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Abstract As an eco-friendly, efficient, and low-cost tech-
nique, photoelectrochemical water splitting has attracted
growing interest in the production of clean and sustainable
hydrogen by the conversion of abundant solar energy. In
the photoelectrochemical system, the photoelectrode plays
a vital role in absorbing the energy of sunlight to trigger
the water splitting process and the overall efficiency de-
pends largely on the integration and design of photoelec-
trochemical devices. In recent years, the optimization of
photoelectrodes and photoelectrochemical devices to
achieve highly efficient hydrogen production has been
extensively investigated. In this paper, a concise review of
recent advances in the modification of nanostructured
photoelectrodes and the design of photoelectrochemical
devices is presented. Meanwhile, the general principles of
structural and morphological factors in altering the
photoelectrochemical performance of photoelectrodes are
discussed. Furthermore, the performance indicators and
first principles to describe the behaviors of charge carriers
are analyzed, which will be of profound guiding signifi-
cance to increasing the overall efficiency of the photoelectro-
chemical water splitting system. Finally, current challenges
and prospects for an in-depth understanding of reaction
mechanisms using advanced characterization technologies
and potential strategies for developing novel photoelec-
trodes and advanced photoelectrochemical water splitting
devices are demonstrated.
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1 Introduction

With the growing energy demand, there is an urgent need
to develop safe, clean, and renewable energy to replace
the current energy dominated by fossil fuels [1,2]. Solar
energy is the most abundant and freely available energy
resource on earth whose utilization exerts no harmful
impact on the natural ecosystem [3]. About 36000 TW
solar energy reaches the land every year [4], only one-
thousandth of which is sufficient to meet the global
energy demand. Therefore, a great deal of work has been
carried out to convert solar energy into applicable forms
like electricity, thermal energy, chemical energy, and
fuels [5—10]. Among these green energy sources, hydro-
gen has shown great potential to be an amazing renewable
energy carrier [11—14], which could be directly applied to
a combustion process to release heat without carbon dio-
xide emission or converted into other resources through
fuel cells or classic chemical reactions (e.g., Fischer-
Tropsch reaction and ammonia synthesis). Therefore, con-
verting abundant solar energy into clean and renewable
hydrogen could broaden its application scope and allevi-
ate the energy crisis.

This conversion could be realized through photoche-
mical and photoelectrochemical (PEC) systems where
water is split into hydrogen [15—17]. In a photochemical
water splitting system, photocatalysts are dispersed in
water and generate hydrogen in the solution under visible
light irradiation, which is easy to operate but has certain
limitations like the low efficiency and mixed gaseous
products of hydrogen and oxygen. In contrast, the PEC
water splitting system uses photoelectrodes to separate
products where hydrogen is produced at the cathode
while oxygen is at the anode, as shown in Fig. 1. In the
PEC water splitting system, an external bias could be
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applied to improve its performance by accelerating the
separation of photogenerated electrons and holes [18].
Thus, more attention has been paid to the efficient PEC
water splitting system. This system consists of three steps,
namely light-harvesting by photoelectrodes, the separa-
tion and transport of photogenerated charge carriers, and
surface redox reactions [19,20]. All these procedures are
vital to achieving the desired PEC water splitting perfor-
mance, especially the photoelectrodes that are the core
components intensively involved in them. In 1972, Fuji-
shima and Honda reported a PEC water splitting system
comprised of an n-type TiO, photoanode and a Pt cathode
[21]. Since then, numerous efforts have been devoted to
the reasonable design and optimization of photoelectrodes
like compositions, structural and morphological control,
and element doping, thus improving the active sites and
electronic structures and overcoming the defects of photo-
electrodes to facilitate the PEC water splitting process.
Moreover, theoretical studies have been conducted on the
excitation of photogenerated electron-hole pairs, the
separation of the charge carriers, and their transport at the
interfaces of photoelectrode/electrolyte for further redox
reactions [22—24]. Research on these dynamic processes
of charge carriers could provide a comprehensive under-
standing of their underlying mechanisms, thus further
guiding the development of advanced photoelectrodes.
Furthermore, device engineering is also essential to maxi-
mize the utilization efficiency and prolong the stability of
each component in PEC devices in practical application.
Generally, a PEC water splitting device consists of photo-
electrodes, electrocatalysts, electrolytes, and membrane
separators [25—27]. When the highly efficient and stable
photoelectrodes are assembled into a PEC cell with a
given geometry, the optimal performance might not be
achieved due to the mismatches between different compo-
nents [28—30]. Due to the limit of the operation conditions
like the light absorption range [31], light intensity [32],
pH of electrolyte [33], and operating temperature [34],
the performance of photoelectrodes in the assembled cell
might be inferior to the performance of those obtained in
separate tests. Therefore, the selection of suitable photo-
electrodes and construction of effective devices should be
carefully coordinated to build high-performance devices,
thus promoting the PEC water splitting technique to
further realize the large-scale production of hydrogen.

This review covers the basic process that occurs in the
PEC water splitting system, the performance evaluation
parameters and theoretical investigation on behaviors of
charge carriers, as well as the rational designs of the core
photoelectrodes and devices. In addition, the optimization
strategies for photoelectrodes construction are summarized,
including crystallinity, size, bandgap, fabrication process,
and other closely related factors. As for the device cons-
truction, four types of cell architectures are presented, i.e.,
single photoelectrode-based cell, Z-scheme, tandem, and
monolithic PEC systems. Furthermore, the current challen-
ges and prospects for the future development of the PEC
water splitting technique are also demonstrated.
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Fig.1 Schematic of PEC water splitting by using a semicon-
ductor material.

2 Basic mechanism involved in the PEC
water splitting

The basic PEC water splitting mechanism involves
multiple physiochemical processes [35]. When a solar
photon is absorbed by semiconductors, a pair of electron-
hole charge carriers will be formed in semiconductors.
Afterward, these charge carriers are transferred and
separated and the excited electrons are passed to conduct
the hydrogen evolution reaction (HER) while the holes
are consumed for the oxygen evolution reaction (OER)
[36—39].

The reactions involved in the PEC water splitting are as
follows [40]:

HER : 4H" +4e_—2H, (1)
OER : 2H,0 +4h/,—0, + 4H" 2)

Overall reaction : 2H,0—2H, + O,, AG° = 237 kJ - mol '
(3)

where e, represents the photogenerated electrons in the
conduction band (CB) while h; represents the photoge-
nerated holes in the valence band (VB). According to the
Planck-Einstein relation, photon energy of 1.23 eV is
almost equal to the wavelength of 1008 nm [41], indi-
cating that the photons present in the solar spectrum con-
tain sufficient energy for splitting water. Theoretically,
water has a transparent nature in the UV-visible range of
350—800 nm, whereas the sunlight at a wavelength lower
than 190 nm could only accomplish the auto-photolysis of
water. Moreover, it has been observed that when a
semiconductor utilizes wavelengths of < 600 nm, its solar
conversion efficiency will increase from 2% to 16%.
Therefore, the PEC water splitting under visible light
irradiation has received great attention since the 1970s
[21,25,42,43].

The photoelectrode of the light absorption component
is composed of n-type or p-type semiconductors acting as
photoanodes and photocathodes, respectively [36]. When
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a photon with greater energy than the bandgap energy
(E,) of photoelectrodes is absorbed, a pair of charge
carriers will be created to excite electrons to the CB and
leave holes in the VB. The potential of VB should be
greater than the redox potential of O,/H,O, which is
1.23 V vs. NHE (normal hydrogen electrode) at pH = 0,
to motivate the water oxidation (i.e., OER). Besides, the
potential of CB should be more negative than the redox
potential of H/H, (0 V vs. NHE at pH = 0) in order to
carry out the reduction of water (i.e., HER) [37,39,44].

The transportation and separation processes of photo-
generated electron-hole pairs are closely related to the
band bending phenomenon that occurs at semiconductors.
Once a semiconductor is immersed into an electrolyte
solution, there will be an electron transfer process at the
interface of the semiconductor and electrolyte to reach an
equilibration state. In this state, the Fermi level of semi-
conductors is equilibrated with the oxidation-reduction
potential of electrolyte solution. This electron transfer
behavior at the interface causes a band bending of
semiconductors, which is the driving force for the
separation of electron-hole charge carriers [4,45]. A more
detailed explanation of the separation and transport of
charge carriers will be presented in section 5.

The last step comprises redox reactions, which occur at
the surface of the catalyst to conduct water splitting. Both
the appropriate reaction dynamics and charge carrier
potential are critical for the high-efficiency PEC water
splitting. Compared with the theoretical value of 1.23 V
vs. reversible hydrogen electrode (RHE), the additional
potential is required to drive the water splitting process,
which is termed “overpotential”. The overpotential com-
pensates for the energy loss when holes pass through the
space charge region and electrons move to the counter
electrode via an external circuit [46]. Besides, the
overpotential is also applied to overcome the energy
barriers related to oxidation and reduction reactions.

3 Photoelectrodes for the PEC water
splitting

The basic principles for photoelectrolysis energetics have
been studied and explored for decades [38,47,48]. In terms
of photoelectrocatalysis, there are two minimum require-
ments for a semiconductor photoelectrode to conduct
water splitting without any applied voltages. First, the
stored free energy during the photogeneration of electron-
hole pairs should exceed 1.23 eV (at 298 K) to success-
fully conduct the energy separation between the O,/H,O
and H/H, redox energy levels. Second, the free energy
levels of the electrons and holes must straddle the redox
energy levels of O,/H,0 and H'/H, to proceed with both
water oxidation and proton reduction. Generally, an E,
significantly larger than 1.23 eV is required to overcome
the overpotentials of these redox reactions [49,50]. The
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VB and CB positions of various semiconductors in
correspondence with the reversible H, and O, redox
energies at pH = 7 are shown in Fig. 2 [S1]. Among the
oxides shown in Fig. 2, only those with a wide bandgap
(e.g., SrTiO;) could conform to the above-listed
principles. However, the solar-to-hydrogen (STH) effici-
ency of SrTiO; is rather low because it could only absorb
the UV light of the solar spectrum [52]. Therefore, certain
efforts have been made to focus on the integration of
wide bandgap oxides with semiconductor materials to
fabricate promising metal oxides-based photoelectrodes
which could absorb a wide spectrum of solar light to split
water into hydrogen and oxygen molecules. To this end,
tandem systems are designed in which n-type and p-type
semiconductors could be connected in an optical series to
conduct PEC reactions [37,53]. Theoretically, if two photo-
electrodes have considerable band gaps, the maximum
efficiency of n—p tandem PEC devices can reach 46% and
no additional energy will be required to conduct overall
water splitting. However, the experimental efficiency
could not reach the maximum theoretical efficiency. One
of the main causes for this efficiency loss is the recom-
bination of photogenerated electrons and holes. In a PEC
cell, the recombination becomes acute. For example, in
the photoanode, the water oxidation involved with four
electrons is much slower than the reduction of protons by
two electrons, resulting in mismatched consumptions of
electrons and holes. Moreover, the reaction of holes
generating O, also generates some intermediate species in
the four-electron process when it occurs at the surface of
an n-type photoanode, which ultimately traps electrons
from CB. In both cases, recombination might occur and
lead to low efficiency of the PEC water splitting
[30,47,54]. Hence it is necessary to enhance the photo-
anode efficiency by increasing the interfacial electron
transfer rate and decreasing the recombination rate.

In a tandem cell-based PEC device, a tandem confi-
guration is designed in which a conventional solar cell is
connected with photoelectrodes in an optical series to
provide the additional bias needed to conduct the PEC
water splitting [55]. This bias applied externally serves
two purposes. First, it creates a depletion layer in the
photoanode to facilitate the separation of photogenerated
electron-hole pairs. Second, it facilitates the proton
reduction by shifting the electrode potential of the metal-
based cathode to a more negative direction compared
with the reversible hydrogen potential. Therefore, the
theoretical efficiency of this photovoltaic tandem arrange-
ment is similar to that of an n—p tandem configuration
[36,56,57].

4 Performance indicators for the PEC
water splitting

After the fabrication of PEC devices, it is necessary to
evaluate the parameters to determine their performance.
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Fig.2 The positions of VB and CB for several binary and ternary
oxide semiconductors on the vacuum scale at pH = 7. The upper
and lower dotted lines describe the energies of the reversible
hydrogen and oxygen electrodes at pH = 7, respectively. Reprinted
with permission from ref. [58], copyright 2014, Wiley-VCH.

As the ratio of the chemical energy stored in H, to the
solar energy input, STH conversion efficiency defines the
overall PEC performance of a device at solar Air Mass
1.5 Global (AM 1.5 G) illumination under zero bias
conditions, set as a benchmark value to evaluate
photoelectrode  candidate  materials in  different
electrolytes [36,59,60]. The STH could be calculated by
the equation below [60]:

il X 1.23 (V) %@y
P

where J_ is the short circuit photocurrent density of a
PEC cell, @y denotes the Faradaic efficiency for hydrogen
evolution, and P represents the power density of incident
light.

The Faradaic efficiency of a PEC cell is calculated to
evaluate the utilization of generated electrons, thus
further probing the undesirable side reactions like photo
corrosion. It could be calculated by the ratio of the
evolved gas to the theoretically evolved gas about the
measured photocurrent as below [61]:

STH = x100%,  (4)

AM15G

Faradaic efficiency (H, or O,)

A t of H, or O luti
mount of H, or O, evolution % 100%. (5)

" Theoretical amount of H, or O, evolution

Similarly, the parameter of incident photon-to-current
efficiency (IPCE) could be employed to evaluate the
quantum efficiency at a specific wavelength. It could be
defined as the number of photogenerated charge carriers
which contribute to the photocurrent per incident photon
and calculated by the equation [4]:

Total energy of converted electrons
IPCE (1) = gy Al

Total energy of incident photons

(Jphoto(/l)) x (h_C) (6)

:e—/l x100%,
P(Y)
where, 4 is the Planck constant, J ., denotes the photo-
current density at the specific wavelength of the incident

light, ¢ represents the light speed, e is the charge of an
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electron, A indicates the incident light wavelength, and
P(2) denotes the incident light intensity at the particular
wavelength.

In addition, other performance indicators like the appl-
ied bias photon-to-current efficiency and the absorbed
photon-to-current conversion efficiency could also be
applied to indicate the utilization of the absorbed sunlight.

5 Charge generation, transportation, and
utilization

In general, some complicated PEC processes are usually
involved in solar-driven water splitting, which are critical
to the final PEC efficiency for water splitting. Therefore,
the primary processes including charge generation, trans-
portation, and utilization are presented in this section, as
illustrated in Fig. 3. Meanwhile, the relevant contents of
the first principles are also introduced to depict the
energetic and dynamic behaviors of these three processes.

5.1 Charge generation

In the beginning, the energy of a photon is greater than
the band gap of a semiconductor, an electron absorbs the
photon and is excited from a filled VB to an empty CB,
afterward a hole is generated in the VB and an electron is
generated in the CB, resulting in an electron-hole pair.
The holes are positively charged in an excited state while
the electrons are negatively charged. In a semiconductor
material, the VB band (occupied) and the CB band
(unoccupied) are separated by a band gap, which could
block the energy dissipation channels caused by the lack
of accessible electronic states, thus efficiently preventing
the energy from dissipation. When the absorbed photon
energy is much larger than the band gap, the electrons
might be transferred to higher states in the CB. This
newly generated electron-hole pair is initially in a non-
equilibrium state and afterward in an equilibrium state
with extra energy exhausted due to the carrier—carrier
interactions [22,38,47,62]. These interactions could be

V. N

H'

C‘(;)-catalyst

Fig.3 Schematic processes of charge generation, transportation,
as well as surface redox reactions on a photocatalyst.
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clarified into collision and recombination. On one hand,
the electrons and holes could reach the equilibrium state
through their carrier—carrier collisions. On the other hand,
the electrons and holes are recombined while releasing
luminescence or heat to reach the equilibrium state [63].
Based on the discussion above, the incident intensity and
band gap of photoelectrodes determine the theoretical
power conversion conducted by photoactive semicon-
ductor materials. Therefore, the optimization of band gaps
is of huge significance to photoelectrodes, which could be
achieved by density functional theory that is generally
introduced to the design of band gaps. However, there
might be inconsistency in predicting band gaps between
theory and practice due to the limitation of density func-
tional theory calculation in modeling [64]. Nevertheless,
it is still a long-term and arduous task to explore semicon-
ductor materials with appropriate band gaps for the PEC
water splitting. From an experimental perspective, the
band gap of semiconductor material could be optimized
through not only the modification of materials’ structures
and compositions but also the doping method. Different
from the alteration of composition, dopants in small
amounts would not affect the bulk structure, but they
could replace host atoms or remain at the interstitial site
[64], to optimize the band gaps of bulk semiconductors.
Furthermore, doping with two or more suitable elements
might remarkably enhance the photocatalytic properties
of a semiconductor material due to the synergistic effect
between host elements and co-doping elements. This
synergistic effect exerts a positive impact on the light
absorption and the separation ability of the photogen-
erated electron-hole pairs [65,66].

5.2 Charge transportation

The charge separation will occur immediately after the
electron-hole pairs are photogenerated. The positively
charged holes and negatively charged electrons are
attracted to each other by Coulomb attraction, thus being
bonded together in space under certain conditions. The
formed complex containing one hole and one electron is
called an exciton. The Coulomb attraction between holes
and electrons determines the spatial distribution and
charge transportation. The electron-hole pair could be
regarded as a free carrier when its wave function turns to
be irrelevant. The heavier charge carriers demonstrate a
smaller root mean square motion compared with lighter
ones, implying that the lighter carriers could achieve
much more effective charge separation [22,54,67]. The
interface plays a key part in effective charge separation.
Specifically, it stimulates the separation of electron-hole
pairs in the form of p—n junctions. Due to the electro-
chemical potential differences between photoelectrodes
and electrolytes, the space charge layer would be formed
and the electrons would flow from the region with higher
potential to that with lower potential. During the process,

a compensating electric field is created by the aggregation
of electrons to stop the backflow of electrons, causing a
band bending of semiconductor materials. Theoretical
studies have suggested that the band bending in a PEC
system is heterogeneous and intensively distributed in the
defect region [68—71].

In a PEC device, the contact area between the semico-
nductor material and liquid phase is the interface. The
liquid phase occupies the mobile charge carriers, leading
to the formation of a Schottky junction. As to the electro-
lyte, the charge is redistributed, resulting in the formation
of the Helmholtz layer. In this case, the field of the
semiconductor material might extend, which depends on
the morphologies, compositions, and concentrations of
dopants. It facilitates the charge separation and pushes the
minority carriers to the surface to obtain excessive energy
[69,71]. The more abundant charge carriers in
semiconductors are defined as majority carriers (i.e.,
electrons and holes in n- and p-type semiconductors,
respectively) while the fewer ones are termed minority
carriers [4]. Given the above-mentioned field action of
the semiconductor material, the charge carriers could
finally reach the surface with excessive energy corres-
ponding to a band bending level. Undesirable capture of
charge carries is also likely to happen during the transport
process. For example, when a hole or electron passes
through the lattice of a semiconductor, it would be deloca-
lized by the lattice over the surrounding atoms. Under this
circumstance, the charge carrier would change the bond
lengths and angles of semiconductors because the elec-
tron or hole will fill or empty the band with the bonding
or antibonding properties of the lattice, respectively. If
the charge carriers are delocalized on major atoms, the
impact will be minimal. On the contrary, if the charge
carriers are delocalized on minor atoms, the lattice will be
tremendously distorted [72,73].

The charge recombination is an issue that needs to be
overcome during the process of photogenerated charge
carrier transportation. Both the charge separation and
transportation depend on the crystal structure, degree of
crystallinity, and the particle size of the semiconductor
because the defective sites usually act as the trapping and
recombination sites [74]. As a result, highly crystalline
semiconductor materials with fewer defects have the
potential to display higher photocatalytic activities theo-
retically. Besides, the nanosized materials generally
possess a low recombination probability due to the short
diffusion pathway for holes or electrons to reach the
surface active sites. Furthermore, the high specific surface
areas of nanosized materials are also conducive to the
efficient interaction of surface active sites and charge
carriers [6,74,75].

Apart from the influencing factors affecting the charge
transportation discussed above, the electrolyte, the struc-
ture of defects, and the morphology of semiconductors
also exert effects on the transportation of the photoge-
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nerated charge carriers [76—78]. For example, nanotube-
based semiconductor materials with one-dimensional
structures possess direct transfer pathways, thus improv-
ing the charge transportation efficiency [79]. Another
good example is the tandem PEC device consisting of a
photoelectrode and a dye-sensitized solar cell (DSSC).
Generally, a large surface area could improve the loading
of dyes and the dye molecules combined with the transfer
pathways in the nanotubes could further promote the
electron-hole separation and the collection efficiency of
charge carriers [80].

5.3 Charge utilization

After the transport process, charge carriers finally reach
the active sites and are utilized to convert water mole-
cules into H, and O,. As discussed in section 2, for an
effective semiconductor the potential of CB needs to be
much more negative than the HER potential to trigger the
water reduction while the potential of VB should be much
more positive than the OER potential to trigger the water
oxidation.

Surface redox reactions OER and HER have slow
kinetics. To conquer the energy barrier of charge transfer,
co-catalysts could be well dispersed on the surface of
semiconductor materials to enhance the kinetics of the
PEC redox reactions at interfaces. The addition of co-
catalysts facilitates the fast charge transfer, thus decreas-
ing the required overpotential for the water splitting
reactions. In particular, OER triggered by the photo-
excited holes is more kinetically sluggish due to the four-
electron transfer process compared with HER, which
restricts the overall water splitting efficiency. Therefore,
the addition of co-catalysts is almost indispensable for
OER photocatalysts. Noble metal Ru- and Ir-based
materials and non-noble Ni-based (oxy-)hydroxides are
often applied to the PEC devices as efficient co-catalysts
for water oxidation [81].

In addition, the sacrificial agents could be employed to
achieve a higher STH efficiency in PEC water splitting
systems by improving the charge utilization and minimize
the charge recombination. The sacrificial agents could
serve as both hole and electron scavengers for hydrogen
and oxygen evolution, respectively. The hole scavengers
such as methanol could adsorb holes and are oxidized to
CO,. Meanwhile, the photoexcited electrons participate in
water reduction with a prolonged lifetime. In contrast,
electron scavengers such as silver nitrate adsorb electrons
and are reduced, while the photoexcited holes take part in
water oxidation [82].

In brief, the basic processes involved in the PEC water
splitting are the creation of photogenerated electron-hole
pairs, the charge carrier transportation, as well as the
surface redox reactions. An in-depth understanding of
these processes plays an essential role in the design of
advanced photoelectrodes and efficient PEC devices to
conduct the PEC water splitting.
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6 Photoelectrode design

As a key component, photoelectrode could directly
determine the overall performance of a PEC cell. Factors
like the crystallinity, size, band gap properties, fabrication
of photoelectrodes and other factors are closely related to
highly efficient PEC water splitting [44,83,84].

6.1 Crystallinity

One of the essential properties of semiconductor materials
is crystallinity. It has been observed that crystalline
materials have higher efficiency than amorphous ones
[45,59]. The increase in crystallinity could efficiently
decrease defects in semiconductor materials that might be
the recombination centers of electron-hole pairs. There-
fore, the recombination rate of electrons and holes in
crystalline photoelectrodes is significantly reduced, imply-
ing a higher efficiency of utilizing charge carriers to
initiate redox reactions on the surface of photoelectrodes.
For instance, TiO, nanorods attained crystallinity after
annealing at 450 °C, showing better PEC performance
with 5.2 times higher photocurrent density compared with
pristine TiO, [85]. Notably, an ideal semiconductor
material should possess not only a high degree of crystal-
linity but also a high specific surface area [86,87].
However, the degree of crystallinity of a semiconductor
would increase with the decrease of the surface area or
vice versa. Therefore, a compromise is needed to obtain
optimal performance between crystallinity and the surface
area of a semiconductor [59,88,89].

Moreover, the crystal change of semiconductors could
also enhance the PEC performance by optimizing the
electronic structure and semiconductor alignment. For
instance, the fabricated polycrystalline Ta;N; nanorods
on a Ta substrate presented vertically nanorod arrays
structure, as shown in Fig. 4 [90]. The photoelectrodes
with one-dimensional morphology like vertically aligned
nanorods which have a highly ordered crystallinity (Figs. 4
(a—e)) on conductive support showed good PEC perform-
ance. It achieved a half-cell STH efficiency of 2.72% at
0.89 V vs. RHE and a saturated photocurrent density of
9.95 mA-cm 2 at 1.05 V vs. RHE. Similarly, vertical
SINbO,N nanorod arrays were prepared in a facile
hydrothermal process followed by a nitridation treatment
for the PEC water splitting (Fig. 4(f)) [91]. The catalyst
possessed a morphology of vertically aligned nanorods
and high crystallinity. These structural properties facili-
tated the rapid generation and transportation of charge
carriers. Thus, the vertically aligned StNbO,N nanorod
arrays reached 2.6 times higher photocurrent density of
1.3 mA-cm 2 at 1.23 V vs. RHE than the lower crystalline
SrNbO,N nanoparticle under irradiation of AM 1.5 G
simulated sunlight. Different from the former examples,
Chen et al. [92] reported a disordered TiO, nanocrystal
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which was synthesized by introducing disorders into the
nanophase TiO, via hydrogenation. In detail, a highly
crystallized TiO, was synthesized and subsequently
placed in a sample chamber with a high-pressure hydro-
gen system of 20 bar at ~200 °C for 120 h, to obtain the
disorder-engineered TiO, coated with ca. 1 nm disordered
layer. The maximum VB energy level of the disorder-
engineered TiO, had a blue shift of about —0.92 eV to the
vacuum level. The as-synthesized disorder-engineered
TiO, along with a sacrificial reagent showed an STH
efficiency of ~24% with long-term operation stability for
the PEC water splitting. The limited defects on the
surface of disorder-engineered TiO, caused the localiz-
ation of photogenerated holes and electrons to hinder the
recombination and provided a high charge separation
efficiency that accelerated the electron transfer to produce
H,, strongly proving that the PEC water splitting effi-
ciency could be affected by the crystallinity of semicon-
ductor materials.

6.2 Size

Apart from the crystallinity, the size of the semiconductor
materials could also affect their PEC performance [93]. In
general, the total surface areas of smaller semiconductors
are larger when evaluated at the fixed amount of semi-
conductors. It is known that the specific surface area of
photoelectrodes and the corresponding photo activities
have a positive correlation [94,95]. In terms of catalysis, a
larger surface area of materials indicates more active sites
for the adsorption of reactants. In addition to the increas-
ed active sites, downsizing semiconductor materials could
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shorten the pathway of electron and charge transfer. Thus,
the nanosized materials with a high specific surface area
have been employed as photoelectrodes in PEC systems,
which could provide massive active sites and short
pathways for charge transfer to improve the carrier
diffusion to the interface, thus boosting the solar energy
conversion efficiency [45,84,96]. Moreover, the nano-
sized materials are more efficient in light absorption,
whose surfaces could facilitate the antireflection and
increase the light scattering to achieve longer optical path
length of incident irradiation, thus increasing the utiliza-
tion efficiency of light [97,98]. Besides, in nanostructured
materials, the short diffusion length of charge carriers
could also minimize the recombination of electrons and
holes.

Despite that the nanoscale of materials shows positive
effects as depicted, the charge separation ability would be
adversely affected. Generally, the built-in electric field of
the space charge layer near the semiconductor surface
facilitates the charge separation and the thickness of the
space charge layer depends on the particle size. However,
the thin space charge layer of nanosized materials could
be negligible, which leads to their compromised charge
separation ability [48,86].

6.3 Band gap

Another advantage of semiconductor materials is that
their band gaps allow them to absorb light of a wide range
of wavelengths of the solar spectrum. The semiconduc-
tors with large band gaps are not suitable for absorbing
the light energy with required intensities, causing poor
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PEC performance. Hence, the PEC performance will be
improved accordingly if the band gap of the photoelec-
trode is narrowed. The suitable band gap for a highly
efficient PEC water splitting should be within the range
of 1.6—2.2 eV where the mobility of charge carriers and
band edge position would be far more applicable [45]. In
recent years, semiconductor materials including BiVO,,
Ta,0,, WO,, CdS, TiO,, etc. have been explored for the
PEC water splitting, among which TiO, has been studied
extensively due to its good photocatalytic activity,
stability, low toxicity, and global availability. However,
TiO, with a band gap of 3.2 eV is not suitable for the
PEC water splitting as it only adsorbs 4% of sunlight in
the UV light region and the recombination of charge
carrier is quite fast [99,100]. Therefore, plenty of methods
like element doping or coupling with visible light-
responsive molecular catalysts have been adopted to
reduce the band gap of semiconductors for efficient PEC
performance [101,102]. The introduction of dopants to
TiO, could shift its band gap towards the absorption in
the visible light region by doping of TiO, with Ir, Co, Pt,
and Fe or coupling with co-catalysts [81]. These
strategies could lower the thermodynamic barrier, reduce
the overpotential, and enhance the stability of precursor
catalysts. In addition to mono-doping, the co-doping of
cations and anions into TiO, materials could also improve
the PEC performance of photocatalysts [103]. For ins-
tance, the tungsten and sulfur co-doped TiO, nanotubes
showed superior photoelectrochemical performance [104].
An improved performance was observed by the co-
doping of TiO, with metal and non-metal atoms which
narrowed the band gap of TiO, and reduced the recom-
bination of charge carriers. Similarly, the co-doping of
TiO, with metals and S could enhance the photocatalytic
activity of the catalyst, as was verified by the theoretical
calculations [67]. These acceptor metals could facilitate
the coupling of doped S and neighboring O to form an
S—O bond, leading to the fully occupied energy levels in
the forbidden band of TiO,. This metal-assisted strategy
could significantly reduce the band gaps of TiO, and
prevent the recombination of the electron-hole pairs.
Metal doping could enhance the light absorption ability
by altering the energy levels of the semiconductor
material, but sometimes metal dopants act as centers for
the recombination of electrons and holes, which in turn
decreases the charge separation efficiency.

Another strategy to overcome the drawback of wide-
bandgap semiconductors is combining them with
plasmonic metal materials like Au [105], Ag [106], Cu
[107], and Al [108]. In an applied electric field induced
by light, localized surface plasmon resonance is generated
on the surface of these metals, i.e., hot electrons
generated in metal materials are injected into the CB of
semiconductors, leaving holes on the plasmonic particles
used for the water splitting. Thus, the light absorption
range of semiconductors is extended by the plasmonic
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metal particles [109,110]. Finely adjusting the shape
[111-113], size [114], and composition [115,116] of
plasmonic metal is likely to extend the light-adsorption
range of photoelectrodes to cover the entire solar
spectrum.

6.4 Fabrication of photoelectrodes

Photoelectrodes could be oxide or non-oxide semicon-
ductors synthesized via various methods such as chemical
vapor deposition, radio frequency, vacuum evaporation,
and nitridation or sulphurization on conductive substrates.
To obtain a good electric contact with substrates, pow-
dered semiconductor materials are loaded on the conductive
supports by electrophoretic deposition, drop-casting, and
spin-coating, but the mechanical strength of such photoelec-
trodes is still not sufficient due to the resistance between
substrates and particles. Therefore, necking treatments are
introduced to enhance the interaction between conductive
substrates and the semiconductor particles. Photoelec-
trodes containing powders are modified with metal salt
precursor solutions and afterward annealed in an appro-
priate gas atmosphere. During the annealing process, the
precursor metal salts are converted into the corresponding
oxides or nitrides depending on the atmosphere, which
bridge the semiconductor powders. Nevertheless, this
necking strategy has certain limitations because some
semiconductors and substrates are not stable during the
annealing process or in a specific atmosphere (e.g.,
fluorine-doped SnO, in NH, atmosphere) [35,117,118].

An alternative particle transfer method is proposed to
replace necking treatment. Specifically, a glass substrate
is applied to support semiconductor powder before a thin
metal layer of 100-300 nm is deposited to provide an
electric contact. Thick metal films are deposited to
enhance the mechanical strength and electric conductivity
of photoelectrodes. Afterward, the primary glass substrate
is peeled off and ultrasonication is applied to remove the
excess powder. This method provides better electrical
contact between the metal layer and the semiconducting
particles, hence it is suitable for the fabrication of photo-
electrodes with powdered semiconductors [35].

Another critical issue in photoelectrodes is the degra-
dation mainly caused by the corrosion of photoelectrodes
in highly acidic or alkaline electrolytes used to facilitate
the water splitting reactions and eliminate the pH
gradients resulting from inefficient ion diffusions at high
current densities. Unfortunately, various semiconductors
have poor chemical stabilities in these corrosive electro-
lytes under PEC operation conditions [119]. Therefore,
protective layers have been deposited on semiconductors
to minimize photoelectrode degradation and TiO, are
widely adopted as chemically stable coatings to prevent
direct contact semiconductors and electrolytes [120,121].
It features transparency and a wide potential window in
pH = 0-14 electrolytes, almost ranging from 200 and



Siliu Lyu et al. Rational design on photoelectrodes and devices

600 mV overpotentials with respect to the HER and OER,
respectively [122]. Other protective layers such as Ni
[123], NiO [124], CoO, [125], Al,O4 [126], TiO,/ZnO
[127], and boron-doped diamond [128,129] are also
explored for specific semiconductors and varied electro-
lytes. These protective layers have been deposited on
semiconductors via physical vapor deposition, atomic
layer deposition (ALD), chemical vapor deposition, and
electrodeposition, to reduce the photoelectrode degrada-
tion to a negligible level.

6.5 Other factors

Apart from the factors mentioned above, the dimensio-
nality of the semiconductor materials is also an influen-
cing factor. The pH of electrolyte solutions determines
the net charge on the surface of photoelectrodes and
affects the equilibrium of the water splitting. Besides,
other factors are also closely related to the PEC efficiency
to conduct water splitting, such as temperature, pressure,
as well as light sources [45,62,68,130]. For example, the
construction of microstructured or nanostructured semi-
conductor materials has aroused wide concerns owing to
its correlation with the STH efficiency of PEC devices.
Generally, the category of semiconductor materials inc-
ludes porous structure, zero-dimensional structure, one-
dimensional structure, two-dimensional structure, and
three-dimensional structure [45,68]. The semiconductor
materials with porous structures facilitate the penetration
of the electrolyte, which enlarges the contact area
between electrolytes and photoelectrodes and decreases
the transfer distance of charge carriers from semicon-
ductors to surfaces. Compared with flat materials, light
scattering is more likely to happen when light passes
through the porous structures of the semiconductor
materials. Moreover, the porous structure facilitates the
charge separation and transport of the photogenerated
holes and electrons [131]. The zero-dimensional materials
such as quantum dots have efficient visible absorption
abilities, excellent photocatalytic activities, as well as low
electron-hole recombination rates [132—136]. This is
because the small size of quantum dots is conducive to
achieve a short transport distance of photogenerated holes
and electrons from the bulk photoelectrode to the reaction
interface and enhances the charge separation efficiency.
More importantly, the quantum size effect of the
semiconductor quantum dots will make the bottom of the
CB and the top of the VB shift to higher reduction and
oxidation positions, respectively, thus enlarging the band
gaps of semiconductor quantum dots. Compared with
two-dimensional materials, one-dimensional materials
like nanorods, nanowires, and nanotubes tend to be more
photoactive and favorable for charge carrier transport
[48,137], especially nanotubes which possess a large
surface area to boost the redox reaction rate [138,139].
Generally, one-dimensional structure features a small

785

ratio of transverse to longitudinal size which is conducive
to the rapid diffusion in a single direction, leading to low
recombination of electron-hole pairs. In addition, one-
dimensional structures could reduce specular reflection
and allow the charge carriers to transfer along the
longitudinal direction to the conductive substrate, thus
enhancing the light absorption and the charge collection
on the substrate. In contrast, two-dimensional structures
such as nanosheets and macrosheets possess a high
roughness, hence they have a reduced reflection of the
incident light and an increased capturing capability of
photons compared with the planar electrodes. Further-
more, two-dimensional semiconductor materials could
harvest a large amount of UV light owing to their low
thickness and large surface area, thus displaying an
enhanced hydrogen generation efficiency. Interestingly,
similar to the zero-dimensional quantum dots, the
adjustment of redox and the band gap enlargement effect
might occur when the thickness of two-dimensional
nanostructures is lowered [140—142]. Three-dimensional
materials could be formed, e.g., a dendritic structure
composed of crosslinked one-dimensional nanowires,
and an assembled and stacked structure composed of
two-dimensional nanosheets [143,144]. Hence, three-
dimensional semiconductors possess the features of one
or two-dimensional materials with large surface areas. In
particular, the interconnection of three-dimensional
structures in diverse directions provides more pathways
for charge transfer. In addition, the three-dimensional
structures enhance light absorption by allowing for inci-
dent light reflection and refraction [145—148]. Conse-
quently, the performance of photoelectrodes in three-
dimensional structures is appealing.

7 Configurations of PEC devices

7.1 Single photoelectrode-based cell

The simplest PEC system is a single photoelectrode-based
cell that only contains one semiconducting light absorber.
The photoelectrode, which could be an n-type or p-type
semiconductor, is employed as a photoanode or photoca-
thode to conduct water oxidation or reduction, respec-
tively. The commonly used photoanode materials are TiO,,
a-Fe,0,, BiVO,, CdS, GaAs, and InP. While, Cu,O, GaP,
and Si are widely adopted as photocathodes [4]. As
mentioned above, the energy bands of most semicon-
ductors are not ideally positioned. To broaden the
application scope of semiconductor materials, an external
bias should be applied to compensate for the deficiency of
potential required to conduct the redox reactions. These
photoelectrodes can capture light and offer a significant
amount of energy for the reactions and the externally
applied electric/chemical bias provides the additional
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voltage required for the reactions [102,149,150].
7.2 Z-scheme

The electronic properties of the semiconductor materials
play a key role in enhancing the PEC water splitting
performance of photoelectrodes. Thus, there is limited
room for optimization as to the performance of the above
single component PEC cell design. Nevertheless,
considerable efforts have been made to enhance the
efficiency of semiconductors to absorb light in a wide
range of the solar spectrum, conceiving the idea of
forming hetero-structure photocatalysts such as p—p, n—n,
p—n, and n—p junctions. The hetero-junction structures
(e.g., ZnO/ALO; [151], TiO,/AL,O, [152], and
TiO,/ZnO/boron nitride [129]) could reduce the
recombination of charge carriers and assist in their
movement and separation [30,43,59,153].

Natural photoelectrodes could be simulated utilizing
two semiconductors photosynthesis, which is a design
known as Z-scheme, as shown in Fig. 5. The Z-scheme
system could perform photoexcitation with the reversible
redox shuttles, in which one semiconductor is used for the
oxidation of water to oxygen and the other for the
reduction of water to H, [154]. The Z-scheme could

()

RuO,:Bi,NbO,Cl
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enhance the transfer of charge carriers, which
significantly improves the efficiency of the PEC water
splitting. It is observed that the two-step Z-scheme could
utilize visible light more efficiently than the conventional
one-step process.

For example, Wang et al. [155] reported a Z-scheme
system based on the ZnO/CdS heterostructure, which was
applied to highly efficient PEC water splitting under
simulated solar light irradiation. The as-prepared 1 wt%
Pt-loaded (ZnO),/(CdS),, obtained 3870 pmol-h™!'-g!
for H, evolution. The excellent PEC water splitting
performances with the lifetime of photoexcited carriers
prolonged were attributed to the Z-scheme PEC system
consisting of two closely contacted semiconductors.
Meanwhile, an assorted Z-scheme comprising an O,
production photoanode of BiVO, or WO, and a H,
production photocathode of Pt/SrTiO;:Rh was proposed
by Kato et al. to decompose water into H, and O, under
visible light irradiation, in which the H, evolution on the
Pt/SrTiO;:Rh photocatalyst was improved and the O,
evolution was restrained by Fe?" ions due to the oxidation
of Fe?" [156]. In this system, the PEC overall water
splitting could be realized with the suppression of the
back-reactions between H, and O,, which could be
ascribed to the novel Z-scheme system acting as not only
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an inhibitor of the back-reactions but also an efficient
electron mediator. In addition, a (ZnSe), ;(CGSe), s/Au/
BiVO,:Mo based Z-scheme was constructed by applying
a particle transfer method to the PEC overall water
splitting (Fig. 5(a)) [157], in which (ZnSe),(CGSe), s
material worked as an HER photocatalyst and Au/BiVO,:
Mo as an OER photocatalyst. The as-prepared Z-scheme
system could obtain the highest quantum yield of 1.5% at
420 nm light range among all the reported metal sulfides/
selenides Z-scheme photocatalysts. Similarly, P-doped
twinned Zn, ;Cd, sS,_, (d-ZCS-P)/N-doped carbon nano-
tubes (N-CNTs)/Bi,NbO4Cl-based Z-scheme photocata-
lysts were synthesized in a two-step procedure containing
spray-coating and annealing treatment (Fig. 5(b)) [158].
The as-prepared photocatalysts achieved an STH
efficiency of 0.15% under ambient conditions. Thus, it
could be concluded that a well-constructed p—» junction
system is suitable for conducting efficient charge
separation which enhances the PEC performance. The
characterization of the band structure is of huge signifi-
cance to determining the corresponding fundamental
electronic configuration and band symmetry, which aims
at achieving deeper comprehension of the thermodynamic
feasibility of the Z-scheme-based devices during the PEC
water splitting and the impact on the conductive mediator.
The d-ZCS-P possessed a band gap of 1.97 eV and the
impurity level had a band gap of 0.25 eV below the CB,
which could be calculated by the linearized form of the
Urbach equation (Fig. 5(c)) [158]. Given the band gap of
2.2 eV displayed by Bi,NbOCl, a conclusion could be
drawn that the Bi,NbO4Cl was visible-light active due to
the exceedingly dispersive O 2p orbital that could narrow
the band gap and enhance the electronegative VB.
Recently, Wang and coworkers [159] designed and
synthesized a series of ZnO/TiO,-based core-shell hetero-
structures, the carrier lifetime of which was prolonged by
~20 times compared with the bare ZnO nanorods by time-
resolved photoluminescence tests. More interestingly, the
performance was further enhanced through employing Ag
nanoparticles at the ZnO/TiO, interface to assemble a
ZnO-Ag-TiO, Z-scheme structure. The innovative Z-
scheme structural samples were subsequently integrated
into a PEC cell to conduct the solar water splitting. The
PEC cell achieved a photocurrent density jump over
5.5 mA-cm 2 in each circle, implying a photo-to-current
efficiency of over 25% in the UV region. Under the visible
light irradiation, the optimal Z-scheme structural sample
displayed a high photocurrent density of 0.13 mA-cm 2.
The outstanding PEC performance demonstrated that the
ZnO-Ag-TiO, nanorod array-based Z-scheme system
could act as a prolonged carrier lifetime system for the
PEC water splitting.

7.3 Tandem cell configuration

The tandem cell configuration is composed of series-
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connected photoanodes and photocathodes. This type of
PEC tandem cell device possesses the advantages of
increased photovoltage and diversiform selectivity of
photoelectrode materials [29,56,160—162]. Initially, a
semiconductor accompanied with a DSSC was used in a
tandem device and applied to PEC water splitting [163].
Afterward, Kim et al. [164] proposed a tandem cell in
which WO,/Pt photoelectrode coupled with a DSSC for
self-biased water splitting, as displayed in Fig. 6. The
H:Ti,C,T,/Cu,O electrode was fabricated in two steps,
i.e., the Cu,O electrode was immersed into 0.3 mg-mL ™!
of Ti;C,T, solution for 0.5 h and afterward annealed at
250 °C in Ar atmosphere for another 0.5 h (Fig. 6(a))
[165]. This system achieved an STH efficiency of 0.35%.
Similarly, Ti,C,T /Cu,O photocathode and BiVO /fluorine-
doped tin oxide (FTO) photoanode were used in the
tandem configuration, as illustrated in Fig. 6(b). The
Ti,C,T /Cu,O and BiVO,/FTO tandem system achieved
an STH efficiency of 0.55% (Fig. 6(c)). In this system,
the light was first captured by the Ti,C,T /Cu,O photo-
cathode and then reached the BiVO,/FTO photoanode.
This novel configuration provided rapid charge transport
and good light-harvesting ability that led to an improved
STH efficiency in the tandem system.

Despite that the combination of DSSCs is considered as
a promising PEC device configuration for solar water
splitting, DSSCs are unable to generate sufficient voltage
for water splitting, hence perovskite solar cells (PSCs)
have been proposed due to their higher open-circuit
voltage which is within the range of 0.9 to 1.5 V [166]. In
this regard, a cobalt carbonate-catalyzed Mo-doped BiVO,
photoanode and a CH;NH,PbI; PSC-based tandem configu-
ration were proposed, which achieved a photocurrent
density of 5 mA-cm ™2 at 1.23 V vs. RHE [167]. This
unique and stable wireless system configuration displayed
an STH efficiency of 3.0%. Subsequently, a system
composed of NiFe-layered double hydroxides and organo-
halide CH;NH,Pbl; based-PSCs without an external
energy supply was introduced [168]. The as-prepared
system provided a photocurrent density of ~10 mA-cm ™2
withan STH efficiency of 12.3%. Undoubtedly, this configu-
ration provided a good PEC water splitting performance
but the photoelectrodes were not effectively involved in
redox reactions. Thus, H, production was conducted by a
water electrolysis process in which electrical power was
generated by two externally wired PSCs in series.
Although such tandem solar cell-based systems have
provided high photocurrent density, the stability of dyes
and organohalide perovskites in the corresponding
DSSCs and PSCs and efficient photon utilization have to
be taken into consideration in these design concepts.

As known, the photoanode BiVO, has been regarded as
one of the most favorable photoanodes for PEC water
splitting, which could deliver a theoretical photocurrent
density of 7.5 mA-cm 2 corresponding to an STH
efficiency of 9.2% under AM 1.5 G illumination [169].
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The BiVO, has a marginally larger band gap than the
ideal one (2.4 eV) which is required for the PEC water
splitting. However, the CB edge position of BiVO, is
almost equal to the H, evolution potential, which leads to
a high photocurrent density and low onset potential com-
pared with other photoanode materials. In this respect, a
high-performance photoanode of oxygen vacancy-rich
BiVO, was prepared by applying an electrodeposition
method followed by a calcination process for the PEC
water splitting (Figs. 6(d—e)) [169]. The BiVO, film-
based photoanodes achieved a photocurrent density of
238 mA-em 2 at 1.23 V vs. RHE under AM 1.5 G
illumination in Na,SOj; electrolyte. Moreover, to enhance
the kinetic of OER, the BiVO, photoanodes were loaded
with an amorphous FEOOH/NiOOH layer, displaying an

outstanding photocurrent density of 5.13 mA-cm 2 at
1.23 V vs. RHE under AM 1.5 G illumination for the PEC
water splitting. The high performance was attributed to
the presence of oxygen vacancies in the structure of the
BiVO, photoanode, which were supposed to improve the
carrier density and charge separation efficiency of BiVO,.
In addition, the BiVO, has a rapid electron-hole
recombination behavior and lower carrier mobility, which
are caused by the inefficient charge transport pathways.
Therefore, the morphology control including shape,
connectivity of a semiconductor material, and dimension
has been applied to refine the unbalanced charge transport
kinetics. For example, the hierarchical morphology of a
photoelectrode offers a large surface area, which facili-
tates charge transport and balanced charge separation and
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subsequently increases the overall quantum efficiency of
the PEC system. Thus, orientation engineering was
applied to fabricate hierarchical BiVO, [170]. A solvo-
thermal method was employed to prepare the precursor
materials in various morphologies by controlling the
solvent proportion of ethylene glycol to ethanol, after
which the targeted BiVO, in hierarchical morphology
was formed by chemical treatment in the following
heating process (Fig. 6(f)). This unique structure was
composed of voids and highly exposed active sites, hence
large interfacial areas were provided to ensure sufficient
contacts with the electrolyte, contributing to the enhanced
PEC properties in terms of charge separation and
transport efficiency (Figs. 6(g—h)). In addition, the
performance of hierarchical BiVO, was further enhanced
by depositing an 8 nm SnO, layer, an ultrathin layer
which could increase the charge collection efficiency and
restrict the recombination of holes and electrons. When
the material was applied to the PEC water splitting, the
results displayed a charge separation efficiency of 97.1%
and charge transport efficiency of 90.1% at 1.23 V wvs.
RHE which were the highest ones among BiVO,-based
photoanodes for OER.

In addition to morphology changes, the effect of
elemental doping and hetero-junction formation on the
performance of BiVO, has also been evaluated for the
PEC water splitting. In this respect, the Mo-doped BiVO,
was firstly prepared with different amounts of doped Mo
[27]. In pure BiVO,, the Fermi-level pinning effect
inhibited the tuning of quasi-Fermi-level close to the CB
minimum that resulted in a low open-circuit voltage. This
side effect could be suppressed by Mo doping. Suitable
doped Mo in BiVO, could shift the Fermi-level to a
positive direction and quasi-Fermi-level to a negative
direction. Thus, the open-circuit voltage was enlarged
from —0.35 to —1 V in the case of 0.1% Mo doped BiVO,.
This operation also focused on the construction of a
hetero-junction composed of boron-doping C;N, and Mo-
doped BiVO,. This hetero-junction showed a stronger
absorption ability in the range of 300—500 nm than Mo-
doped BiVO,. The boron-C;N,/Mo-BiVO, photoanode
had witnessed a significant improvement in their per-
formance by achieving photocurrent densities of 4.7 and
6.0 mA-cm 2 at 0.6 and 1.23 V vs. RHE, respectively in a
buffer solution with 0.5 mol-L™! Na,SO, hole scavenger.
Moreover, the NiFeO,/B-C;N,/Mo-BiVO, photoanode
was prepared by anchoring NiFeO, on the surface of
BC;N,/Mo-BiVO, to perform OER. The as-prepared
catalyst showed photocurrent densities of 3.85 and 5.93
mA-cm 2 at 0.54 and 1.23 V vs. RHE respectively. More
importantly, the highest IPCE of 92% was attained during
the PEC process at pH = 7. The results were better than
the reported BiVO,-based PEC devices to date. Notably,
the NiFeO,/B-C;N,/Mo-BiVO, photoanode was highly
stable, showing negligible changes in its performance
after 10 h operation. Conclusively, the synergistic
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combination of doping and hetero-junction played a
critical part in providing the remarkable PEC perform-
ance of NiFeO /B-C;N,/Mo-BiVO, photoanode.

7.4  Monolithic design

A novel monolithic design is applied to tandem cells. The
monolithic design-based devices with leaf-like structures
are wireless and sheet-like, which could operate without
external bias. Compared with wired devices, they usually
display lower STH efficiencies due to their less intimate
contact. However, the monolithic design is an effective
strategy for the device construction in small size due to its
simple configuration [30], supported by samples in Fig. 7.
In this aspect, a p—n junction photoelectrode containing
n-type TiO, nanotube arrays and p-type Cu—Ti—O was
investigated for the PEC water splitting. The as-prepared
system had only a minimal amount of photo corrosion
at Cu—Ti—O photocathode after 4-5 h operation in
0.1 mol-L™! Na,HPO, electrolyte [171]. Meanwhile, Oh
and coworkers [172] reported a monolithic architecture
by locally fabricating an ordered three-dimensional
porous NiFe inverse opal on a Si photoanode to decouple
light absorption and OER process. It could allow for more
light absorption and offer more electrochemically active
sites, thus greatly enhancing O, evolution. The optimal
Si-based photoanode with NiFe alloy inverse opal
displayed a stable photocurrent density of 31.2 mA-cm ™2
at 1.23 V vs. RHE in 1 mol-L™! KOH under 1 sun illumi-
nation. Ganesh et al. [173] reported another monolithic
InGaN/GaN multi-quantum well structure, which was
fabricated on the sapphire substrate at different growth
temperatures via the metal-organic chemical vapor deposi-
tion method. The as-synthesized monolithic InGaN/GaN
multi-quantum well structures were proved to possess an
appropriate surface morphology, periodicity built by
InGaN/GaN well and barrier layers, indium concen-
tration, as well as optical band gap, which enhanced PEC
performance. This further demonstrated the superiority of
monolithic design for the PEC water splitting. Very
recently, Zhu et al. [174] reported a monolithic solar
water splitting device, where the photoanode was
fabricated by a series of mnovel double perovskite
cobaltites with high efficiency of OER in alkaline
solution while the photocathode was a NiMo catalyst. The
PEC device based on the monolithic design showed an
STH efficiency of 6.6% in 1.0 mol-L™! NaOH under uninter-
rupted one-sun simulated illumination for 71 h. In another
study, a monolithic photoanode device consisting of core-
shell 7-Si/Si0,/TiO,/WO,/BiVO, hetero-junctions was
developed via the chemical deposition method (Fig. 7(a))
[175]. TiO, acted as a buffer layer to passivate the n-
Si/Si0, surfaces, thus forming fewer interface states. This
was demonstrated by the band diagrams shown in Fig. 7(b).
In the case of n-Si/Si0,/WQO,, the interface states might
locate below the bulk Fermi level of WO,. During the
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formation process of the hetero-junction, the Fermi levels
of WO; and n-Si struck a balance with the defect states,
which caused the band bending upward with a depletion
region at the surfaces of WO, and »-Si. Thus, the n-Si/
Si0,/WO; junction displayed an electron energy barrier
of 0.5 eV and only at high reverse bias could the
interfacial barrier be conquered. It is noteworthy that the
surfaces of n-Si/SiO, passivated by TiO, led to a lower
energy barrier for electrons at the interfaces of metal
oxides (Fig. 7(c)). The as-prepared system could split
water without an external bias and showed an STH
efficiency of 0.37% (equal to a maximum photocurrent
density of 0.3 mA-cm %). Meanwhile, a monolithically
integrated device based on InGaN/Si double-junction
photocathode was developed to perform highly efficient
and stable unassisted solar water splitting (Figs. 7(d—f))
[176]. The InGaN nanowire tunnel junction was formed
by a monolithic incorporation of p-type InGaN top

(a) Fe(Ni)OOH (b)

500 —

600 nm 0

100 nm:}

525 um 1.23
5z
° =
Qs

(d)

p-InGaN@
p-InGaN g
n*-InGaNg 1§

n'-InGaNg § il

&

Front. Chem. Sci. Eng. 2022, 16(6): 777-798

junction on an underlying Si p—n junction. This monoli-
thically integrated system obtained an STH efficiency of
10.3% in an acid electrolyte with the help of Pt catalysts
and atomic Al,O; passivation layer. Given the above,
PEC devices could achieve high STH efficiencies and
prolonged operating time through rational monolithic
design. However, the complexity of the fabrication pro-
cess and high cost have hindered the commercialization
of this water splitting system.

8 Summary and perspectives

With the rapid progress of modern science and techno-
logy, solar-driven water splitting has witnessed explosive
development to meet the rising demand for sustainable
hydrogen production in recent years. This review
presented the elementary but significant mechanisms
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Fig.7 (a) Schematic illustration of the n-type TiO,/p-type Cu-Ti—O nanotube arrays architecture and estimated band diagrams of
(b) n-Si/Si0,/WO,/Ti and (c) n-Si/SiO,/TiO,/Ti hetero-junctions. Reprinted with permission from Ref. [175], copyright 2020, Wiley-
VCH. (d) The InGaN nanowire arrays on Si substrate after deposition of Al,O, and Pt, (e) band diagram of the InGaN/Si
photocathode and (f) the structure of surface-modified InGaN nanowire. Reprinted with permission from Ref. [176], copyright 2020,

American Chemical Society.
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involved in the PEC water splitting. The major electro-
chemical processes have been summarized, especially the
compact correlation between the electronic properties of
photoelectrodes and the PEC water splitting efficiency.
Moreover, the general parameters to evaluate the PEC
device performances for HER and OER reactions have
been concluded, including STH efficiency, Faradaic
efficiency, and IPCE. A fundamental understanding of the
PEC water splitting plays a significant role in the design
and fabrication of a photoelectrode, which is the main
component of PEC systems with the function of light
absorption. Therefore, the intrinsic charge generation,
transportation, and utilization processes which occur on
the photoelectrodes and at the interfaces of semiconductor
materials and electrolytes have been discussed. Further-
more, the factors influencing the orderliness, uniformity,
and morphology of photoelectrodes which affect the PEC
efficiency for water splitting including crystallinity, size,
band gap, and the fabrication process have been
introduced. Finally, the recent advances in PEC hydrogen
production systems have also been reviewed. In this
regard, diverse configurations of PEC devices have been
described, e.g., the basic single photoelectrode-based cell,
the Z-scheme-based PEC device, the tandem PEC device,
as well as the monolithic PEC water splitting device.

Despite the achievements made in the design of various
semiconductor materials for integration into advanced
solar-driven water splitting devices to produce hydrogen
over the past decades, the reported STH efficiencies for
the PEC water splitting are still insufficient for commer-
cial applications. To obtain a satisfactory STH efficiency,
the PEC water splitting device should possess a good
photoresponse performance in a wide range with efficient
charge separation and transportation, long-term operation
stability, as well as fast kinetics in the half-reactions of
water splitting. To this end, the following directions of
future research on the design and fabrication of
appropriate photoelectrodes and PEC systems will be of
certain guiding significance:

1) The PEC water splitting process involves light
absorption of semiconductors and complicated charge
photogeneration and separation processes, surface redox
reactions, and so on. The insight into the water redox
mechanisms is crucial to improving the PEC water
performance for practical application. To this end, the
advanced characterization techniques such as transient
absorption spectral measurements, X-ray absorption
spectra, Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, and their operando or in situ
spectroscopy experiments could be employed to clarify
the dynamic behaviors (e.g., valence states and the
composition and nature of active sites) as well as the
interfacial charge transportation and surface reactivity. In
addition, the ultra-fast spectroscopies which could deliver
essential information in a very short time are required for
investigating the PEC water splitting mechanisms. The
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resultant information could guide rational designs on
semiconductors and co-catalysts.

2) The saturated photocurrent density is generally
determined by the number of absorbed photons while
charge separation and utilization depend on the diffusion
distance of charge carriers. Therefore, it is an effective
strategy to design and fabricate the photoelectrodes using
economic and effective materials with a wide light
absorption range and long carrier diffusion distance.
Moreover, the energy band structure of semiconductor
materials should match well with the electronic properties
to guarantee photogenerated charge transportation. Thus,
appropriate active electrocatalysts should be applied to
cater to the sub-layered semiconductors when the
photoelectrodes are fabricated. More importantly, the
interlayer between the electrocatalyst and semiconductors
should be optimized and the series resistance for charge
transfer from semiconductor to electrocatalyst should be
decreased. Advanced semiconductors with a wide range
of light absorption, progressive methods for enhancing
charge separation, as well as novel techniques for gas
separation should be explored urgently to realize the
scaled-up solar hydrogen production.

3) As for the PEC devices, various innovations
concerning materials, architecture design, and co-catalyst
optimization have been made in recent years to boost the
activity. However, the long-term stability of a PEC device
should be further improved, which is critical in practical
industrial application. Although protective layers have
been coated to construct chemical stable photoelectrodes
in harsh electrolytes, the process of coating engineering
should still be seriously taken into account. For example,
solution processing is low-cost and versatile to grow
films, but the uncontrollable nucleation and growth
process results in a shorter lifetime and poorer quality of
films, which show a continuous cover without cracked
surface and uniform thickness. On the contrary, the ALD
technique could control the thickness of films at the
atomic level and produce superior high-quality films.
However, this promising film processing technique is
hindered by limited compositions for depositions, high
cost in devices, and obstacles to depositing large-scale
films. Besides, after the coating of protective layers, a
deeper understanding of newly created interfaces should
also be exploited to minimize carrier loss. These findings
will shed light on the other PEC fields such as CO,
photoreduction, N, fixation, and pollutants removal.

Besides, new designs in Z-scheme or monolithic
devices should be developed to meet the requirements of
various semiconductor materials assembled in a PEC
water splitting device. Last but not least, a standardized
test should be designed to guarantee the repeatability of
the PEC device efficiencies, which are alterable under
different experimental setups and conditions. The highly
reproducible performance, coupled with the upgrading of
photoelectrodes’ fabrications, is essential for the
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commercialization of PEC devices. More efforts should
be devoted to the development of low-cost large-scale
fabrication methods with highly reproducible results.
Nevertheless, considerable progress has been made in
both advanced photoelectrodes and novel PEC device
design to date. It is inspiring that the scientific research
field of solar-driven water splitting is bound to move
forward and eventually be applied to industrial application.
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