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Featured Application: Nanomaterials for Solar Water Splitting

Abstract: Solar-driven water splitting technology is considered to be a promising solution for
the global energy challenge as it is capable of generating clean chemical fuel from solar energy.
Various strategies and catalytic materials have been explored in order to improve the efficiency of
the water splitting reaction. Although significant progress has been made, there are many intriguing
fundamental phenomena that need to be understood. Herein, we review recent experimental efforts
to demonstrate enhancement strategies for efficient solar water splitting, especially for the light
absorption, charge carrier separation, and water oxidation kinetics. We also focus on the state of
the art of photoelectrochemical (PEC) device designs such as application of facet engineering and
the development of a ferroelectric-coupled PEC device. Based on these experimental achievements,
future challenges, and directions in solar water splitting technology will be discussed.

Keywords: oxide semiconductor; bismuth vanadate; bismuth ferrite; hematite; plasmonic effect;
heterostructure film; gradient doping; oxygen evolution catalyst; facet engineering; ferroelectric

1. Introduction

Energy harvesting technology with a clean and renewable source of energy has drawn significant
attention because of its possibility for solving the global energy challenge. Among the renewable energy
sources including solar, wind, geothermal, and hydropower energy, solar seems the most desirable
since it can support future societies in a sustainable way with the use of hydrogen gas as an energy
carrier [1]. Along with that consideration, the solar-derived hydrogen production from water such as
photoelectrochemical (PEC) water splitting has made significant progress [2,3]. In general, the PEC
water splitting system consists of photoelectrodes (photoanode or photocathode), electrolyte, and a light
source. Mostly, light-absorbing semiconductors have been used as the photoelectrode, and the electrode
materials have been being of great interest in the field of PEC water splitting. Among various materials,
this review focuses on bismuth vanadate (BiVO,) and bismuth ferrite (BiFeO3) which are small band
gap oxide semiconductors. There are some advantages of using BiVO,4 and BiFeOj as the photoanode.
Briefly, they are composed of inexpensive elements and they can utilize visible light. The latter becomes
more important when they utilize the solar radiation on earth, since about half of the radiation on earth
corresponds to the visible light. However, they suffer from excessive charge carrier recombination,
poor charge transport, and slow water oxidation kinetics. In order to solve the problems, various efforts
have been investigated and the detailed strategies will be discussed further in Section 2. The electrolyte
in the PEC water splitting mainly consists of water, and the use of seawater as the unlimited feedstock
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for the production of hydrogen might be allowed through the investigation, using an aqueous solution
of salts as the electrolyte. With a simulated one sun radiation from the light source, the PEC water
splitting processes take place with several steps as follows (also see Figure 1):

1.  Absorption of solar radiation by the photoelectrode, followed by charge carrier generation as
a result of photoexcitation of electrons in the valence band of photoelectrode;

2. Separation and transport of charge carriers to the electrode surface by the internal or external
bias applied through the circuit;

3.  Oxidation of water at the anode by the photoexcited holes. Simultaneously, transport of H* ions
from the anode to the cathode, and transport of the photoexcited electrons to the cathode through
an external circuit, followed by the reduction of H* ions into hydrogen gas at the cathode by the
photoexcited electrons.

As a result of the series of steps in the PEC water splitting, the solar energy can be converted
into the hydrogen gas as the chemical fuel. The bottleneck for the realization of efficient and practical
water splitting systems lies on the way to (1) effective charge carrier generation and separation, and (2)
rapid water redox kinetics. The overall process is represented in Figure 1 with the PEC water splitting
system consists of the photoanode and the metal counterpart as the cathode. More detailed issues on
each step process and the strategies for efficient PEC devices will be discussed in Sections 2 and 3.
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Figure 1. Schematic representation of the photoelectrochemical (PEC) water splitting process in
a common PEC water splitting system consisting of a photoanode and a metal counterpart.

This review seeks to provide the reader with the PEC device designs to improve the water splitting
activity, and thereby aids the design of a highly efficient PEC device for practical solar water splitting.
On one hand, the inherent problems including electron-hole recombination in bulk and on a small
surface area per unit volume, which limits the activity of thin film photocatalysts in comparison
with the porous and nanostructured morphologies (e.g., nanowires). On the other hand, as a model
structure, the thin film configuration gives advantages that the understanding of complex relations
between the light absorption, the charge separation, and the water redox kinetics becomes simple.
In this regard, the review focuses on these investigations using thin film photocatalysts. In the next
section, the review starts with describing the step processes including light absorption, the carrier
separation and transport, and the water oxidation kinetics, respectively. After then, the discussions
will be focused on the PEC device designs for investigating the enhancement of the water splitting
reaction, that lead us to achieve more efficient water splitting devices. Another aim of the review is to
introduce the state-of-the-art of PEC device designs; for example, the application of facet engineering
and the development of ferroelectric-coupled PEC devices.
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2. Strategies and Device Designs for Efficient PEC Water Splitting

2.1. Absorption of Solar Radiation

After the first report on photocatalytic water splitting by Fujishima and Honda [4], TiO; had been
focused upon as pioneer photocatalyst at the early-stage of development because of its abundance
and its good resistance to various chemicals. In the same manner, considering that PEC water
splitting is generally conducted using the aqueous solutions containing organic salts, various oxide
semiconductors have been used as photoelectrodes, owing to its excellent chemical resistance. However,
the large band gap energy of most oxide semiconductors limits the absorption of light to the near-UV
region. Thus, the poor photocatalytic performances have been considered as a significant problem.
In order to solve the problem, many researchers have endeavored to discover small band gap oxide
semiconductors. As a result of such efforts, a few candidates have been introduced and investigated
extensively. The promising candidates are BiVO, [5-24], Fe;O3 [25-32], and BiFeO3 [33-35]. Figure 2
shows the band gap energies and band edge positions of various semiconductors with respect to the
water redox potential. After introduction of those small band gap oxides, the increased light absorption
and photocatalytic efficiency were enabled by the utilization of visible light.
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Figure 2. Band edge positions of various semiconductors with respect to the water redox potentials.
Reprinted with permission from [3]. Copyright 2016, American Chemical Society.

Another solution for overcoming the limitation of the light absorption is the application of
localized surface plasmon resonance (LSPR) in metal nanoparticles (NPs) [36,37]. LSPR represents
the oscillation of electrons in the metal NPs in response to the incident light, or electromagnetic
waves. The physical phenomena for the LSPR-induced enhancement effects include: (1) the formation
of the localized electric field and (2) the enhanced light absorption by the oscillation of the surface
plasmon in the metal, which made is response to the incident light, and thereby, (3) the enhanced
charge carrier generation [16]. Many researchers have reported the application of metal NPs into
their PEC devices, since a peak resonant wavelength can be controlled in the visible region through
adjusting metal elements, size, and shape [9,16,17,23,36-40]. This strategy is so called “plasmonic
photocatalysis”. In the field of plasmonic photocatalysis, Au [9,17,20,23,32,41,42] and Ag [16,43] are
the most frequently used metal species. Au and Ag NPs have been introduced to oxide semiconductors
such as BiVOy [9,16,17,20,23], TiO, [41-43], and Fe,O3 [32]. In addition to the monometallic NPs,
the multi-metallic NPs of PtAuCu alloys have been recently discovered as an effective hydrogen
evolution catalyst [44]. Therefore, it is reasonable to expect that the investigation of multi-metallic NPs
on the plasmonic photocatalysis will be performed in the near future.
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Recently, Lee et al. reported the BiVO4 photoanode with shape-controlled Au NPs [23].
The shape-dependent LSPR effect was observed in the device, as shown in Figure 3a,b. The hemispherical
Au NPs were deposited by an e-beam evaporator directly on the BiVO, film, whereas the octahedral Au
NPs were synthesized using seed-mediated growth method followed by attachment on the BiVOy.
The authors performed a finite-different time-domain (FDTD) simulation to represent the spatial
distribution of the LSPR-induced electric fields (LSPR-EFs) near the Au NPs (Figure 3c-h). The results
showed that the octahedral Au NP shows higher LSPR-EFs, especially at sharp edges of the Au NP,
than that of the hemispherical one. The BiVO, with the octahedral Au NPs showed the best PEC
performance (Figure 3i) and the enhancement could be explained as above. Moreover, the Mott-Schottky
plot under dark conditions (Figure 3j) showed a lower flat band potential for the BiVO, with octahedral
Au NPs than that of bare BiVO,, which implies a more favorable band position for the PEC water
splitting. Therefore, the improvement of PEC performance was attributed to the LSPR-induced enhanced
light absorption by the plasmonic Au NPs on the BiVOy film.
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Figure 3. Finite-difference time-domain simulation results of BiVO, with (a) hemispherical Au NP and
(b) octahedral Au NP. The simulations are performed under wavelengths of (c,d) 550 nm, (e,f) 430 nm,
(g/h) 350 nm. (i) PEC performances of the samples. (j) Mott-Schottky plot of bare BiVO,4 and BiVO,
with octahedral Au NPs under dark conditions (Frequency: 1 kHz, amplitude: 10 mV). Reprinted with
permission from [23]. Copyright 2017, John Wiley and Sons.

Zhang et al. investigated the size-dependent LSPR effect of AuNPs on the BiVO, film. They prepared
Au NPs with diameters of 10, 20, 30, 40, 60, and 80 nm. All samples with Au NPs showed enhanced
PEC performance over the pristine BiVO, film, and 20 and 30 nm diameters exhibited the highest
photocurrent densities. In order to elucidate the reason for the enhancement, they performed FDTD
simulation so that the LSPR-EFs in the different sizes of the Au NPs were simulated. The results indicated
that the electric field enhancement was increased an increase in the diameter of Au NP. Therefore,
photoexcited holes in the BiVO, could diffuse to the surface of BiVOy film and participate in the water
redox reaction. Meanwhile, the visible light absorption was also improved by the presence of the Au NPs.
Light absorption enhancement exhibited the maximum at around 530 nm, regardless of the size of the Au
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NPs. Thus, it can be inferred that the enhancement of PEC performance is attributed to the improved
visible light absorption and effective carrier separation by the LSPR-EFs at the interface.

2.2. Separation and Transport of Charge Carrier

The photoexcited charge carriers in the photoelectrode need to move to active sites for participation
in the water redox reaction. In order to efficiently split the water molecules and produce the hydrogen
gas, these charge carriers avoid recombination before they reach the active sites. One promising
solution is the creation internal built-in potential which forces the charge carriers to move to the surface.
The internal potential can be created by forming heterojunctions with different oxides, doping of foreign
elements, or introducing a metal onto the semiconductor [45]. The formation of heterojunction has been
accepted as one of the most promising ways for the practical photocatalysts because of its effectiveness
in separating electron-hole pairs. Therefore, much research has been reported on the enhancement of
PEC performance in this manner.

Grigioni and co-workers reported on wavelength-dependent charge carrier separation in the
WO;3-BiVOy heterostructure film [11]. Although many research results have suggested the improved
carrier separation of the WO3-BiVOy heterostructure, an understanding of the underlying dynamics is
still elusive. Thus, they investigated the lifetime of photoexcited holes in the WO3-BiVOy heterojunction
by femtosecond transient absorption (TA) measurement with tunable pump wavelength. The results
showed that the charge carrier transfer between the WO3 and the BiVO,4 depends on the wavelength
of irradiation. At a wavelength that is longer than the absorption edge of the WOj3, the lifetime of
photoexcited holes in the WO;3-BiVO, was longer than that of the single BiVOy since the holes were
effectively transferred into the WO3. However, when the wavelength was tuned across the absorption
edge of the WO3, which were 460 nm and 387 nm in this report, the lifetime of holes in the WO3-BiVO,
were decreased. The authors attributed the results to the increased electron-hole recombination at
the interface between the BiVO, and the WOj3. That is, the electron excitation from valence band of
the WQOj; at such conditions leads to the recombination of electrons from the WQOj3, and holes in the
BiVO;,. This tells us that another route for the recombination in the heterojunction of photocatalysts can
negatively affect the whole PEC process, and thus, we need to carefully design the heterostructured
PEC devices for efficient solar water splitting.

The doping of the photocatalysts also has been explored as one of the promising solutions.
Recently, Abdi et al. investigated the Ca-doped BiVOy system (Ca:BiVOy) [24]. The authors deposited
the Ca-doped BiVOjy thin films by spray pyrolysis. During the deposition process, interestingly,
spontaneous out-diffusion of Ca took place, which was resulted in gradual band bending through the
film. Then, internal bend banding in the Ca:BiVO, promoted the carrier separation in the bulk of film,
since the out-diffusion of Ca occurred over the entire region. Moreover, the higher catalytic activity of
the Ca-rich BiVO, surface for water splitting contributed the enhanced performance. In the past, they
had reported on the gradient W-doped BiVO,4 (W:BiVOy) [6]. In that report, they deposited a 10-step
gradient-doped W:BiVOy. As a result, the photocurrent was enhanced by about 60%, in comparison
with that of the homogeneously W-doped BiVOj,. Both results reported by the authors show that
the poor carrier separation efficiency of the BiVO, can be overcome by forming a multi-step doping
method, thus creating effective built-in band bending. It is notable that the proposed strategy may be
generally applicable to various oxide photoelectrode materials.

2.3. Kinetics of Water Redox Reactions

The basic water splitting reactions may be expressed as following water redox reactions:

2H,0 (jiquid) +4h" = 4H" + O, (405 (1)
4H" +4de” = 2H, (g, )
2H,0 (liquid) = 2H, (gas) + O, (gas) 3)
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Reaction (1) represents the water oxidation half reaction at the anode, also called the oxygen
evolution reaction (OER). In the same manner, the water reduction half reaction in reaction (2) is called the
hydrogen evolution reaction (HER). The overall water redox reaction in reaction (3) shows that the water
is split into hydrogen and oxygen gases. In the redox reaction, the bottleneck lies in the OER (reaction (1))
since the delicate bond rearrangements of the two water molecules should take place to transform into
the oxygen gas instead of its high-energy intermediates [46]. Thus, it induces the slow water oxidation
kinetics, and unused holes are accumulated on the electrode surface. The accumulation of photoexcited
holes is known as the reason for the photocorrosion of BiVOy, which reduces long-term stability as
the photoanode [47]. In order to solve the problem, some solutions have been introduced, such as
increasing the density of surface active sites or combining them with oxygen evolution co-catalysts (OECs).
Recently, our group reported on the deposition of a high quality polycrystalline BiVO4 photoanode
with a controllable surface area [10]. The BiVOy film was grown by pulsed laser deposition (PLD),
and the surface area of film was optimized by controlling process temperatures during growth of the
BiVO,. As shown in Figure 4a—c, the morphology of the BiVOy film could be controlled, since the growth
condition satisfies a 3-dimensional island growth mode (the Volmer-Weber growth). At a low temperature
of 230 °C, diffusion of Bi was suppressed and it resulted in the small BiVO, grains being separated by
voids (Figure 4a). When the temperature was increased to 330 °C and 430 °C, the voids disappeared by
intergrain diffusion, and eventually, the coalescence of BiVO, grain took place (Figure 4b,c). Therefore,
the surface area of BiVOy film decreased and it affected the PEC performance. As shown in Figure 4d-f,
as the process temperature decreased to 230 °C, the interfacial area between the BiVO, grains and the
electrolyte increased. Moreover in the case, the photoexcited electrons in the BiVO, grains were more
effectively transferred to the bottom FTO electrode without recombination in bulk. Therefore, the PEC
performance of the BiVO, grown at 230 °C exhibited the highest current density of ~3.0 mA /cm? at
1.23 VRpyg, and the incident photon-to-current efficiency (IPCE) approaching 35% at the wavelength of
400 nm (Figure 4g,i). To elucidate the effect of the differences in light absorption, UV-vis-NIR absorption
spectra were measured (Figure 4h). Note that the films grown at 230 and 330 °C clearly showed the
visible light absorption. Consequently, it was implied that the improved PEC performance of the film
grown at 230 °C was dominated by the increased surface area itself. The results of this study were quite
interesting, since the excellent PEC performance of ~3.0 mA /cm? was exhibited from a single layer of
the BIVO4

Along with the surface area control, the deposition of the OECs on the surface of photoelectrode has
been one of the promising approaches for boosting the OER and increasing the stability of BiVO, [21].
So far, the OECs have been deposited mostly by electrodeposition [48]. However, recently, Tang et al.
introduced another method for OEC synthesis [49]. They investigated a strategy to deactivate the surface
trapping states between BiVO, and the OEC of CoOOOH by synthesizing ultrathin CoOOH layers on the
BiVOy surface. In order to synthesize the ultrathin OECs on the BiVOy surface, they used a hydrothermal
method for firstly synthesizing the Co(OH); nanosheet. The obtained Co(OH), nanosheets were then
dispersed into ethyl alcohol, followed by spin coating onto the prepared BiVO,4 sample. Owing to the
hydrothermal process for Co(OH); synthesis, the ultrathin OEC nanosheets were synthesized and the
coverage of the multilayered CoOOH on the 3D coral-like BiVO, surface were possible to produce.
After heating, covalent-bonding between the CoOOOH and the BiVO;, took place, which was crucial for
deactivating the surface trapping states and promoting the charge separation. Consequently, the 3D
coral-like BiVO, with the ultrathin CoOOH OEC showed a larger photovoltage of 0.28 V, and a significant
negative shift of onset potential than that of the pristine BiVO,4 sample. The authors claimed that the great
reduction in the number of surface trapping states could effectively facilitate the separation efficiency
of photocarriers, even at a low-bias potential. Therefore, it could be inferred that more efficient and
practical PEC water splitting devices could be realized by designing not only the photoelectrode itself,
but also the effective configuration of the OECs on it.
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Figure 4. Schematic representation of surface area-controlled BiVO, film deposited by pulsed laser
deposition. Microstructural changes and charge collection abilities of BiVOy film deposited at (a,d)
230 °C, (b,e) 330 °C, (c,f) 430 °C. (g) PEC performances, (h) UV-vis transmission spectra, and (i) incident
photon-to-current efficiency (IPCE) of the samples. Reprinted with permission from [10]. Copyright 2017,
American Chemical Society.

3. Challenging PEC Device Designs toward Practical Solar Water Splitting

The step processes of PEC water splitting and the strategies for improving each step process are
discussed so far. In this section, we will introduce the state-of-the-art of the PEC device designs and
the fabrication techniques, including the application of facet engineering and the development of
a ferroelectric coupled PEC device. These up-to-date research fields are still in their infancy, so we
would like to refer to some representative works in years of recent development. The realization of
such device designs is challenging, especially since it requires carefully controlled material growth
techniques to expose favorably oriented crystal facets on the surface. Moreover, the application
of ferroelectric into the PEC water splitting requires rigid and stable ferroelectric performance,
with properties that can be made through elaborate fabrication methods, such as vacuum deposition of
pulsed laser deposition (PLD) [33,35]. As a physical vapor deposition technique, PLD is well-known,
as its advantages for its deposition of pure and highly crystalline thin film [50,51]. Owing to the
aforementioned advantages, epitaxial thin films for various applications have been grown by the PLD
and there are numerous designs of thin films and heterosturctures [52]. Recently, there have been
many attempts to investigate the PEC water splitting performance of epitaxial thin film photocatalysts
for better understanding on the material properties. The remaining part of the section will deal with
some recent progress on these challenging and fascinating research fields.

3.1. Application of Facet Engineering in PEC Water Splitting

Many theoretical predictions based on computational methods shows that intrinsic anisotropic
material properties such as electronic and optical properties in semiconductors should be understood
for better explanation on the enhancement mechanism and realization of practical PEC devices.
For instance, the intrinsic carrier transport properties and optical properties, depending on the



Appl. Sci. 2018, 8, 1388 80f 16

crystallographic orientations of monoclinic-scheelite BiVO,4, have been calculated using density
functional theory (DFT) [53,54]. The calculation results show that the mobility of charge carriers
is different depending on the BiVOy crystal axis [54]. In detail, the mobility of electrons along [010]
is 5 times higher than that of the [110] direction where a = 5.195 A, b=11701 A, c =5.094 A. In the
same manner, however, the mobility of holes along [110] is two times higher than that of the [010]
direction. Furthermore, it have been also known that the optical properties such as refractive indices
and light absorption are different, so that preferentially oriented crystals can have spectral selectivity
compared with the corresponding bulk crystal [53]. Therefore, it is implied that the devices with
preferentially oriented crystal facets are needed since optimization between the carrier transport
properties and light absorption of photoelectrodes can be achieved using such systems. There are
some experiments on these considerations. Mostly, investigations have been performed for various
semiconductors including BiVO, [18,20], TiO, [55], and Fep O3 [28] in the form of powder. In order to
investigate the facet-dependent PEC activity, those investigations showed photoreduction of Au or
Ag compound on certain facet of the semiconductors. As a result, distinctive morphological changes,
which were owing to the reduction of Au or Ag compound by photoexcited electrons at certain facets,
could be observed by SEM images of each sample. However in those experimental circumstances,
further understandings on PEC processes such as the carrier separation efficiency and the water redox
kinetics, are limited. So far, a few research groups have reported on the fabrication of the preferentially
oriented photoelectrode thin films, and have demonstrated the facet engineering that can show the
relation between the facets of the semiconductor and the PEC water splitting activity. Han et al.
deposited [001] preferentially oriented polycrystalline BiVO, (p-BVO) thin films (where a = 5.1935 A,
b =5.0898 A, c = 11.6972 A) on F-doped SnO; (FTO) glass substrates by PLD [15]. For comparison,
they also synthesized randomly oriented BiVOy (r-BVO) by a sol-gel method. The synthesized films
showed that about 41% of the BiVO, grains were [001] oriented in the p-BVO while this was only ~3%
for the r-BVO. Thus, a schematic image for the p-BVO and the r-BVO could be represented, as shown
in Figure 5a. The PEC performance of both samples clearly showed that the photocurrent density
of the p-BVO reached ~3.9 mA/ cm? at 1.23 Vyyg which was about 16 times higher than that of the
r-BVO (Figure 5b-d). A higher IPCE of the p-BVO (Figure 5d) could be attributed to the efficient
charge separation (Figure 5f) and transport (Figure 5g) of the p-BVO in comparison with the r-BVO,
since almost the same light absorption spectra were observed (Figure 5e). The results obviously
indicated that the increased carrier transfer and the transport efficiency contributed to the improved
PEC performance of the p-BVO. The electrochemical impedance spectroscopy (EIS) measurement
supported the results by showing the smaller bulk and interface resistances of the p-BVO (Figure 5h).

However, in order to more deeply understand the intrinsic carrier transport properties depending
on the crystallographic orientations and facets of the monoclinic-scheelite BiVOy, it is necessary to study
the establishment of epitaxial single crystalline thin films. In general, the establishment of epitaxial thin
film photoelectrode has been widely recognized to maximize the potential of photoelectrode materials
in pursuit of a further breakthrough by exploring its fundamental properties. For that reason, recently,
various research on the growth of the epitaxial BiVO,4 have been reported, to explore its fundamental
properties for PEC water splitting [13,19,56-63]. Based on many theoretical predictions, the research
related to the growth of the epitaxial monoclinic BiVOy (a = 5.1956 A, b=50935A, c=11.6972 A,
3 =90.387°) films have been focused on growth along the c-axis. The growth of epitaxial BiVO, (001)
thin films was firstly achieved on a yttria-stabilized zirconia (YSZ, a = 5.145 A) substrate by molecular
beam epitaxy [56]. However, the PEC properties for the epitaxial BiVO, (001) thin films could have not
measured due to the absence of conductive electrode materials. On the other hand, Van et al. fabricated
the epitaxial BiVOy (001) thin films by the PLD, and the photocathodic properties for the epitaxial
BiVOy (001) thin films were observed by introducing SrRuQOj as the bottom electrode [58]. In addition
to epitaxial monolayer thin films, many studies have been reported on epitaxial heterojunction thin
films. Our group recently reported that the self-assembled BiVO4-WOj3 heterostructured thin films
could be grown epitaxially in the c-axis orientation to investigate the charge interaction between the
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BiVO, and the WOj3 [59]. The growth of epitaxial BiVO, (001) thin films also could be achieved on the
SrTiO;3 (001) (STO, a = 3.905 A) substrate by the insertion of the WO3 as template layer, which could
reduce the lattice mismatch between the BiVO,4 and the STO [13]. In addition, Zhang et al. reported
on the improved PEC performance of the epitaxial BiVO, (001) thin film by inserting lutetium oxide
(LupO3) as a hole blocking layer [60].
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Figure 5. (a) Schematic representation of crystallographic orientations of preferentially oriented
polycrystalline BiVO, (p-BVO) and randomly oriented BiVOy (r-BVO). (b) PEC performances. (c) Thickness
dependence of photocurrent density. (d) IPCE. (e) Light absorption. (f) Charge transfer efficiency.
(g) Charge transport efficiency. (h) Electrochemical impedance spectroscopy (EIS) spectra measured
at 0.8 Vryg under simulated light irradiation (100 mW/ cm?). Reprinted with permission from [15].
Copyright 2018, Royal Society of Chemistry.

Although the above-mentioned studies have well demonstrated on the growth of epitaxial BiVO,
(001), further identification of the theoretical predictions that the electrical conductivity of the BiVO,
is greater along the ab-plane than along the c-axis requires more challenging investigations and
techniques [62,63]. The anisotropic transport property of the BiVO, can be explained in terms of
the crystalline structure, which is that charge carrier transport along the c-axis is only generated by
nearest-neighbor hopping, while along the ab-plane it can be generated by both nearest-neighbor
hopping and next-nearest-neighbor hopping. Therefore, the difference causes the enhanced hopping
in the ab-plane. Most recently, based on the anisotropic electrical conductivity of the BiVOy,
the anisotropic charge transport efficiency of the BiVO, has been investigated by fabricating the
epitaxial oxide thin films with different crystallographic orientations for the PEC water splitting [19].
In that report, the epitaxial BiVOy, (001) thin films were fabricated on the YSZ (001) substrate as
reported in the previous studies, while the epitaxial BiVO, (010) thin films were firstly grown on
the STO (001) substrate by the domain match epitaxy (DME). Interestingly, the photocurrent density
of the epitaxial BiVO, (010) (2.29 mA/ cm?) showed significantly enhanced values in comparison
with that of the epitaxial BiVOy (001) (0.74 mA /cm?) due to the improvement of the charge transport
efficiency as shown in Figure 6a. The EIS spectra of the epitaxial BiVO, with different crystallographic
orientations revealed that a smaller semicircle in the epitaxial BiVOy, (010) was observed due to the
high photoactivity, and the better kinetic charge transfer (Figure 6b). The wavelength-dependent
properties observed by the IPCE also showed that it was significantly enhanced in the epitaxial BiVO4
(010) than that of the epitaxial BiVO4 (001) (Figure 6c). Consequently, it could be understood that
the in-depth understanding on effect of specific crystallographic orientations in the design of the
metal oxide thin film photoelectrodes would be highly beneficial for the further improvement of
performances, and a deeper understanding of PEC water splitting.
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Figure 6. (a) PEC performances of 100 nm-thick epitaxial BiVOy films with different crystallographic
orientations. The electrolyte of 0.5 M NaySO4 aqueous solutions in the presence or absence of 0.5 M
NaySO3; was used for the measurement. (b) EIS spectra and (c) IPCE of the BiVO, with different
crystallographic orientations. Inset of (b) shows the equivalent circuit for the data. Reprinted with
permission from [19]. Copyright 2018, American Chemical Society.

3.2. Development of Ferroelectric Coupled PEC Device

In order to efficiently convert solar energy into electrical or chemical energy, the charge carrier
separation and collection has generally been considered as one of the most decisive factors. Also, it is well
known that the internal electric field developed in conventional p—n junctions enables efficient charge
separation and collection. Hence, attempts to utilize the unusual photovoltaic effect of the ferroelectric
oxides have been widely reported. The studies have shown that the spontaneous polarization of the
ferroelectric oxides, which creates an internal electric field, provides significant improvements in the
charge carrier separation and collection. Herein, the correlation between the spontaneous polarization
and the internal electric field can be explained as follows. The high built-in-potential at the interface
is determined by quantifying the polarization effect, which can be indicated as the potential height of
ferroelectric band bending (Pé /¢, Equation (4)). Additionally, the electric field at the interface can be
determined by Equation (5) [64].

Vil = Vi £ L8 @
2qNeg (V + Vi
E—\/q eff(£+ bl):l:g 5)

where Vi, is the built-in potential at the interface, Vy,; is the built-in potential, P is the polarization
of ferroelectrics, ¢ is the dielectirc constant, J is the distance between the polarization charge and the
interface with the electrode, E is the electric field at the interface, q is the electric charge, and Ny is
the effective charge density. Note that the spontaneous polarization and the internal electric field are
linearly aligned. Recently, many studies have been widely conducted to apply this unique property of
the ferroelectric materials to PEC water splitting. However, in spite of the advantageous photovoltaic
effect, most ferroelectric materials, including BaTiO3, PbTiO3, and Pb(Zr, Ti)O;3 typically have the
wide bandgap that absorbs only a short range of the visible spectrum [65]. Fortunately, among the
ferroelectric materials, the BiFeO3 have a relatively narrow bandgap in the range 2.2~2.7 eV [66,67].
For that reason, various studies on the ferroelectric BiFeO3; photoelectrodes have been reported for
PEC water splitting [35,68-73]. Recently, our group reported that the effect of applying ferroelectric
BiFeO; thin films to PEC water splitting, which could be systematically summarized as shown in
Figure 7 [35]. As described in Figure 7a—c, the schematic shows the energy band diagram of the
BiFeOs thin film photoanodes in the PEC water splitting system to help with understanding on
the effect of ferroelectric switching with different polarization states. In the no-polarization state,
each photoexcited carriers are separated inefficiently on both sides of the photoanode without the
energy band bending (Figure 7a). However, the downward ferroelectric switching of BiFeO3 induces
negative (positive) bound charges toward the electrolyte/photoanode (photoanode/bottom electrode)
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interface (Figure 7b). As a result, each band bending significantly enhances PEC performances. On the
other hand, the high built-in-potential by the ferroelectric polarization causes upward (downward)
band bending toward the electrolyte/photoanode (photoanode/bottom electrode) interface. In this
case that the upward ferroelectric switching of the BiFeOs is induced, each band bending operates as
the barrier for photoexcited carriers, and this deteriorates PEC performances (Figure 7c). In addition,
interestingly, BiFeO3 has been widely reported to have different polarization values with different
crystallographic orientations, as shown in Figure 7d [74-78]. The different ferroelectric polarization
values of the BiFeOj3, which depend on different crystallographic orientations, induce the differences
in the energy band bending height. Figure 7e indicates the difference in the energy band bending
height induced by the different spontaneous polarization values in the downward polarization state.
Especially, (111)pc-oriented BiFeOj3 has the highest energy band bending height because of its highest
spontaneous polarization value among all crystallographic orientations. In conclusion, the most
efficient charge separation and collection of the photogenerated carriers can be obtained in the (111),¢
BiFeO3 photoanode.
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Figure 7. Schematic representations of the built-in polarization field in (a) no polarization state,
(b) downward polarization state, and (c) upward polarization state of ferroelectric BiFeO3 thin films.
(d) Different polarization values of BiFeO3; with different crystallographic orientations. (e) Polarization
direction of the BiFeOj3 in different crystallographic orientations. Reprinted with permission from [35].
Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany.

There are many limitations inherent in the ferroelectric materials in terms of the light absorption
and the photoactivity when using ferroelectric materials alone as PEC water splitting photoelectrodes.
Thus, in recent years, the ferroelectric materials have not been used as a single material for the PEC
water splitting, but as a part of the heterojunction structures to harness the ferroelectric energy band
bending. For instance, Yang et al. synthesized the ferroelectric BaTiO3/TiO, heterojunction structure,
which exhibited the improved PEC performances as a result of the enhanced charge separation
efficiency induced by the ferroelectric polarization of BaTiO3; [79]. In addition, Xie et al. reported
the PEC performance of the ferroelectric BiFeO3/BiVO,; composite photoanode fabricated by the
chemical solution deposition [34]. The result showed that the photoanodic property of the ferroelectric
BiFeO3/BiVOj, heterostructure film was significantly improved by the effect of the surface passivation
and the reduced charge recombination by the BiFeOs. To date, it is known that the built-in band bending
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induced by the spontaneous polarization of the ferroelectric materials enables the improved charge
separation. Because the application of ferroelectric materials into PEC water splitting has plentiful of
undiscovered strategies that are yet to be explored, it is expected to be intensively investigated.

4. Conclusions and Future Outlook

Energy harvesting technology from the unlimited source of solar radiation has been considered as
a sustainable solution for the global energy challenge. In that respect, the solar-driven water splitting
technology has greatly progressed so far, since hydrogen as a product of water splitting reaction
is expected to support future societies. Here, we reviewed the enhancement strategies, and recent
progress on the device designs toward the efficient and practical PEC solar water splitting. In decades
of research, many researchers have endeavored to discover small band gap semiconductors, and this
has resulted in the development of BiVOy, Fe;,Os etc. Introduction of those semiconductors into the
photoelectrode have brought the utilization of visible light, which results in increased photocatalytic
efficiency. However, there are still problems remaining, such as the poor charge separation in the
bulk and the slow oxidation kinetics. Recently, various efforts are being investigated, including
the strategies of fabricating heterostructures, loading plasmonic NPs, gradient-doping of foreign
elements, and synthesizing OECs on the surface. Due to the above-mentioned efforts, more efficient
charge separation efficiency and faster kinetics of oxidation have been achieved, and this enables
a deep understanding of PEC water splitting. Moreover, the application of plasmonic NPs into PEC
water splitting has made it possible to develop visible-light-responsive photoelectrodes consisting
of large band gap oxides. Based on these achievements, it is expected that further improvements
of the plasmonic photocatalysts will be available by designing plasmonic NPs with various shapes,
structures, and compositions.

Most recently, in order to achieve further improvement, very interesting and challenging attempts
are being explored. One is so-called facet engineering which requires delicate material growth
techniques to expose certain crystal facets on the surface of photoelectrodes. By DFT calculations, it is
known that the intrinsic carrier transport properties and the light absorption abilities are different
depending on the crystallographic orientations of semiconductors. Therefore, a PEC device with
preferentially oriented crystal facets on its surface is crucial for achieving optimization between the
carrier transport, the light absorption efficiency, and the water oxidation kinetics. The other one is
a ferroelectric coupled PEC device. To date, the positive effect of the built-in potential induced by
the spontaneous polarization of the ferroelectrics on charge separation has been reported. However,
this state-of-the-art PEC device design is still in its infancy. Although the fabrication of ferroelectrics
requires the elaborate deposition process, well known facts on ferroelectrics, such as the different
polarization values depending on the different crystallographic orientations, imply that there are
numerous of undiscovered fascinating strategies.

The various enhancement strategies and the device designs are summarized in this review.
We believe that the practical PEC water splitting can be achieved by combining two or more introduced
strategies and designs. Especially, the combination of the OECs and the facet engineering or the
ferroelectric coupled PEC devices seem more promising and fascinating. In addition, the cost-effectiveness
and the long-term stability should be considered for the commercialization of PEC water splitting
technology. In that respect, the use of inexpensive materials, for example, semiconductors including
BiVQy, BiFeO3, and Fe; O3, and OECs of NiOOH, FeOOH, CoOOH etc. should be taken into account for
future development.
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