCs, such as Ti3+ in TiO2

layer [40, 128–130], V··
O in α-Fe2O3 [131], V··

O in W-doped
BiVO4 [84], and quasi-V··

O in Mo-doped BiVO4 [82]. How-
ever, in most cases they are a serendipitous benefit from
the interface rather than rationally designed structure.

Different surface states may coexist on the same elec-
trode. To promote the formation of beneficial or at least
neutral defect would be important and helpful to the PEC
performance. For instance, the electron trapping states on
surface can be categorized into surface charge transporta-
tion and recombination centers. The W-doping to BiVO4

lead to the concentration and ratio between these two
types of surface states changed [112]. Using the W-doped
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BiVO4 photoanodes fabricated by electrospinning as the
model, their correlation can be investigated by cyclic
voltammetric (CV) studies. Based on the observation,
they proposed the different roles of defects in the process.
The evolution of surface states associates with different
W-doping level was showed in Fig. 9. A reversible redox

peak at 0.8 VRHE Corresponding to V4+/V5+ in BiVO4

was observed. This redox process was significantly larger
upon illumination, and the current density response to the
increasing scan rate positively, which indicate V4+/V5+ as
a reverse redox couple on BiVO4 surface, it can be written
as Eq. (7) and Eq. (8):

Trapping : V5+(bulk) + H+(aq) + e−photo → V4+(bulk) + H+(bulk), (7)
Detrapping : V4+(bulk) + H+(bulk)→ V5+(bulk) + H+(aq) + e−photo. (8)

V4+ induces the formation of the V··
O on the surface,

which enhances the hole transfer through the interface via
Eq. (9):

V4+(htrap) · · ·OH− → V4+ + OH·. (9)

On the other hand, the presence of oxo-V defects,
VO+

2 /VO2+, trap electrons easily but difficult to detrap,
and then increasing the chances recombination, it can be
written as Eq. (10) and Eq. (11):

Trapping : VO+
2 (surface) + 2H+(aq) + e−photo → VO2+(surface) + H2, (10)

VO+
2 (surface) + 2H+(aq)←−

(e′photo+h·
trap)recombination−−−−−−−−−−−−−−−−−−→ VO2+(surface). (11)

Only a suitable concentration of doping could balance
the required high concentration of V4+ sites and sup-
press the presence of oxo sites. Similar issue was reported
in another case of W-doped BiVO4 by Zhao et al. [84].
The V··

O plays as active sites in porous W-doped BiVO4.
The samples went through different annealing atmosphere
and gave a response of better carrier transport efficiency
through the interface with higher V··

O content.
The active sites with oxygen vacancies can be ob-

served with more details in some classical model systems.
For instance, by comparing pristine and reduced anatase
TiO2(001) surface with XPS and scanning tunnelling mi-
croscopy (STM), Wang et al. [128] observed the correla-
tion of oxygen and water adsorption associates with the

distribution of Ti3+. The spectroscopy-microscopy cou-
pled study clearly proved the Ti3+ defects are the primary
binding sites for H2O and O2. Even such an observation
may not exactly represent the true condition of photoan-
odes, the concept of understanding the interesting chemi-
cal sites is very helpful.

It is well known that the hydroxyl groups have a great
impact to the charge distribution in the double layer re-
gion of the SC electrode, thus may change their band
bending and other important features [132–134]. For in-
stance, various methods was reported for generating a
large amount of surface hydroxyl on TiO2 surface, such
as UV treatment [135], plasma etching [136], Hydrogen-
annealing [99], and Ammonia-induced reduction [132]. In

Fig. 9 Schematic illustration of the proposed mechanism as a function of the W doping level: low (a), middle (b), and high
(c); the thicker the arrow, the faster the process. Reproduced from Ref. [112], Copyright © 2018 American Chemical Society.
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above literature, the performance of TiO2 photoanode
with hydroxyl-rich surface was improved than their con-
trol to an extent. The phenomenon could be interpreted
that relating to surface-states acting as hole traps to form
new radical [132, 137]. And more importantly, the trapped
positive charge can be effectively used in water oxidation,
namely the surface states are actuarially acting as cat-
alytic sites promoting the water oxidation [135] with pro-
long the hole lifetime [132, 138], as shown in Eq. (12):

OH−
S + h·

S → OH·
S. (12)

OH·
S formation has been evidenced by diffuse

reflectance infrared Fourier transform spectroscopy
(DRIFTS) [138, 139] and electron paramagnetic resonance
(EPR) spectroscopy [140], Terephthalic acid (TPA) flu-
orescence probing [141], etc.. In addition, density func-
tional theory (DFT) calculation also predicted the photo-
generated hole combined with OH−

S to form OH·
s [142,

143]. Therefore, it is not very hard to interpret that even
with similar density of hydroxyl groups on the surface, the
activity can be very different responding to the pH of the
electrolyte solution.

It is worthy to note that, although these sites are benefi-
cial to the electrochemical steps, their presence might not
be necessary for a good photoanode. The reason is quite
simple that these sites are better than nothing, but still
not competitive to those well-designed electrocatalyst for
anodic reactions. In such a circumstance, the design con-
cept changed from bridging the holes with water oxidation
directly to link it with the suitable electronic state of the
electrocatalyst. Also, avoiding the undesired defects will
be still necessary for the efficient charge transfer through
the interface rather than recombination.

4.2 The Fermi level pinning by surface states

The surface states widely exist on all interfaces, but in
the context of photoelectrodes the term usually refers to
redox active surface states which could easily withhold
the charge carrier produce by the SC bulk. Such inter-
faces can be commonly seen with several metal oxides,
such as BiVO4 [66, 79, 112], Fe2O3 [144–146], MFe2O4

(M = Cu, Mg, Zn) [100, 118], and even metal oxo-nitrides
BaNbO2N [118] and nitrides (Ta3N5 [147–149]). The high
density of surface states trap the carriers and act as the
recombination centers [see Fig. 12(b)]. The charging of
these states leads to Fermi level pinning and anodic shift
of onset potential, which is destructive to the photoanode
[79, 150, 151]. Herein, we briefly discuss about these im-
pacts using Fe2O3 and Ta3N5 photoanodes as examples.

Surface states on Fe2O3 are mainly the result of oxygen
vacancies and hydrolyzation. The resulted Fe2+ in oxygen
deficient regions (V··

O) [145, 152–154] forms Fe2+/Fe3+ re-
dox couples acting as the recombination centers for holes
trapping during charge/discharge process [145]. Further-
more, these surface states usually lead to Fermi-level pin-

Fig. 10 (a) Under band-edge pinning condition (ideal con-
dition), the degree of band bending enlarges with enhanced
applied electric bias and the band position of the SC at the
SC/liquid interface remains unchanged. (b) Under Fermi-level
pinning conditions, the degree of band bending remains un-
changed and the applied bias drops within the Helmholtz layer
(HL). The gray and black lines in (a) and (b) are under differ-
ent bias. The bumps between SC and liquid in (b) represent
potential drop in HL. Reproduced from Ref. [155], Copyright
© 2013 Elsevier.

Fig. 11 The Evolution of Ta3N5 Surface Energetics: Stage
I: fresh Ta3N5 free of H2O. Stage II: Ta3N5 with partial H2O
adsorption due to exposure to ambient air. Stage III: Ta3N5

immersed in H2O. Stage IV: Ta3N5 with surface oxides. The
horizontal lines correspond to the surface Fermi-level position
of Ta3N5 in stages I–IV. Reproduced from Ref. [147], Copyright
© 2016 Elsevier.

ning (see Fig. 10), making the applied bias barely changes
the band bending which is required by the carrier drifting.
In this scenario, the photocurrent become strongly limited
and gives a notable retarded transient response.

Ta3N5 is another material severely suffering from the
surface states, as the result of a self-limiting surface oxi-
dation during the PEC test. He et al. [150] have reported
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their observation of the oxide amorphous layer on the sur-
face gradually grew to 3 nm upon prolonged testing time.
The phenomenon was also reported in other recent works
[148, 149, 156]. The defective oxide layers on Ta3N5 sur-
face lead to significant charge recombination and act as an
insulating layer which reduce the charge transfer across
the photoanode/electrolyte interface. The high density
of surface states resulted in Fermi-level pinning as well,
which fatally affects the photovoltage and stability. The
degree of Fermi-level pinning corresponds to the oxidation
content in Ta3N5 surface, as shown in Fig. 12. Efforts were
necessary to be made to alleviate this surface oxidation.

4.3 Surface-state passivation

Given many SCs with suitable band structure do not have
the suitable and stable surface for electrochemical reac-
tion, it is a better idea to completely cover the surface
with other functionalized materials, namely the passiva-
tion layer and electrocatalysts. As we discussed in the pre-
vious section, the surface states lead to PEC properties
decreasing. Thus, the surface state passivation is an effec-
tive strategy to improve the performance of photoanodes.

Fig. 12 Comparison of an n-type SC photoanode and the
effect on surface states with/without a passivation layer in a
water-splitting PEC cell: (a) the schematic J–V curves of an
photoanode with (red trace) and without (black trace) (a) sur-
face passivation layer; (b) surface defect states in the band
structure, which lead to high charge recombination and inef-
ficient water oxidation by the photogenerated holes; (c) ap-
plication of an OER catalyst layer, which promotes facile hole
transfer across the interface to the catalyst for improving water
oxidation; (d) application of a thin noncatalytic surface layer
to passivate defect states, strongly suppressing surface recom-
bination for improving water oxidation. Reproduced from Ref.
[163], Copyright © 2014 Royal Society of Chemistry.

Herein, we discuss several typical functional overlayers,
for instance, as depicted in Figs. 12(c, d), including cocat-
alysts (electrocatalysts) and passivation layers.

As we stated above, the existence of electrocatalyst/
cocatalyst is usually more effective than only using sur-
face states as the intermediates for anodic reactions. Load-
ing oxygen evolution cocatalyst on Fe2O3 effectively ex-
tracts the holes by providing suitable energy states to re-
duce recombination and accelerate the surface reaction
[146] [see Fig. 12(c)]. Typical cocatalysts include Co-Pi
[157–159], IrOx [160], NiFeOx [161], etc.. For instance,
Zhong et al. [159] have described that the Co-Pi cocat-
alyst film prepared by photo-assisted electrodeposition
on to mesostructured α-Fe2O3 photoanodes. The pho-
tocurrent onset potential shifted −170 mV, which suggest
that the Co-Pi cocatalyst greatly eliminated the electro-
chemical polarization. Klahr et al. [158] reported ALD
grown Fe2O3 film with Co-Pi cocatalyst layer of different
thickness by photo-assisted electrodeposition. The nega-
tive shift of onset potential increases with Co-Pi film thick-
ness. The charge collecting and storing properties of Co-
Pi cocatalyst was studied with electrochemical impedance
spectroscopy (EIS), suggesting the Co-Pi cocatalyst en-
hances carrier separation and prevents the recombination
on the surface. Furthermore, recent operando study by
Tilley et al. [160] using potential-sensing electrochemical
atomic force microscopy indicated the Co-Pi was charged
by photogenerated holes from Fe2O3 during the PEC test
until it reached a potential where Co-Pi-mediated water
oxidation entered the steady-state and then drives wa-
ter oxidation. The Co-Pi extracts holes from the SC layer
and uses them in oxygen evolution reaction. However, the
contribution of Co-Pi to photoanodes is somewhat contro-
versial, regarding what is its primary role on the surface.
Nonetheless, other electrocatalysts such as IrOx [160] has
similar improvement as cocatalysts which can reduce the
surface recombination and lower the onset potential.

Since the cocatalyst layer may not be compact enough
to completely protect the inner SC layer, a passivation
layer is still preferred for photoanodes with stability over
tens of hours. Besides serving as a separator between SC
and solution, another important role of the passivation
layer is to avoid the formation of surface recombination
centers [see Fig. 12(d)]. Hisatomi et al. [144] have reported
13-group oxide layer (Al2O3, Ga2O3 or In2O3) deposited
onto the Fe2O3, the Fe2O3 modified with Ga2O3, the onset
potential shifted −0.2 V and the photocurrent density in-
creased at lower potential 1.2V vs. RHE. Using Al2O3 and
In2O3 overlayers have similar effect in lowering the onset
potentials. Similarly, Yang et al. [162] have deposited the
ultrathin TiO2 layer by Atomic Layer Deposition on the
Fe2O3 film, the photocurrent onset potential shifted −0.1
V.

Besides a coating or deposition, a functional overlayer
can be introduced by in-situ reactions of the SC during
PEC tests. Hu et al. [145] reported the V··

O closely related
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to the surface state. The oxygen atom are “covalently
fixed” in phosphate (PO3−

4 ), which suppress the forma-
tion of V··

O. Thus surface state was passivated efficiently
and the onset potential was lowered of 0.15 V. The pho-
tocurrent density increased 4.2-fold than pristine Fe2O3.
The oxygen atoms on the surface are “covalently fixed” in
phosphate anions, which inhibited the surface states and
promoted the PEC performance.

New chemical bonds take places with the new interface
between cocatalyst or passivation layer with the SC. For
instance, He et al. [148] have observed that the Ta-O-Co
bonding formed between Co(OH)2 and Ta3N5 under the
PEC condition (see Fig. 13), which reduced Fermi-level
pinning effect. This phenomenon is similar with above-
mentioned covalent bond between phosphate and V··

O in
Fe2O3. The onset potential shift from 1.0 V to 0.8 V
vs. RHE and photocurrent density increased from 2.2
mA/cm2 to 4.2 mA/cm2 after the in-situ activation. The
open-circuit potential (OCP) of Ta3N5/Co(OH)2 as mea-
sured in light shifted negatively due to PEC reactions
by 0.14 V, indicating that the surface Fermi level shifted
toward the conduction band edge. The intensity modu-
lated photocurrent spectroscopy (IMPS) data clearly con-
firmed that surface recombination rate constants (kre) at
0.9 V decreased by a factor of 3 when the PEC treat-

ment was extended from one CV scan to 20 min photo-
electrolysis. In addition, the stability was elevated to over
150 min comparing to the freshly-prepared one with 60
min. Those phenomena indicated that the Fermi-level pin-
ning was lifted by Ta-O-Co bonded interaction, with re-
duced surface charge recombination as well as a better
cross-interface charge transportation.

Liu et al. [156] reported that the surface state of Ta3N5

was passivated during cooling down process of synthesis
by replacing NH3 flow with trace amount of O2 containing
Ar flow, This passivated sample named as Ta3N5(P) (see
Fig. 14), The onset potential was lowered by 130 mV com-
pared with the control sample. The photocurrent density
increased to 2.5 mA/cm2 compared to 1 mA/cm2 at 1.23
V vs. RHE. Furthermore, after they removed this passi-
vation layer with etchants, the photocurrent curve resem-
bled the pristine Ta3N5. Therefore, this case provides a
paradigm of rational control of the side reactions during
the preparation procedure.

Zhong et al. [164] reported that an effective GaN coat-
ing strategy is developed to remarkably stabilize Ta3N5

by forming a crystalline nitride-on-nitride structure with
an improved nitride/electrolyte interface. Mott–Schottky
plots results evidenced that the flat-band potential of
GaN/Ta3N5 sample is 0.22 V vs. RHE, which was sig-

Fig. 13 Proposed mechanism for the Formation of the Ta-O-Co Bond under PEC Conditions. The surface oxidation of bare
Ta3N5 and the electrochemical oxidation of Ta3N5/Co(OH)2 are included for comparison. Reproduced from Refs. [147, 148],
Copyright © 2017 Elsevier.
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Fig. 14 (a) The HRTEM image of the as-prepared Ta3N5

photoanode. (b) HRTEM image of the post treated Ta3N5(P)
photoanode. (c) Current–potential curves of pristine Ta3N5,
Ta3N5(P) photoanodes and the Ta3N5(P) photoanode with
H2O2 under AM 1.5G simulated sunlight at 100 mW·cm−2

in 1 M NaOH aqueous solution (pH = 13.6). Reproduced from
Ref. [156], Copyright © 2016 Royal Society of Chemistry.

nificantly improved compared to that of 0.8 V vs. RHE
for bare Ta3N5. The onset potential for CoPi/Ta3N5 is
0.8 V vs. RHE, whereas the onset potential for CoPi/
GaN/Ta3N5 is 0.65 V, although the VB offset between
GaN-Ta3N5 introduced over-potential. In addition, CoPi/
GaN/Ta3N5 is stable over 10 h, whereas the photocurrent
density of CoPi/Ta3N5 faded away about in an hour.

A universal method or protocol for passivation layer is
highly desired by the community. Recently, the amor-
phous titanium oxide have drew great attention [165].
Such a layer prepared by atomic layer deposition (ALD)
is still conductive enough with the thickness over 100 nm.
It serves as both passivation layer and hole transports
layer to prevent the photoanode contact with electrolyte
directly, which could transfer hole effectively. It was used
widely with various photoanodes, such as BiVO4 [166],
Ta3N5 [156], Si-based SC [167–169], and GaAs [165]. Such
a universal passivation layer can be prepared by electrode-
position as well, which lowered the requirement of instru-
ments [166]. A passivated W-doped BiVO4 by this manner
showed an onset potential shift of −500 mV and were sta-
ble over 12 h. In addition, Liu et al. [156] have reported
that coating of amorphous titanium oxide on Ta3N5 sur-
face by a chemical bath of TiCl3 solution followed by mild
curing step. The TiOx layer significantly enhanced charge
injection efficiency and the photocurrent increased from
6.8 to 10.7 mA/cm2. It was also shown to serve as elec-
tron blocking layer that separates back electron and sur-

face stored holes in the hole-storage layer, and suppresses
the electron–hole pairs recombination at surface.

5 Outlook

In PEC systems, the more complicated nature of OER
reaction determined that the water oxidation process on
photoanodes is usually the rate limiting step for the whole
circuit. The high efficiency unbiased water oxidation with
visible light, which containing more than 40% of solar en-
ergy, is one of the holy grails of this field. Such an ultimate
goal raised several requirements for the development of
photoanodic materials. In this review, we briefly discussed
how these issues were addressed from the consideration of
crystal defects, which is a different angle of view in com-
parison of perfect materials. The imperfectness provides
unique interactions in the SC, on the SC and the SC-
solution or SC-substrate interface, with optical, electronic
and chemical impacts of both pros and cons.

Considering the complexity of chemistry in the prepa-
ration, it is usually very challenging to only produce de-
sired defects. Furthermore, even only with a certain type
of defect, it may act as a double edge sword, for instance,
introducing additional carrier but also serving as scatter-
ing or recombination centers. Therefore, the preparation
of efficient photoanode highly relies on the optimization
on experimental conditions. The understanding of specia-
tion of defects and their role may not be able to precisely
predict the behavior of a new material but can provide im-
portant guiding information that greatly shorten the pe-
riod for optimizations. Necessary characterizations which
provide these key understandings include those focusing
on the structural aspects such as composition, lattice pa-
rameters, microstructures, and the spectroscopic features
reflecting the electronic nature of the materials. These
measurements bridge the gap between synthesis condi-
tions and the performance, so that at least the general
trend of the optimization in synthesis can be specified and
save considerable amounts of workloads.

Compared with bulk defects, working with the sur-
face defects or surface states is a more complicated issue.
The complication comes from two aspects. First, the sur-
face defect is dynamically interacting with the environ-
ment. Such a scenario means the species and structures
need to be characterized and considered with its operando
condition, or at least a double check of spent photoan-
odes. Second, the surface defects are even more sensitive
to the preparation aspects, for instance, the same nano-
/microstructure with different crystal facets could have
very different surface chemistry behaviors. Given the com-
plexity of exposing SC surface to the electrolyte solution, a
completely covered passivation layer is a much easier route
for designing new photoanodes. However, the limitation
still exists because such a uniform high-quality coating
is not easy to prepare particularly for three-dimensional
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nanostructured SC electrodes. On the other hand, con-
sidering the cost-effectiveness as a key limiting factor for
future practical application, such a coating/deposition
should be with low cost. Currently, most of the photoan-
odes with champion performances were prepared using ad-
vanced deposition methods, i.e., ALD, PLD and sputter-
ing. Development of simple and scalable functional coating
with either cocatalyst or passivation layer are desired.

In short, the presence of defects is a double-edged sword
to the SC photoanode for solar water splitting. In the
development process, a motif emphasizing the profound
connection need to be always carefully considered. The
logic chain includes the preparation conditions, the mate-
rial structure, the subsequent properties, and finally, the
photoelectrode performance. Both synthesis methods and
characterizations are important to the control of defects.
Even great efforts have been made on controlling the de-
fects, many details are still likely to remain unclear partic-
ularly for emerging new ternary oxides and new interfaces.
In this context, in-situ characterization methods will be-
come more and more important to understand both the
formation and the evolution of defects during the synthe-
sis and in operando conditions. Studies to the prepara-
tion works are differentiating into two types, either using
advanced techniques to break the records, or developing
scalable procedures with competitive state-of-the-art per-
formance.
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