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Both inorganic and hybrid (organo-inorganic) perovskite materials are potential candidates as photo-
catalysts for use in both photovoltaic (PV), and photocatalytic water splitting applications. Currently,
research has been focused on specifically designing perovskite materials so they can harness the broad
spectrum of the visible light wavelength:Inorganie perovskites such as titanates, tantalates, niobates, and
ferrites show great promise as Visible lightddriven photocatalysts for water splitting, whereas hybrid

perovskites such as methylammonium lead halides reveal unique photovoltaic and charge transport
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properties. The main objective ofithistarticle is to examine the progress on some recent research on
perovskite nanomaterials for bothisolar cell and water splitting applications. This mini review paper
summarizes some reeent developments of organic and inorganic perovskite materials (PMs) and pro-
vides useful insighits for their future improvement.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the world's growing population agd industrialization, the
demand for energy is also increasifig. Using4fuels as an energy
source produces greenhouse gases, which,have a detrimental effect
on the environment, especially global warming [1—3]. To mitigate
this problem, it is important‘te develop alternative clean energy
sources that can fulfill{the energy demand. Harnessing energy
directly from sunlight is ‘ohe option to fulfill the need for clean
energy and simultaneously have a negligible environmental effect
[4]. Solargemergy can beutilized in PV applications to generate
electrigity and)to“splitgWater to produce hydrogen. Developing
suitable photocatalysts for PV [5,6] and water splitting reaction [7],
is an impeftant step toward harnessing solar light efficiently.

Organi¢ lead halide perovskites have demonstrated promising
applications ‘in renewable energy production. These perovskites
show high photon absorptivity in the optical range as well as a
sharp band edge implying that the materials have low levels of
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disorder [8,9]. In addition, they possess long charge-carrier diffu-
sion lengths (>1 pm) in comparison to their incident light ab-
sorption depths (~100 nm) [10—14]. These characteristics facilitate
the maximum number of photoexcited charge carriers trans-
portation through the electron-hole transporting layers to the
electrodes [15—18]. Therefore, organic lead halide perovskites are
beneficial in perovskite solar cell (PSCs) to generate electricity.

In the last three years, power conversion efficiencies (PCEs) of
PV cells made from perovskites have dramatically jumped from 4%
to 22.1% [19—22]. Due to their high efficiency, PSCs are already
competing with established thin-film technologies consisting of
the inorganic semiconductor cadmium telluride (CdTe) and copper
indium gallium selenide (CIGS) [23]. Regardless of progress in
making PSCs more efficient, there are some challenges to
commercialization, including toxicity of lead ions, long-term
instability, and relatively high cost. It is necessary to put effort
into improving and optimizing these negatives aspects in order to
make PSCs commercially viable.

Unfortunately, one major drawback of solar power is the vari-
ability of its intensity. The usefulness of solar power varies,
depending on the location, season, and time of day. The direct
transformation of solar energy into chemical fuels is a key
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technology to addressing the intermittency in renewable energy
sources, solving both effective storage and transportation prob-
lems. Water photoelectrolysis is an attractive viable technology to
convert solar energy into chemical fuels, especially hydrogen,
which can be efficiently used in a fuel cell for power generation
with only water as by-product [24,25]. Therefore, hydrogen is
considered to be a green energy carrier and an effective way to
preserve solar energy under no-sunlight conditions. However, to
generate hydrogen from water photoelectrolysis, some key factors
must be addressed: properly choosing the materials for photo-
catalysts, designing the photocatalysts, and engineering the water-
splitting device. Moreover, a sustainable solar water splitting de-
vice should be efficient, economical, and stable over the long term.

In this context, metal oxides have been investigated for their
photocatalytic applications, especially titanium (IV) oxide (TiO3)-
based photo catalysts [26—28]. Perovskite materials (PMs) have
also garnered major interest in water-splitting applications, due to
their unique electrochemical and photophysical properties [29,30].
They have a suitable band gap position in order to perform water
splitting, but most of them are photoactive in the ultraviolet (UV)
light region. The literature indicates that different design strategies
have been followed to utilize the broad spectrum of visible light.
One advantage of perovskite is the flexibility to alter its band gap
position by adding different elements into the lattice, which ulti-
mately gives a broader scope to the design of its photocatalytic
properties [31]. Some perovskite compounds, such as PbZrOs,
BaTiOs, and PbTiOs, show piezoelectric properties which can be
utilized in designing photocatalysts for water splitting [32,33]. Also,
noble metals (Au and Ag) also can be combined with perovskite
materials in order to utilize their plasmonic characteristics for
designing effective photocatalysts [34,35]. PMs are easy to sy
thesize and can be produced in different sizes and shapes usi
different techniques. Details of different PM synthesis techniqu
have been provided previously [33].

This review paper is intended to examine the recen
using perovskites for photocatalytic water splittin
PVs. For PVs, emphasis is placed on organolead
process and operation principal of PSC. For
review article is focused on different PM desi
ture the visible light and some recent pho
of different PMs in water splitting. B

context, this re-
1 introduces the
perovskite structure. Section 2, providesa discussion of the recent
progress in organolead halidegperovskit deposition processes
of organolead perovskite for Is, and the operation princi-
ples of PSCs. Section 3 p tS acteristics of PMs and their
design strategies, so ece
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using water splitting. Discussion of the fundamentals and design
strategies gives readers some insight into PMs for further devel-
opment. Section 4 is briefly discussed about the degradation phe-
nomena of PMs. Finally, Section 5, a summary of the future prospect
of using PMs in water splitting and PV applications.

1.1. Introduction of perovskites materials

properties and useful
, superconductivity,

can be utilized in designing effee
catalysts for water splitting.
mula of ABX3, where
(0%, 17, Br, Cl), r
form a BXg octahedr.

es for PVs and photo-
tructure shows a for-

system by linking all-corners with

each other (Fig. 1b). T| mbol A represents a metal cation, which
is lo vacancy within the octahedral and maintains the
charge neu of the entire network system. The A cations (Ca®™,

i, Ce>*) reside in the 12 coordinated sites be-

es in the cubic crystalline unit cells are located at the
,0,0), body center (1/2,1/2,1/2) and face center positions
,0), respectively. Examples of the perovskite structure are
i03 [38] and CsSnBr3 [39].
In most cases, perovskites have a distorted type of cubic struc-
ure. These distortions are incredibly large and complicated. Tilting
octahedron leads to a pseudo-cubic structure of the CaTiOs
mineral. According to Cheng et al. [37], the various mechanisms of
distortion can be classified into five types: (1) distortion of the BXg
octahedron; (2) off-center displacement of the B cations in the BXg,
which is responsible for origin of ferroelectricity; (3) tilting of the
octahedra, which is typically caused by an A cation since it is too
small to be located at the cuboctahedral site; (4) assembling of
more than one kind of cation, A or B, or more than one kind of
vacancy; and (5) ordering of more than one kind of anion or va-
cancy. The physical properties of PMs—particularly electronic, op-
tical, transport, magnetic, and dielectric properties—are subject to
tremendous distortion. These properties are significant in many
applications that use PMs. Therefore, distortions as the result of

Fig. 1. (a) ABX;5 perovskite unit cell, and (b) extended network structure of perovskites linked via the corner-shared octahedral. Reprinted from Refs. [40,41].
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cation substitution can be used for tuning the physical properties
given off by perovskites.

2. Perovskite materials for photovoltaics

Typically, the PMs used in solar cells are three-dimensional
hybrid perovskites, consisting of organic cations (CHsNH3,, MA),
metal cations (Pb?*), and halides (X =1, Br~, CI~ or mixtures). For
efficient devices, the B cation has typically been Pb?*, although
Sn?* forms a similar structure with lower and naturally more ideal
bandgaps [42], but with lower stability. This section will focus on
the MAPbI3 and mixed-halide analog, MAPbI;_«Cly, perovskite films.
In addition, it will present recent progress in organolead halide
perovskite and various methods used in the formation of films, and
consider the operation principles of perovskite solar cells, which
are not yet fully understood.

2.1. Latest progress in organolead halide perovskite for solar cells

In 2013, the journal Science reported that one of the top ten
breakthroughs of 2013 has become highly efficient organolead
halide perovskite solar cells [43]. In PSCs, the organolead halide
perovskite, CH3NH3PbX3 (where X = I7, Br~, Cl7), is used as a
photoactive layer to harvest sunlight. The configuration of PSCs is
similar to the configuration of dye-sensitized solar cells (DSSCs)
[44,45]. In 2009, Kojima et al. [46] first published a report on using
perovskite nanoparticles as visible light sensitizers in liquid DSSC
based on a mesoporous TiO; scaffold yielding efficiencies of 3.81%.
However, these first DSSCs sensitized by perovskite nanoparticles
had poor stability because of a liquid electrolyte that corrupts the
perovskite sensitizer. Later, Kim et al. [21] also used the perovskite
nanoparticles to sensitize TiO, films in a solar cell and delivered
PCE of up to 9.7%. They used hole-conductor spiro-MeOTAD inst
of liquid electrolyte. Shortly after that, D'innocenzo et
employed mesoporous Al,O3 as a scaffold and a mi

CH3NH3Pbls_4Clk and dramatically decreased the
due to splitting excitons (photoinduced electron-

porous TiOz(mp-TiO;). The “meso-supe
high as 10.9% and generated 1.1 V of op
This study, for the first time, de
used as a sunlight absorber
conductor. The PCE of this ce

boosted up to 12% by infiltration
of the TiO, film pores wi HsP

perovskite and overlayers

of CH3NH3Pbls co-existing on top of the mp-TiO, film [48]. This
study indicated that the perovskite performs a double role as light
harvester and hole conductor.

A significant improvement in the PSC fabrication is that its
performance and reproducibility was achieved by introducing a
two-step sequential deposition technique. Lead (II) iodide (Pbl,)
was first added to a mp-TiO; film and then converted into the
perovskite by adding of CH3NH3l, which leads to a cell with a PCE of
15% [49]. Furthermore, Liu et al. [50] showed that it is natinecessary
to use nanostructuring to attain high efficiencies fo
material. They obtained a 15% PCE in a simple pl

interface engineer-
on of photoexcited
ction into the transport
layers, and kept exce the electrodes by
tuning the formation
selecting materials:

reported [51], which

solar cells. '
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NH3Pbl3_«Cly, a solution of PbCl, and CH3NHsl (molar ratio of
in DMF was typically used [19,52]. The perovskite absorber can
produced either inside the mesoporous layers or formed as
uniform films on TiO, compact layers in the case of planar solar
cells by proper monitoring of the precursor concentration and spin-
coating conditions. For planar cells, the deposition of a uniform
perovskite layer by spin-coating demands that variables, including
post-deposition treatment, be controlled [53—55]. Since wettability
of the underlying layer is different, the deposition of perovskite
must be separately optimized for each of layers. The degree of
infiltration within the mesoporous layer essentially depends upon
the solution concentration, spin-coating rate, and solvent proper-
ties. Surface roughness that causes shunts in the PSCs depends on
the tendency of perovskite films to crystallize [48]. An important
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Fig. 2. (a) SEM image (cross-sectional) of mp-TiO; film infiltrated with Pbl,, (b) change in film absorbance during transformation of Pbl, to CH3NH3Pbls, and (c) SEM top view of
CH3NH;3PbI; film prepared utilizing sequential deposition method. Reprinted from Ref. [49].



M. Moniruddin et al. / Materials Today Energy 7 (2018) 246—259 249

(a) (b)

Sensor 2

<

Sensor 1

O

Organic
source

Inorganic
source

Fig. 3. (a) Schematic of dual-source thermal evaporation equipment, and (b) schematic of Pbl, conversion to CHs

achievement in solution-based deposition is the development of
the consecutive deposition method for use in the preparation of
PSCs by Burschka et al. [49]. This deposition method is composed of
spin-coating a Pbl; layer onto the TiO, mesoporous layer from a
solution under proper conditions, solution concentration, spin-
coating rate, etc., which allows the Pbl, to qualitatively infiltrate
within the mesoporous layer (first step) (Fig. 2a). Subsequently, th
substrates with formed Pbl;, which are yellow in color, are dip

in a CH3NHjsl solution in a 2-propanol solvent. During this time, t

incubating the Pbly-loaded TiO; film to the CH3
worthwhile mentioning that the conversion ti
Pbl, deposition conditions. This has been rep

conversion time [56], although the origi Liang et al.
[57] indicated that the conversion to is likely that the
conversion reaction speed is increas e Pbl; layer on top
of the mesoporous layer has become rougher [49]. The trans-
formation of Pbl; into CH3N Cl with volume expan-

sion (~75%) [58]. Therefore explanation is that the

sequential deposition pro-

other method that is typically utilized to
the extensively applied solution-based
. Planar PSCs (15.4%) of CH3NH3Pbls_Cly,
evaporation of PbCl, and CH3NH3sl from dual evapo-

a spin-coated spiro-OMeTAD layers which are performed sepa-
rately as electron and hole carriers. The deposited perovskite films
were very uniform and compact and had crystal grains of hundreds
of nanometers. Using these vapor deposition techniques, Malin-
kiewicz et al. [59] successfully fabricated a device with 12.04% ef-
ficiency utilizing different electron and hole transporters, such as
PCBM and PEDOT:PSS. In both cases, in order to produce the desired
layers of perovskite and efficient solar cells, a careful optimization
of the dual source evaporation process was required. Chen et al.
[58] demonstrated a combined approach utilizing vapor phase

CH;NH;I
Vapor
=

—

3NH;l vapor. Reproduced from Ref. [58].

and solution-based deposition. In this vapor-
process (VASP), a Pbl, solution was first spin-
substrate. Next, the yellow colored films were
NH3sl at 150 °C in N for 2 h (Fig. 3d). Due to the slow
ion, VASP produced CH3NH3Pbl; films with micron
and a low surface roughness (~20 nm). PSCs fabricated
ese films had a PCE of 12.1%.

. Operation principles of PSCs

As mentioned previously, the perovskite nanoparticles were
initially used to sensitize the porous TiO, scaffold. The intended
role of the perovskite nanoparticles in the device is similar to that of
the dye molecules in a dye-sensitized solar cell. After sunlight is
harvested by the perovskite, generated electrons are transported to
the perovskite/TiO, interface and injected to the conduction band
of the TiO,. The remaining holes are then removed by a redox
electrolyte or a solid-state hole-transport material, and further
moved to a platinum cathode [60] (Fig. 4a). Further studies revealed
that bulk perovskite can act as both a hole and electron transport
media, and a thin perovskite film with a thickness of a few hundred

(a) (b)
FTO

n-type TF

HTM perovskite

Au

@ electron O hole

Fig. 4. (a) Mesoscopic PSC with porous TiO, scaffold, and (b) planar configuration
without TiO, scaffold. Fluorine-doped tin oxide (FTO) layer is block layer, n-type
semiconductor. HTM layer is hole-transporting material. Reprinted from Ref. [67].
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nanometers could even perform charge generation and transport thorough interpre ient spectra. Mobilities of the
[19,50,52,61,62]. The cell architectures places the perovskite layer free electrons and h roximately equal and lie in the
between p-type and n-type selective contacts, similar to a planar range ~10-30 cm? V! Fig. 5A inset) [13,72,73]. Stranks et al.
heterojunction architecture [19] (Fig. 4b). This simple planar ar- [70] stud3 réecombination processes in organic-inorganic perov-
chitecture, which can be assembled by different preparation skite under h icht intensities, and found that recombination
methods, has strongly attracted the attention of the photovoltaic occurs by imolecular mechanism, thus indicating that
community [59,63—66]. the p xation pathway is a recombination of both free

In planar perovskite solar cells, the charge generation mecha- el holes [74]. The recombination in these perovskites is
nism and dynamics are not completely clear. The photoexcited ma ive as well. Quantum efficiencies of photo-
species, free electrons and holes, or bound excitons are not i nce reaches values of 70% at room temperature (Fig. 5B),
completely understood. At room temperature, the upper bound of | and even 100% at low temperature [14]. These high lumi-
the exciton binding energy in the perovskite materials with_a nce efficiency attributes perovskite solar cells to the efficiency
tetragonal phase is ~50 meV [47]. However, in these compu mit of Shockley—Queisser. In that case, all recombination is pre-
the dielectric constant is supposed to be 6.5, but accordi
etal. [68], the effective dielectric constant is probably

In the case of planar heterojunction cells, it is known that the
In that case, the exciton binding energy in the tetr. crucial prerequisite for proper operation of the cell is that diffusion
probably ~1—10 meV [68]. Although even for th: inding lengths of the electron and hole must be greater than the photo-
energy of ~50 meV, free charge carriers are gen active layer thickness needed to achieve entire incident light har-
ously after light harvesting, corresponding t vesting. The diffusion length is estimated to be greater than 1 um
of bound excitons [69,70]. According It spectroscopy for both charge carriers (electrons and holes) in the MAPbI3—xClx
studies (Fig. 5A), dissociation of the exciton s during 2 ps after layer (Fig. 5B) [10,11]. This value is appropriately long for the effi-
photoexcitation [71,72]. Confirmation of this/feature requires a cient operation of a cell with planar heterojunction architecture as

Fig. 6. SE and EBIC images of cross sections of CH3NH3Pbl;_Cly (A) (scale bar 2 pum) and CH3NH3Pbl; (B) planar solar cells (scale bar 1 um). Scans were taken at the lines' positions.
Arrows show peaks for I-Cl and where peaks are in the case of pure iodide. Right panels are 3D surface plots of EBIC images. Ripples observed in EBIC image of (A) outside (semi-)
conductive regions are due to background noise. Reprinted from Ref. [62].
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because an absorption depth is about 400 nm at a light wavelength
of 700 nm [53,61,78]. The long diffusion length is explained by a
long lifetime of charge carriers on the order of 300 ns to ps [10].

The electron-beam induced current (EBIC) mapping technique
has been used to determine the operating principal of planar PSCs.
EBIC data revealed that the operating principal is similar to that of a
thin-film solar cell [14,62]. In EBIC scans (Fig. 6A,B), two peaks are
consistent with p—i—n operation [70] are observed. These results
imply that the most probable operating method is that the photon
is absorbed, and free charge carriers are generated at room tem-
perature [47,74]. Furthermore, generated charge carriers move
through the perovskite film and selectively pass across their
respective electrodes where they promote the current in the
external circuit [62].

The charge carrier diffusion lengths calculated by EBIC are
approximately 2 pm for the I/Cl mixed halide perovskite and 1 pm
for the triiodide perovskite during hole diffusion. This result is
consistent with carrier diffusion lengths examined by terahertz
time-domain spectroscopy [13]. However, these lengths are longer
than those estimated by time-resolved photoluminescence
quenching measurements [10,11]. Photoluminescence quenching
measurements will tend to give an underestimate since they as-
sume perfect quenching and homogenous recombination within
the bulk of the film.

The perovskite film morphology and the defect density within
the films strongly influence on the charge carrier lifetime in the
perovskite. According to recent research on single crystals of
MAPbI3; and MAPDbBr3, defect densities in such crystals are lower
~10° c¢m~3 [79,80], in comparison to those in polycrystalline
perovskite films, which are ~10'® cm~3 [69,78]. In these single
crystals, an estimated charge carrier lifetime and a corresponding
charge carrier diffusion length reach value of a few hundred mi-
croseconds and of 175 um, respectively. In order to estimate the
lifetime of the charge carrier, photovoltage decay and#electie-
chemical impedance spectroscopy techniques of electronically
contacted crystals were used. If the charge carrier #fapping takes
place at the crystal surface, then it may overestimate the lifetime of
the charge carrier, which case, the results mustdbe verified by other
techniques.

In polycrystalline thin films, the intefgrain potential barriers
create obstacles to carrier transport throughhthe layer and may
reduce mobility of the carrier by many orders ‘of magnitude from
that found in a single-crystal material. In this)respect, CIGS has long
been regarded as a “better material”sinéesit has an extremely low
intergrain potential barrier of 100 meV [14]. In comparison with
CIGS, the intergrain potemtial barrierat the CdTe grain boundaries,
depending on processing ‘cenditions, is ~100—800 meV [14].
However, the intergraimpotential barrier in polycrystalline MAPbI3
perovskite filmsgdfthe dark is only ~45 meV and further decreases
under illuminationd/624: This implies that charge trapping at the
graingboundaries in perovskite films must be much less of an
ohstacle than in CIGS or CdTe. However, cells with large grain size
had‘a, better drive performance as well as enhanced diffusion
length'for the charge carrier. This implies that the grain boundaries
may not be,benign [79,80].

Since perovskite films have a high absorption coefficient as well
as a sharp absorption edge, it is possible to characterize the ener-
getic disorder by analyzing the exponential dwindling of the ab-
sorption spectra below the bandgap with a characteristic energy, or
Urbach energy [8,9]. The steepness of the edge of the absorption
spectrum indicates the materials quality. Plus, it has a low Urbach
energy of 15 meV which indicates a low degree of disorder [48,81].
In comparison, values of Urbach energy of GaAs, CdTe, crystalline
silicon, MAPbI3 or MAPbI;—xClx, and CIGS are 7, 10, 11, 15, and
25 meV, respectively. The Urbach energy of perovskite is less than

that of CIGS (~25 meV) [48] and somewhat greater than that of
GaAs (~7 meV) [8,76]. Regardless, perovskite samples made using
the most standard solution-processing methods [73,78] still have
low density electronic trap states (~10'® cm™3) in the band gap,
which strongly influence on the recombination dynamic, cell
photovoltage, and photoluminescence quantum efficiencies [70,73]
(Fig. 6B).

The most efficient PSC cell is composed of a thin (~200 nm) layer
of nanoporous TiO; infiltrated and covered with a salid perovskite
layer (~200—300 nm) (Fig. 4a) [81—83]. In these nangporous TiO,-
based perovskite cells, a bottom layer of TiOzfperovskite performs
the role of a bulk distributed heterojunctieft'and a topilayer of the
perovskite and the hole-transport matérial operates as a planar
heterojunction. Snaith et al. [84] assumed that while préper control
of the interfacial surface of the perovskite and the compact n-type
layers is reached, the privileged solaf céll architecture can be the
planar heterojunction one (Fig. 4b):

3. Perovskite materials forfwater splitting

Several photocatalysts, such as binary and ternary metal oxide,
sulphide, phosphide, jand nitride” compounds, which have been
tested for water splitting {85=90]. However, there is still a major
challenge to find a champion material that has a suitable band edge
potential with smaller band gap for the overall water splitting re-
action. In addition, there are also some major issues in designing a
good phetocatalyst including electron-hole pair recombination and
matetial instability due to photodegradation in photocatalytic
water ‘splitting. Perovskites-based compounds are one type of
metal oxides photocatalysts that has been widely studied for pho-
tocatalytic hydrogen generation from water splitting. Perovskites
offer distinct advantages over other classes of materials studied.
First, several perovskites offer suitable band edge potentials which
are favorable for either the cathodic hydrogen evolution reaction or
the anodic oxygen evolution reaction and are also stable in water.
Second, the flexibility of A site or B site cation doping in the lattice
perovskite can alter its structure, resulting in a significant change in
the photophysical properties. Third, ferroelectric and/or piezo-
electric properties of perovskites also have the potential to improve
their photocatalytic activities [91]. Hence, perovskites are consid-
ered a potential photocatalyst for the water splitting reaction [92].
Most perovskites have a high band gap energy thus exhibiting good
photocatalytic activity under the UV region alone. Many research
studies have been conducted to extend this photocatalytic activity
towards the visible light region for water splitting reaction. In
Section 3.2 and 3.3, some PM design strategies and their recent
photocatalytic performances for water splitting reaction under
visible light are briefly discussed.

3.1. Fundamentals of water splitting

The water-splitting reaction is nonspontaneous, whereby the
Gibbs free energy change is 237.3 kj/mol~! at standard temperature
and pressure [93]. Therefore, a photocatalyst needs to absorb
photon energies from solar light to overcome this thermodynamic
limitation of the water-decomposition reaction. The water splitting
reaction is a four-electron transport process in which water de-
composes into oxygen and hydrogen. To split water into hydrogen
and oxygen using sunlight, the photocatalyst must full fill two
essential criteria: (a) it must absorb the minimum photon energy of
1.23 eV, which is equivalent to the light wavelength of 1100 nm, and
(b) the conduction band (CB) potential of the photocatalyst must be
more negative than the redox potential of H"/H, (0 V vs NHE at
pH = 0), and the valence band (VB) potential must be more positive
than the redox potential of O2/H,0 (1.23 Vvs NHE at pH = 0) [31]. In
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Fig. 7. Steps in overall water splitting mechanism on a heterogeneous photocatalyst.

general, the photocatalyst absorbs light and generates electron-
hole pairs under irradiation. The excited electron is then moved
to the conduction band and reduces the water to form hydrogen
gas. Simultaneously, the hole in the VB oxidizes water into oxygen
gas. Steps involved in the water-splitting reaction are depicted in
Fig. 7.

3.2. Strategies to design perovskite materials

The effectiveness of a photocatalyst in photocatalytic water
splitting depends on three major steps: (a) photon absorption from
incident light and generation of electron-hole pairs, (b) separation
and transport of photoexcited carriers to the surface active sites,
and (c) consumption of photoexcited electron-holes by water redox
reactions on the active site [94]. However, most perovskite mate-
rials such as titanates or tantalates (>3 eV) have a large band gap
energy and thus are not capable of harnessing the major portion of
the solar spectrum (visible range) that reaches the earth's surface:
Different designs of PMs can increase the visible light absorption,
minimize the charge recombination, and enhance the cliarge,sep-
aration. In the literature, several strategies have beenfinvestigatéd
to design PMs to improve the photocatalytic activity“im water
splitting. Here, we discuss some key strategies,hincluding the
following: (a) band gap engineering to achiéve the ‘suitable band
edge position, (b) reduction in electron-hole paifirecombination by
changing particle size and crystal nan@stracture; (¢) use of plas-
monic metal nanoparticles (Au or Ag) to efthange the visible light
absorption, (d) development of differenit hete@junction assemblies
to enhance charge separation, and (e) introduction of ferroelectric
material to capitalize on its pelarization field towards photoexcited
charge separation.

3.2.1. Band gap engineeéring

The electroni¢ band structures of a photocatalyst can be engi-
neered by doping‘aforeign element into a perovskite structure. The
dopant may form a néw mid-gap state between the VB and CB or
alter the,VBdor CB position through the mixing of energy levels of
the dopant.and host elements [95,96]. Generally, with perovskite
materials, thé,bottom edge of the CB and top edge of the VB energy
levels are more negative than 0 V and more positive than 3 V,
respectively. The CB mainly consists of d° transition metal orbitals,
and the VB consists of O 2p atomic orbitals. Therefore, by doping
suitable elements in the perovskite structure, it is possible to
introduce new p or d orbitals in either the VB or CB, respectively,
which helps to manipulate the band gap energy to the visible range.
For example, the band gap of SrTiOs is 3.2 eV, but when it is doped
with Rh, the band gap is reduced, apparently resulting in Hy evo-
lution from water splitting under visible light irradiation [97]. Here,
Rh is doped as a B-site element (Ti**) to manipulate the band gap

energy of SrTiOs. The dopant exists both in a trivalent jon (Rh3*)
and tetravalent (Rh**) form. Rh3* introduces a donor level at a
smaller potential than the top edge of the VB, and this donor level
provides the excited electron to the SrTiO3 CB; thus the band gap
shrinks apparently [95]. Rh** creates a new acceptor level, and the
excited electron transfers from the VB of the SrTiO3 to the new
acceptor level. On the other hand, Zn can be doped as A-site ele-
ments to manipulate the band gap energy of SrTiOs. In the Zn-
doped- SrTiOs3, the VBs dominantly consist of O 2p orbitals,
whereas the Zn 3d orbital mainly contributes to the bottom edge of
the CBs at a lower negative potential compared4oythe Ti 3d orbital
and results in shrinkage of the band gap [98§

Anion doping at the O-site of perovskites is another potential
way to convert UV active catalysts to visible@etive catalystfor water
splitting [99]. A theoretical calculation using'BFT and HSEO6 has
shown that anion doping (N and S) at the'Qzsite'of\NaTaO3 reduces
the band gap significantly since thegpl orbital\energies of anionic
elements are higher than the O 2p orbitals. In the S-doping case,
new S 3p orbitals form above the VBywhich'1s located at the lower
potential of the O 2p ofbitals, and'resuits inithe VB moving in an
upward direction [100}.)A recent experimental study has shown
that S-doped NaTaQs, exhibits remarkably improved visible-light
photocatalytic activityy comparéd to pure NaTaOs; in photo-
catalytic degradation of amyorganic compound [101].

3.2.2. Varying'erystal structure and particle morphology
Particleymorphelegies, including crystal structure and size,
crystallinity,“and particle structure of perovskite photocatalysts,
significantly, influence the photocatalytic activity. Although
changing the’particle morphologies may not make the perovskite
Photocatalysts active in visible light, it can help to improve the
photoexcited charge separation efficiency, which is one of the
major hindrances toward designing efficient photocatalysts for
water splitting. The photoelectron excitation and transfer process
campbe improved by restructuring the crystal structure of the
perovskite photocatalysts to enhance the photocatalytic activity.
For example, NaNbOj3 has two different crystal structures, cubic and
orthorhombic, with band gap energies of 3.29 eV and 3.45 eV,
respectively. Cubic NaNbOs3 exhibited two times higher H; evolu-
tion than that of orthorhombic NaNbO3 [102]. Theoretical calcula-
tion show that a unique electronic structure and the presence of
high symmetry in the cubic NaNbOs facilitates the charge excitation
and separation process, which contributes to the enhanced pho-
tocatalytic activity, compared to the orthorhombic NaNbOs [102]. In
addition, high crystalline SrTiO3 (due to high synthesis tempera-
ture) showed enhanced photocatalytic activity because at high
temperature, the number of defects, such as grain boundary
(recombination site), decreases with the increase in calcination
temperature [ 103]. High calcination temperature not only increases
the crystallinity of the photocatalysts but also increases the particle
size. High particle size can also lead to high H; evolution [103,104].
Moniruddin et al. [105] demonstrated that the crystallite size
SrTiO3 nanofibers have a strong influence on its photocatalytic
activity. Hy evolution tests were performed for different SrTiO3
nanofibers crystallite sizes that were synthesized in two different
conditions. Firstly, calcination temperatures were varied at a con-
stant precursor concentration to synthesize a different crystallite
size. The H, production rate increased with increasing calcination
temperature and as well as increasing crystallite size. High calci-
nation temperatures improve the crystallinity of SrTiO3 and thus
enhance H; evolution. Therefore, different SrTiO3 nanofibers crys-
tallite sizes were synthesized by changing the precursor concen-
trations at a constant calcination temperature to differentiate the
crystallite size effect from crystallinity based on H; evolution. In
both cases, the photocatalytic activity of SrTiO3 nanofibers
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increased with increasing crystallite size. Kim et al. [106] also
demonstrated that nanoporous BiVOj3 significantly improved
photoexcited charge separation and effectively suppressed the bulk
carrier recombination when the crystal size become smaller than
that of its hole diffusion length. Particle structure also influences
the photocatalytic activity. For example, SrTiO3 nanofibers exhibi-
ted two times higher photocatalytic activity than SrTiO3 nano-
particles [105]. Here the particle-particle interconnection assembly
builds up a well-ordered and aligned one-dimensional nanofiber
that enhances photoexcited charge separation and assists with a
faster interparticle charge transfer [107,108].

3.2.3. Plasmonic metal addition

The addition of plasmonic metal to the photocatalysts is another
promising path to enhance charge separation and harnessing solar
light in order to design efficient photocatalysts for water splitting
[109,110]. Plasmonic materials show a collective oscillation of
conduction electrons that oscillate at frequencies corresponding to
light frequency, which can significantly alter the chemical and
optical properties of a semiconductor while incorporating plas-
monic materials [111,112]. Nanoparticles of Au and Ag have been
widely used to improve visible light and generate surface plasmon
resonance (SPR) hot electrons because of their high capability of
promoting catalytic reactions. Xu et al. [34] demonstrated the effect
of plasmonic Ag nanoparticles on the photocatalytic properties of
ATaOs3 (A = Na, K) for water splitting. ATaO3 (Na, K) without plas-
monic metal does not show any photocatalytic activity under
visible light, whereas Ag decorated KTaO3 and NaTaOs nanocubes
produced Hp. Lu et al. [113] recently designed an Au surface
modified nanoporous single-crystalline SrTiO3 material to
construct a plasmonic photocatalyst. The single-crystalline naturg
of SrTiOs enhances the mobility of SPR-induced photoelectrons,
and its high surface area offers uniform dispersion of Au nano=
particles, which optimizes the diffusion region of SPR4induced
photoelectrons than that of polycrystalline SrTiOs. Therefore,
embedding plasmonic metals on the perovskites pro¥ides.another
potential approach for developing new strategiesfin the design of
water splitting photocatalysts.

3.2.4. Heterojunction formation

A suitable heterojunction nano-arehitectuse, where electron-
hole pairs are created in one semiconductesand’afterward trans-
ported vectorially to adjacent materials, can absorb a wide range of
the solar spectrum and efficiently) seéparate the photoexcited
electron-hole pairs [114,115]. StTiO3 and NaTaOs itself alone cannot
split pure water, but aftéfha heterostructure formation with NiO
both photocatalysts @an split, pure water under UV irradiation
[116,117]. However, the problem/ef capturing the visible light range
remains. Therefofe, different research groups were began focusing
on the fabricationdof deterojunction-based photocatalysts with
both Jéw and high'band gap semiconductors to capture visible light
and as wellas to enhance charge separation and long-term stability.
Low band’gap semiconductors offer broad band light absorption,
whereas . many high band gap semiconductors are robust in an
aqueous ‘solution. Many SrTiO3 composites, such as SrTiO3/Bi;03
[118], SITiO3/CdS [119], StTiO3/MoS; [120], and SrTiO3/Fe;03 [121],
which exhibited higher visible light photocatalytic activity than
that of pure SrTiO3 for organic pollutant degradation, were fabri-
cated. Recently, Wang et al. [122] investigated the geometry and
electronic properties of SrTiO3/NaTaOs; heterostructures using
hybrid density functional of HSEO6. Their results suggested that
SrTiO3/NaTaOs heterostructures with six layers of SrTiO3 and
NaTaOs3 each have smaller band gaps (2.58 eV) as compared to those
of pure SrTiO3 and NaTaOs, and they can be promising visible light
photocatalysts for water splitting.

3.2.5. Utilizing ferroelectric materials polarization field

Ferroelectrics have currently attracted attention as a potential
candidate for use in photocatalytic water splitting due to their
spontaneous electric polarization, which promotes desirable
photoexcited charge separation [123,124]. Some recent studies on a
permanent electrical polarization field have shown some encour-
aging results in band engineering and the charge transport prop-
erty at the interface of heterojunction-based photocatalysts. In a
ferroelectric-based heterojunction, the electrical pelarization of
the ferroelectric material could redistribute the free carrier charge
to the neighboring semiconductor and thdsgmanipulating the
depletion region's width and magnitudedin a suitable, direction
[125]. A recent study by Yang et al#J126] demonstrated that
introducing a ferroelectric perovskite material (BaTiO3) in TiOy/
BaTiO3 heterojunctions is a potential desigh, strategy to improve
photoelectrochemical cell performanée.The spontaneous electrical
polarization of BaTiOs film increased TiO, ' NWs band banding and
improved the photoexcited charge Separation, thus enhancing the
photocurrent density of watér oxidation reactions. Iyer et al. [127]
also reported the ferfoelectric gffectiof BaTiOs in BaTiO3/TiO; het-
erojunctions using a'density functional theory calculation. The di-
rection of polatization _(especially positive polarization) and
thickness of the TiOgfnonolayer have positive impacts that enhance
the oxygen evolution teaction (OER) performance. Lee et al. [128]
showedsthatythe SrTiO3 polarization effect in the SrTiO3/TiO, het-
erojunction|injterms of OER activity using first-principles density
functional theoryicalculations. SrTiO3/TiO; heterojunction exhibi-
ted fenhanced OER activity relative to pure TiO,, due to the
dynamical dipoles induced in response to the charge on the
adsorbed “species. However, ferroelectric materials have a high
dielectric constant and are insulating in nature, which could be
limiting factors in applying these materials to charge transport,
especially in photocatalytic water splitting.

3:3. Recent progress of perovskite materials for water splitting

Perovskite materials as photocatalysts for water splitting have
been actively explored because they have a suitable band gap po-
sition and have long term stability [94,129]. Titanate, tantalate and
niobate perovskite are typically investigated in water splitting ap-
plications. Here, we mainly focused on SrTiO3-based photocatalysts
along with a brief update of other perovskite photocatalysts.

Most titanate perovskites show prominent photocatalytic ac-
tivity under UV light. Among them, SrTiO3 has been widely studied
for hydrogen production as a photocatalyst for water splitting. Their
photocatalytic activity can be extended towards the visible light
range by doping suitable metal elements such as Ag, Cr, and Ta
[130—132]. Cr-doped SrTiO3, when loaded with Pt (0.6 wt%)
nanoparticles as a cocatalyst, generates hydrogen of 82.6 ymol h™!
from a 20% aqueous methanol solution under visible light with an
apparent quantum yield (AQY) of 2.95% [130]. Recently, Zhong et al.
[133] used Au-NPs on the 0.05 wt% niobium-doped strontium
titanate (Nb—SrTiOs3) single-crystal to develop a plasmon-induced
water splitting system that operates under visible light. This sys-
tem has two separate chambers for two different solution whereby
hydrogen and oxygen gas are generated separately as shown in
Fig. 8b. A localized surface plasmon resonance (LSPR) produced by
the Au-NPs on the Nb—SrTiO3 substrate facilitate the separation of
charge at the Au/SrTiOs interface. This promotes the oxidation of
water as well as the subsequent reduction of a proton on the
backside of the same SrTiO3 substrate. In the absence of Au-NPs,
SrTiO3 or Nb-doped, SrTiO3 do not show any photocatalytic activ-
ity under visible light which demonstrate the plasmonic particles
(Au) effect on this system. The efficiency of this system is depen-
dent on the pH value of each chamber. The pH value in the H,- and
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Fig. 8. (a) Extinction spectrum of Au-NPs on Nb—SrTiOs. (b) schematic of the water spli

back and front side chambers, respectively; and (d) H, evolution at different wavelerig
referred to the web version of this article.) Reprinted from Ref. [133].

0,- evolution side are maintained at 1 and 13, resp ly.
found that the efficiency of both H, and O, gr. 1ly“decreases
with increases of pH on the H,- evolution side, w s at pH¥4, the
system does not exhibit any H, and O, pro results of
this system are given in Fig. 8. The heteroj formation of
SrTiO3 with narrow band-gap semico ther effective
way to extend its light absorption ran, the visible range
and facilitate the photoinduced n. Wu et al. [119]
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~[136] utilized SrTiO3 in Z-scheme system for overall
water splitting, where two photocatalysts with appropriate band
edge position complete the water redox reaction. In recent years,
SrTiO3 has been studied in the Z-scheme photocatalytic system due
to its suitable CB position for hydrogen generation [91,137,138].
Sasaki et al. [139] investigated visible light driven Z-scheme sys-
tems composed of Ru/SrTiO3:Rh as an Hy evolving photocatalyst
(HEP) and BiVO4 as an O, evolving photocatalyst (OEP) in a sus-
pended particle system to split water into H and O.
[Co(bpy)s]?*/>* and [Co(phen)s;]>*/?>* redox couples are used as an

Dark chamber

b)
In-Ga aIon Nb-SI’TiO3 H
v Au-NPs
:) 0, evolution hv
Xela
H,0

Light cham§

0.3

extinction
H, evolution (nmol h)

ime dependent H, (red circles) and O, (blue circles) evolution data in the

ng de H
or interpretation of the references to colour in this figure legend, the reader is

electron mediator in this system (Fig. 9a). This system is highly
dependent on the pH of the aqueous medium and exhibits its
highest activity under a neutral pH condition. Jia et al. [140]
developed a BiVO4—Ru/SrTiO3:Rh composite Z-scheme system to
eliminate the use of redox mediators. They prepared the BiVO4—Ru/
SrTiO3:Rh composite using an impregnation method and a liquid—
solid state reaction in which Ru/SrTiO3:Rh particles act as an HEP
and BiVO4 particles as an OEP. In this composite, the electron is
transferred directly through the interparticle interfacial area of
BiVO4 and Ru/SrTiO3:Rh instead of any redox media (Fig. 9b). This
system gives a AQY of 1.6% at 420 nm and shows stable activity.
However, efficient electron transfer between the HEP and the OEP
is one of the major hurdles to improve the efficiency of the com-
posite Z-scheme water splitting system [141]. Recently, Wang et al.
[142] developed an SrTiOs:La,Rh/Au/BiVO4:Mo composite sheet,
whereby La- and Rh- codoped SrTiO3 and Mo-doped BiVO4 pow-
ders are embedded into a gold layer. It is believed that the support
gold layer helps the electron transfer process between the HEP and
OEP, which boosts up the performance of this Z-scheme. The sys-
tem demonstrated an AQY of 30% at 419 nm and a solar to hydrogen
(STH) energy conversion efficiency of 1.1% for overall water split-
ting, which is the highest reported AQY and STH among all other Z-
scheme-based photocatalysts for suspended particle systems.
Tandem cell configuration is another well studied system for
overall water splitting, which is similar to the Z-scheme [143—145].
Here, the solar cell provides the bias voltage to the photocatalysts to
overcome the water splitting reaction energy barrier. When the
organic-inorganic halide perovskite (CH3NH3Pbls) solar cell is
configured in tandem with a Fe;03 photoanode, it exhibits a STH
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Fig. 9. Schematic of Z-scheme photocatalyst for overall water splitting system: ediator, and (b) without redox mediator. Reprinted from Ref. [139,140].

energy conversion efficiency of 2.4% for overall unassis roduction from hydrohalic acid (HX) using a halide perovskite
splitting [146]. If the halide perovskite (CH3NH3Pbl med methylammonium lead iodide (MAPbI3) under visible light
combined with the bifunctional NiFe layered d irradiation. MAPDI3 is not stable in water because it decomposes
electrode, it achieves high STH efficiency of 12:3% n alkaline into the Pbl, precipitate, methylammonium cation, and iodide
electrolyte [147]. However, in this configurati time is anion. However, it is stable in an HI aqueous solution if added
limited due to the degradation of the pegovs n example of beyond its saturation limit. The precipitated MAPbI3; powder could
tandem cell configuration is shown in Fig. split Hl into H, and I3 when irradiated with visible light (>475 nm).

Some other PMs have been ex eir visible light NaTaOs is an another well studied perovskite photocatalysts due to

photocatalytic activity. Recently, Park’et 8] demonstrated H, its tunable electronic and optical properties. Theoretical studies
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Fig. 10. (a) Schematic diagram of perovskite tandem cell with NiFe DLH/Ni foam electrodes for water-splitting device, and (b) energy schematic of perovskite tandem cell for water
splitting. Reprinted from Ref. [147].
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have shown that photocatalytic activity of NaTaO3 can be extended
to the visible light range by doping with carbon in the presence of
Cr, Mo, or W and with nitrogen in presence of Mo [149,150].
Nitrogen-doped NaTaO3;.XNyx showed visible light photoactivity
towards H, and O, generation from aqueous methanol and silver
nitrate solutions, respectively [151]. BiFeO3 can only generate ox-
ygen under UV conditions [152], whereas BiFeO3 nanoparticles
coated with SrTiO3 can produce Hy under visible light irradiation
[153]. Joshi et al. [154] demonstrated that BiFeO3 nanocubes syn-
thesized via a microwave technique can generate O, from an
aqueous FeCls solution. Moniz et al. [155] use dual-source low
pressure chemical vapor deposition (LPCVD) to synthesize BiFeO3
film, and with an Ni—B co-catalyst, this system exhibits consider-
able photocatalytic properties. Lu et al. [156] investigated a novel
photocatalyst Ag/BiFeOs, using the sol-gel process, which shows
remarkable photocatalytic properties due to the surface plasmon
resonance effect of Ag nanoparticles. Photocatalytic properties of
other perovskite photocatalysts can be found in some recent review
articles [91,124,157]. Pan et al. [158] developed a complex perov-
skite (LaMgxTa1.x01,3xN2.-3x) that is able to do overall water split-
ting at wavelengths up to 600 nm. In this system, N; evolution was
observed during the photoirradiation which suggests catalysts
degradation due to the reaction between photoexcited holes (h™)
and nitrogen species at the catalysts surface. However, N; evolution
can be minimized by applying an Si or Ti layer, thus preventing the
catalyst degradation during photoirradiation.

4. Degradation

Perovskite materials are considered potential photocatalysts for
both solar cell and water splitting due to their high photocatalytie
activity and ease of synthesis. However, their stability is still a
challenge in both PVs and water splitting application [84]. Eleétrical
and chemical degradation are the most common phenomena for
PMs during solar energy conversion. These degraddtionsjmay
depend on the irradiation time, temperature, press@rejmoisture,
and perovskite properties [159,160]. However, fulkinsightsiinto the
degradation mechanism is still not clear. At high pressure, MnTiO3
perovskite became unstable and decomp@sed \intohMnO and
MnTiOs5 [161]. ATiO3 (A = Zn, Fe) and BiFe©3; were also known to
decompose into two phases of AO and AB,O5 62,163 |. Though, Ti-
doping can help to reduce the decomposition! reaction of BiFeOs3
ceramics [162]. The dielectric propertiesiof BiFeO3 have been tested
to demonstrate the decomposition of BiFeOs, where dielectric loss
is suppressed after Ti-dopingy 162}, Then, substantial degradation
of catalytic activity occdrred.“Moreover, ferroelectric aging and
resistance degradation typically influence photocatalytic activity of
PMs [164—166]. Agrevieus study on thermally stimulated relaxa-
tion in SrTiOs3:Fe [Showed that the resistance degradation involved
trapped¢€harge, defect dipoles, and oxygen vacancy motion [165].
Stefam'et al. used miero'contact impedance spectroscopy to deter-
mine “the conductivity profiles of Fe doped strontium titanate
perovskite.In this experiment, the blocking of grain boundaries and
variations offexygen-vacancies on the different sites of the grain
boundaries are observed, which could be the possible explanation
for the resistance degradation [167]. The time-dependent degra-
dation of Y-doping SrTiO3 has been carried out by Ma et al. [168]. In
this research, Yo,07Sro.895Ti03 was prepared, and impedance spec-
troscopy was used to examine the non-ohmic losses of this PSC.
This system showed degradation after 500 h. Here, catalyst
agglomeration and loss of electrical conductivity occurred syn-
chronously with time [168]. More degradation phenomena on
halide perovskite can be found in a recent review article ref. no 169
[169].

5. Summary and perspectives

Extensive research has only recently begun for the uses of
perovskite solar cells and other optoelectronic applications; how-
ever, a great breakthrough in solar cells has been made utilizing
organolead halide perovskites as sunlight absorbers with low-cost
preparation techniques. Organolead halide perovskites are capable
of harvesting a large amount of light, possess excellent electron
transport properties, and have a low defect density and\low inter-
grain potential barriers. Power conversion efficiencies ofimore than
15% have been reached for both mesoscopic architeeture and planar
heterojunction. Currently, it is believed that the major factors that
can boost the performance of perovskite solar cells are in¢reasing
the crystals domain size and making a unifosm perovskite film.

Some major progresses in the advancementief perovskite based
photocatalysts for water splitting havegls@ybeen’accomplished by
implementing different design strategies based on crystal structure
and structural morphology, chemicalféomponent characteristics,
heterojunction assembly, and the ineorperation of plasmonic ma-
terials, ferroelectric materials, andddifferent types of dopants to the
PMs. However, the STH efficien¢y of @ny photocatalyst for overall
water splitting is still very low (2%){86]. Finding the right photo-
catalysts is still the major problem in overall water splitting. Indi-
vidual photocatalysts provide some definite properties. Therefore,
it is necessaryato design a*photocatalyst with multifunctionality
that has a wide Ttange of light harnessing capability, faster photo-
induced c¢harge sepasation ability, appropriate band edge position
matching withywater redox potential, and high catalytic active sites.
Introducing,a polarization field and high conductive material at the
heterojunction interface to improve the photoinduced charge
separation could be an effective direction towards improving the
efficiency of photocatalysts. The heterostructure formation with a
low/ and high band gap semiconductor and designing surface
morphology could improve the light harnessing capability. Stability
ofithe low band gap semiconductors is one of the major issues.
More research studies should be conducted to prevent photo-
corrosion in an aqueous solution, though, some studies have shown
promise to prevent photocorrosion by using a TiO; coating and
graphene layer [170,171].
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