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Transition metal oxynitride perovskites [AB(O,N);] are an emerging class of inorganic materials with
superior light harvesting ability (narrow band-gap energy) and moderate photostability. They can be
utilized as visible-light-active photocatalysts for efficient solar water splitting. The photocatalytic activ-
ity of transition metal oxynitride perovskites has been significantly improved by changing the synthesis
approach, reducing the defect density that acts as a recombination center for photogenerated charge
carriers, increasing the conductivity, and engineering their band structures, namely the conduction
and valence band positions, through an A/B-site doping/substitution. In this minireview, we briefly
overview our recent advances on enhancing the photocatalytic activity of selected transition metal
oxynitride perovskites (i.e., LaTiO,N, BaTaO;N, and BaNbO;N) and related works. Additionally, the
challenges and future perspectives of these materials are discussed.

1. Introduction
1.1. Background

The semiconductor-based photocatalytic water splitting using
solar energy is regarded as one of the promising technologies to
produce hydrogen as a clean and renewable fuel (Zou et al., 2001;
Lee, 2005; Maeda et al., 2006; Maeda and Domen, 2010; Maeda,
2011; Osterloh, 2013). In the early stage of this research area,
metal oxide-based semiconducting materials were extensively
studied. However, most oxides possess a relatively large band-gap
(E; > 3.0 eV), hindering the efficient utilization of solar energy.
Consequently, this led to the shift of a research interest from
wide-band-gap materials to narrow-band-gap materials that can
absorb visible light efficiently. Currently, a number of research
groups in the world are intensively working on enhancement of
solar-to-hydrogen (STH) conversion efficiency of those visible-
light-active photocatalysts. In general, overall water splitting into
hydrogen and oxygen is mainly limited by the slow kinetics of
the oxygen evolution reaction (Liu et al.,, 2015). This is because
the oxygen evolution reaction is accomplished by a 4-electron
transfer (4OH- — O, + 2H,0 + 4e~), whereas the hydrogen
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evolution reaction is achieved by a 2-electron reduction (2H™
+ 2e~ — H;). Therefore, it is necessary to further improve the
oxygen evolution activity of visible-light-active photocatalysts.

1.2. Transition metal oxynitride perovskites for photocatalytic water
oxidation

The d°-type transition metal (Ti, Nb, Ta, or W) oxynitride
perovskites, AB(O,N); (A - larger alkali, alkaline earth, or rare
earth metal cations; B - smaller transition metal cations) (Fig. 1A),
having the ability to photocatalytically oxidize water have been
studied (Momma and Izumi, 2011). As shown in Fig. 1B, tran-
sition metal oxynitride perovskites are able to absorb visible
light because of the N 2p orbital with a higher potential energy
compared to O 2p orbital (Maeda and Domen, 2011, 2007). To
improve the photocatalytic water splitting activity of transition
metal oxynitride perovskites, the following approaches have been
applied: (i) flux method (also known as molten salt method) to
increase the crystallinity, (ii) novel oxide precursor to reduce the
defects and to enlarge the specific surface area, and (iii) A/B-
site doping/substitution (including some sort of solid solutions)
to prolong and increase the lifetime and mobility of photogener-
ated electrons and holes and/or to engineer the conduction band
(CB) and valence band (VB) positions. Particularly, this minire-
view turns the spotlight on our recent progress on improving
the photocatalytic water splitting (especially about photocatalytic
water oxidation) of a few members of transition metal oxyni-
tride family, such as LaTiO,N, BaTaO,N, and BaNbO;N, and other
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Fig. 1. (A) Crystal structure and (B) band structure of a typical d°-type transition metal oxynitride perovskite [AB(O,N)3].
Source: The band structure was reprinted from Ref. Maeda and Domen (2007) with permission.
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related works. The challenges and future perspectives of these
materials for designing the high-performance photocatalysts for
water splitting are discussed briefly.

2. LaTiO,N

Perovskite-type lanthanum titanium oxynitride (LaTiO,N) has
a narrow band-gap of ~2.1 eV [theoretical STH conversion effi-
ciency: ~16% (Chen et al., 2013)] and an n-type semiconducting
nature, and its structure belongs to Imma space group (Kasahara
et al, 2002, 2003; Zhang et al., 2012; Yashima et al., 2010).
LaTiO,N has been widely studied as one of the promising pho-
tocatalysts for solar water splitting. It can harvest photons from
the visible region of solar spectrum and can separately pro-
duce hydrogen and oxygen with suitable sacrificial reagents (e.g.,
methanol for hydrogen evolution and AgNOs for oxygen evolu-
tion) and cocatalysts (e.g., Pt for hydrogen evolution and IrO, or
CoO, for oxygen evolution) (Kasahara et al., 2002, 2003; Zhang
et al,, 2012) and also exhibits interesting optical and dielectric
properties (Moriga et al., 2007; Tessier and Marchand, 2003).

2.1. Effect of flux-assisted nitridation process

It is known that LaTiO,N can be synthesized by a general
synthetic approach — nitridation. In the nitridation process,
the La,Ti,0; precursor synthesized by a soft-chemistry method
(Maegli et al, 2012a,b), a polymerized complex (PC) method
(Kasahara et al., 2002), or a sol-gel method (Kasahara et al., 2003)
is treated by thermal ammonolysis (nitridation) under an NH;
flow. Due to the long nitridation process, solid-state transfor-
mation of crystal structure from oxide to oxynitride, and low
crystallinity of oxide precursors, LaTiO,N is formed with a low
crystallinity and a large amount of defects acting as a recombi-
nation center for photogenerated charge carriers, reducing the
photocatalytic efficiency. In order to improve the crystallinity and
to reduce the defect density, we have previously introduced a
flux method for the synthesis of La,Ti,0; crystals (route A in
Fig. 2) and an NH3-assisted flux method for the direct synthesis of
LaTiO;N crystals (route C in Fig. 2). As a result, the photocatalytic
performance of LaTiO,N for water oxidation was significantly
improved (Kasahara et al., 2003; Maegli et al., 2012b; Wagata
et al, 2014; Hojamberdiev et al., 2015a). At elevated temper-
ature, the fluxes can form a completely ionized non-aqueous
high-temperature solution where crystals grow freely and gain
their idiomorphic shapes. Also, in the absence of temperature
gradient, the flux method allows crystal growth with minimized
crystal defects (e.g., dislocations, vacancies, etc.) and mechani-
cal and thermal strains. Therefore, the flux method is advanta-
geous for improving the crystallinity, tailoring the morphology

and size, and surface modification of transition metal oxynitride
perovskites (Kawashima et al., 2015; Abeysinghe and Skrabalak,
2018). Particularly, Maegli et al. (2013) studied the flux-assisted
nitridation processes (routes B and D in Fig. 2) for the synthesis
of LaTiO,N. To further evaluate effects of the flux-assisted ni-
tridation processes of LaTiO;N, LaTiO,N synthesized by route A
was compared with LaTiO,N synthesized by route C (Kawashima
et al,, 2015). Note that the routes B, C, and D were almost same
because LaTiO,;N was formed via two-step reactions in route C
(Kawashima et al., 2015):

1st step:

La;,03 + 2TiO; — La,Ti 07 (1)
2nd step:

La,Ti,07 + 2N + 3H, — 2LaTiO;N + 3H,0 (2)

As shown in Fig. 2, although there is no significant difference in
their nitrogen contents (y values in Fig. 2) and specific surface
areas (10.6 m? g~! for A; 8.6 m? g~' for C) (Kawashima et al,,
2015; Tessier et al., 2005; Tessier, 2018), LaTiO,N from route
C demonstrated a higher oxygen evolution rate than LaTiO,N
from route A. This is because the flux-assisted nitridation process
improved the crystallinity and modified the surface of LaTiO,N
(Kawashima et al., 2015; Maegli et al., 2013). However, once the
CoO, cocatalyst was loaded on LaTiO;N, all the LaTiO,N samples
exhibited similar oxygen evolution rates due to different dis-
persion of CoOy cocatalyst nanoparticles. Compared to LaTiO,N
synthesized by a flux-assisted nitridation (route C in Fig. 2),
LaTiO,N synthesized by a normal nitridation (route A in Fig. 2)
might contain more dangling bonds that can act as nucleation
centers for CoO, nanoparticles (Maegli et al., 2013) on the surface
of LaTiO,N. Consequently, the CoO, nanoparticles have higher
dispersion on the surface of LaTiO,N from route A, giving rise to
the oxygen evolution rate. In contrast, CoO, nanoparticles have
lower dispersion on the surface of LaTiO,N from route C, leading
to the lower oxygen evolution rate. Considering the above dis-
cussions in this section, the flux-assisted nitridation is essential
to enhance the photocatalytic activity of LaTiO,N itself through
improving the crystallinity and reducing the defect density.

2.2. Effect of oxide precursors (La,Ti;O7 vs. LayTiOs)

The use of La,TiOs (a lanthanum-rich oxide precursor) instead
of La,;Ti;0; (a stoichiometric oxide precursor) for the synthe-
sis of LaTiO;N is another possibility to lower the number of
defects (e.g., reduced Ti species) (Kawashima et al., 2014). How-
ever, this defect generation suppression has not been clarified,
which needs to be investigated further in the future. Further-
more, LaTiO, N synthesized from La,TiOs has a significantly higher
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Fig. 2. Four synthesis routes of LaTiO,N crystal structures (left) and scanning electron microscope (SEM) images and photocatalytic oxygen evolution rates for first
2 h of LaTiO,N crystal structures (right). Photocatalytic reaction conditions: photocatalyst - 0.10 g; pH buffer (La;03) - 0.20 g; reaction solution (10 mM AgNOs
aqueous solution) - 200 mL; light source - 300 W Xe lamp (A > 420 nm cutoff filter).

Source: SEM images and photocatalytic oxygen evolution data were adapted from Ref. Kawashima et al. (2015) with permission.
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specific surface area than LaTiO,N synthesized from La,Ti,O;
(Zhang et al,, 2012; Kawashima et al., 2014). Recently, Xiong
et al. (2017) reported the photocatalytic oxygen evolution per-
formance of LaTiO,N synthesized from La,Ti,0; and La,TiOs
with/without Co30,4 cocatalyst (Fig. 3). According to their study,
pristine LaTiO,N synthesized from La,TiOs had a lower [Fermi
level (Eg)] — [VB maximum (Evgm)]_surface, Iesulting in the lowest
water oxidation performance despite the fact that this sample
had a lower defect density. They also found that annealing in Ar
gas could increase the Er — Eypm surface Of LaTiO,N synthesized
from La,TiOs, giving rise to its photocatalytic water oxidation
performance (Xiong et al., 2017) which is higher than that of
LaTiO,N from La,Ti,O0;. Hence, both the use of La-rich oxide
precursor to lower the defect density in LaTiO,N and annealing
in Ar gas to improve the crystallinity of LaTiO,N surface without
inducing the formation of reduced titanium species are important
to maximize the Er — Eypm surface fOr enhancing the photocatalytic
water oxidation performance (Xiong et al., 2017; Seo et al., 2018).

2.3. Effects of A-site substitution and B-site doping

The A-site substitution is another promising approach to con-
trol the O/N ratio in the final oxynitride product, affecting the
energy position of valence band. For instance, Logvinovich et al.
(2007) and Cheviré et al. (2006) found that the nitrogen content
can be decreased and the band-gap energy might be increased
when La®* is substituted for Ca®*/Sr** in LaTiO,N (Fig. 4A) be-
cause Ca’*/Sr** content increase probably decreases the total
cationic charge in LaTiO;N, resulting in its lower total anionic
charge which attributed to increased O/N ratios [i.e., La3*;_,A%",
Ti*t0% . xN>"1_, (A = Ca, Sr; x = 0, 0.3, 0.5, 0.7, 1.0 for Ca;
x = 0, 0.25, 0.5, 0.75, 0.90, 1 for Sr)]. Maegli et al. (2012a) also
reported the Ca®*-backfilled LaTiO,N with the low Ca content
(x = 0, 0.05, 0.10, 0.20, 0.30) which did not change the band-
gap energy. Additionally, the 5% Ca®*-backfilled LaTiO,N showed
the highest oxygen evolution activity due to its low defect con-
centration (Ti>*) and improved crystallinity (enlarged crystallite
size) (Maegli et al., 2012b). Furthermore, according to the other
report about Ca?*-substituted LaTiO,N (Kasahara et al., 2002), the
Cag.z5Lag 75TiO, 25Ng 75 also exhibited a higher oxygen evolution
activity than pristine LaTiO,N. More recently, Wu et al. (2017)
investigated the La;_,Ca,TiO,,4N1_x (x =0, 0.3, 0.5, 0.7, 0.9, 1.0)

again and discovered that the Cag3lag;TiO,7Ng 3 unexpectedly
exhibited the quite narrow band-gap of 1.63 eV and the high
oxygen evolution performance [~66.96 pmol h~! under visible
light (A > 420 nm)] owing to a substantial reduction of surface
Ti3* species and a removal of A-site cation segregation by the Ca
incorporation. In addition, it was revealed that the Ca incorpora-
tion can enhance the photogenerated charge mobility of LaTiO,N
(Wu et al,, 2017). However, in band-gap, the trend published in
a 2002 paper does not match with that in a 2017 paper (see
x = 0.5 and 0.7), as seen in Fig. 4A. This mismatch may mainly
come from the difference in the synthetic approaches (further
investigation is necessary). The B-site doping is another impor-
tant approach for enhancing the photocatalytic activity. Recently,
the tungsten doping on titanium site in LaTiO,;N significantly
prolonged the lifetime of photogenerated charge carriers and
enhanced the photocatalytic activity for water oxidation (Fig. 4B)
(Kawashima et al., 2016a), which is also supported by the related
studies on tungsten doping in BaTaO,N (Maeda et al., 2013a) and
Ta3Ns (Grigorescu et al., 2015). From the first-principles density
functional theory (DFT) calculations, a slight broadening of the
valence and conduction bands was observed in tungsten-doped
LaTiO,N, which may improve the electron/hole conductivity ow-
ing to the reduction of the effective mass of electrons (Kawashima
et al., 2016a). Accordingly, the combination of A-site substitution
and B-site doping can further improve the photocatalytic activity
of LaTiO;N for water oxidation, and this possibility is currently
under investigation.

3. BaTaO;N

As a member of alkaline-earth-based transition-metal oxyni-
tride perovskites, BaTaO,N crystallizes in cubic crystal structure
with the space group of Pm3m (no. 221) (Marchand et al., 1986;
Pors et al., 1988). BaTaO;N is one of the promising candidates
for solar water oxidation because of its narrow band-gap (E; =
1.8 eV), visible light absorption up to 680 nm, and nontoxicity
(Hojamberdiev et al., 2015b). Moreover, the conduction band
minimum (CBM) and valence band maximum (VBM) of BaTaO,N
were estimated to be at —0.4 and 1.5 V versus the normal hy-
drogen electrode at pH = 0, respectively, theoretically allow-
ing water splitting in the absence of an external bias voltage
(Wang et al.,, 2016). Comparing three different crystal structures
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of BaTaO;N, Bettine et al. (2017) found that the electronic and
optical properties are strongly related with the TaO4N; octahedral
configurations, whereas the band-gap is influenced by the inter-
nal electric fields which creates an asymmetry in the Ta-N bond
lengths, and the minimum band-gaps of the P4mm, [4/mmm, and
Pmma structures were predicted to be 1.83, 1.59, and 1.49 eV,
respectively.

As a member of the promising 600 nm-class oxynitride photo-
catalysts family, BaTaO, N can potentially generate a photocurrent
of about 18 mA cm~2 under AM 1.5G light based on the assump-
tion of incident photon-to-current conversion efficiency (IPCE)
value of 100% at < 660 nm (Ueda et al., 2015). Incidentally, the
theoretical STH conversion efficiency of BaTaO;N is about 24%
(Chen et al., 2013). The IPCE value of BaTaO,N fabricated by elec-
trophoretic deposition with surface modification was estimated
to be about 10% at 1.2 V versus the reversible hydrogen electrode
(RHE) at 600 nm, which is the highest among the photoanode
materials that can harvest light beyond 600 nm (Higashi et al.,
2013). The BaTaO;N showed STH conversion efficiency of 0.7% at
1.0 Vgyg, and the BaTaO,N modified with a Co cocatalyst gener-
ated a photocurrent of 4.2 mA cm™2 at 1.2 Vg (Ueda et al., 2015).

Recently, the Ir/Co/BaTaO;N exhibited a photocurrent and a half-
cell STH energy conversion efficiency at 0.7 Vgyg of 0.26 mA cm ™2
and 0.14%, respectively (Higashi et al., 2017), which are three
times higher than those obtained previously for Co/BaTaO;N. In
addition to its solar water splitting activity, BaTaO,N can also ex-
hibit an extremely high and temperature-independent dielectric
constant both in polycrystalline and in thin film forms, providing
the possibility for technological applications in electronics indus-
tries (Kim et al., 2004) and has a potential to be used in CO,
reduction (Hafez et al., 2016).

3.1. Effects of synthesis methods and morphological control

The photocatalytic activity can be enhanced through the syn-
thesis of materials with large surface area, high dispersion, high
crystallinity, low defect density, defined morphology, and specif-
ically exposed facets, allowing to reduce the number of recom-
bination sites and to increase photocatalytically active sites. Par-
ticularly, one- and two-dimensional crystals can significantly en-
hance the photocatalytic activity by increasing the active sites
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on the surface and decreasing the travel distance of photogen-
erated electrons and holes. However, the morphology control
and nanostructure fabrication of BaTaO;N have been challenging.
BaTaO,;N was routinely synthesized by a two-step method: (i)
the synthesis of a corresponding oxide precursor and (ii) its
high-temperature nitridation under an NH3 atmosphere, which
leads to the self-decomposition during the high-temperature ni-
tridation. The anion vacancies act as recombination centers for
photogenerated charge carriers, reducing the photocatalytic wa-
ter splitting activity (Pors et al., 1988; Kim et al., 2004; Maeda
and Domen, 2007). Several approaches have been developed to
synthesize phase-pure BaTaO;N. Cordes et al. (2018) synthesized
BaTaO;N crystals with the size of 1-10 wm by the ammonother-
mal method at 900 K and maximum pressures of up to 300 MPa
in a custom-built autoclave using Ba and Ta metals, and NaN3 and
NaOH which were used as mineralizers. Recently, Niu et al. (2018)
succeeded the synthesis of phase-pure BaTaO,N with a homo-
geneous particle size distribution and slightly off-stoichiometric
composition under NH;-free atmosphere using BaCO3 and TaN as
starting materials and nitrogen source. Sun et al. (2015) devel-
oped a facile method to directly synthesize nearly single-phase
powders of BaTaO,N by heat treatment of BaCO3; and Tas3Ns
(nitrogen source) in flowing N,. Under AM 1.5G, the BaTaO;N thin
film fabricated on a conductive substrate and deposited with a
CoPi layer exhibited a photocurrent of ~0.75 mA cm~2 at 1.23
Ve and produced oxygen for 5 h with a Faradaic efficiency of >
90% without significant deactivation (Wang et al., 2016). Setsuda
et al. (2017) synthesized BaTaO,N crystals at low temperature
using NaNH, with different NaNH;/Ta molar ratios, and the high-
est photocatalytic hydrogen and oxygen evolution was observed
for the BaTaO,N synthesized with the NaNH,/Ta molar ratio of
3 because of its higher crystallinity and lower defect density
associated with reduced Ta3* species.

Flux method is one of the single-crystal growth techniques and
applied to grow high-quality crystals with different morpholo-
gies, sizes, and surface features in supersaturated nonaqueous
high-temperature solution (Bugaris and zur Loye, 2012; Bolters-
dorf et al,, 2015). Particularly, crystals with clear crystal habits
(e.g., cubes, plates, etc.) grown by a flux method can be advan-
tageous to develop a photocatalytic system with a monolayer of
single crystals (1-10 wm) (Moriya et al., 2013). Previously, we
applied the flux growth method to synthesize La;_,SryFe;_,Ti;O3
(Hojamberdiev et al., 2017a), CdTiO3, Cd;Nb,0;, Cd,Ta;0; (Ho-
jamberdiev et al., 2016a), BasNbs_4Ta,015 (Hojamberdiev et al.,
2016b), ZnIn,S4 (Hojamberdiev et al., 2018), LaTaON,, PrTaON,
(Hojamberdiev et al., 2017b), BaNbg 5Tag 502N (Kawashima et al.,
2018a), and N-doped ZnTiO5 (Wagata et al., 2019) crystals with
less defect density, increased surface area, improved particle dis-
persion and/or high crystallinity. Dong et al. (2017) synthesized
BaTaO,N by employing Ba-rich LiBasTaz0q, prepared by a flux
method and exhibited much higher hydrogen evolution activity
both in half reaction and in Z-scheme overall water splitting due
to the decreased defect density and surface area enhancement.
Previously, we explored the effects of various fluxes (KCl, KI, KF,
MgClz. Caclz, SI‘C12, Baclz, K5S04, K;Mo00Oy4, and K2C03), holdmg
temperature (700-950 °C), reaction time (0-10 h), and solute
concentration (1-50 mol %) on the formation of BaTaO,N crystals
using BaCO3 and Ta,0s under NHj3 flow. It was found that cubic
BaTaO;N crystals with an average size of 125 nm could be grown
by an NHjs-assisted flux growth method using KCI flux at 950 °C
for 10 h and exhibited higher photocatalytic activity for hydrogen
and oxygen evolution (Fig. 5A-C) (Hojamberdiev et al., 2015b).
The flux growth of cubic BaTaO,N crystals was proposed to pro-
ceed through the decomposition of BaCOs, dissolution of BaO
and Ta,Os in the KCI flux, formation and dissolution of BaTa,0g
and BasTasO;5 intermediates, and formation of cubic BaTaO,N
crystals (Fig. 5D).

We also studied the effects of altered morphology and size
on visible-light-induced water oxidation activity and photoelec-
trochemical performance of BaTaO,N crystal structures. In this
study, BaTaO,N was synthesized by nitridation of the BasTa;O1s
precursor crystals, grown by flux method using BaCl,, KCl, RbCl,
CsCl, KCI+BaCl,, and K,SO4 at different solute concentrations,
with and without KCl flux. The BaTaO;N crystal structures ob-
tained by nitridation without KCI flux showed higher surface
areas than their counterparts prepared by nitridation with KCI
flux because of the formation of porous networks (Fig. 6A). The
BaTaO,N crystal structures synthesized by nitridation without
KCI flux exhibited high anodic photocurrents compared with the
BaTaO,N samples obtained by nitridation with KCI flux due to
the high number of dangling bonds that acted as nucleation
centers for highly dispersed CoO, nanoparticles. The BaTaO;N
samples with smaller particle size exhibited low photoelectro-
chemical performance and photocatalytic oxygen evolution activ-
ities compared to their counterparts with larger particle sizes be-
cause of the high number of interparticle boundaries and surface
degradation (Fig. 6B-C) (Hojamberdiev et al., 2019).

It is known that the cocatalyst-photocatalyst interface and
dispersion of cocatalyst on photocatalyst surface play an impor-
tant role in particulate-based photocatalysis. Recently, Okamoto
et al. (2019) increased the O, evolution rate 3-fold by annealing
under an N, flow after loading the Co species on the surface of
BaTaO;N crystals compared to that prepared by annealing under
an NHs flow. Subsequent annealing under an H, atmosphere
significantly exposed the BaTaO, N surface as a result of the aggre-
gation of CoOy particles and further enhanced the photocatalytic
0, evolution by a factor of two, yielding an apparent quantum
efficiency of 0.55% at 420 nm. This was achieved due to the
formation of an intimate contact enabling an efficient charge
transfer at the interface.

3.2. Effects of A-/B-site partial substitution and combination with
other semiconductors

Doping is one of the effective strategies to tune the electronic
structure, band-gap, light absorption, and crystal size and to
control the separation and migration of charge carriers (Kudo and
Miseki, 2009). For instance, an increase in the content of calcium
partially substituted for tantalum in BaTaO;N led to the enlarge-
ment of band-gap and the decrement of defect levels and nitro-
gen content. A significant color variation suggests that calcium
was successfully substituted and the visible light absorption was
altered in BaTaO;N (Fig. 7A). The photocatalytic activity for wa-
ter oxidation and photocatalytic self-decomposition of BaTaO,N
were significantly improved and suppressed by calcium modifi-
cation, respectively. Nearly 3-fold enhancement in oxygen evo-
lution was achieved in BaCap 19Tag.9002.27Ng.73 compared to pure
BaTaO;N, and an apparent quantum efficiency approached as high
as about 2.1% at 420 £ 20 nm, which is the highest value reported
for BaTaO,N to date (Wei et al., 2018). To control the donor den-
sity in the bulk for improving the performance of photoelectro-
chemical water splitting on porous BaTaO,N photoanodes under
visible light, various dopants (Mo®*, W8+, Zr**+, and Ti**) for Ta>*+
were examined. The partial substitution of Ta’* in BaTaO;N by
Mo®*was found to increase the donor density and photoelec-
trochemical performance effectively (Higashi et al., 2015). Moon
et al. (2016) developed a novel synthetic strategy, which accom-
plishes cation intercalation with concomitant anion substitution,
for developing new oxynitrides phases. The partial replacement
of (Ta,N) in BaTaO,N by (Mg,0) or (Li/Na,0) modified the elec-
tronic structure. The compositional variation (BaLig2Tag g02.8Ng 2,
BaNag»Tagg0,.gNp2, and BaMgg,Tagg02.6Ng.4) could control the
lattice iconicity, optical band-gap, and color, which are important
in potential application in photocatalysis (Fig. 7B).
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Another promising way of extending the light absorption to
longer wavelength and improving the photocatalytic hydrogen
and oxygen evolution is to combine BaTaO,N with other semi-
conductor. Higashi et al. (2009) achieved overall water splitting
into H, and O, under visible light by combining Pt-BaTaO,N and
Pt-WOs in the presence of 105/I~ as a shuttle redox mediator.
Maeda and Domen (2012) demonstrated that BaZrOs;-BaTaO,;N
solid solutions (0 < Zr/Ta < 0.1) having a single-phase per-
ovskite structure and band-gaps of 1.7-1.8 eV can reduce and
oxidize water, giving H, and O,, respectively, under visible light

irradiation above 660 nm. As shown in Fig. 8A, the BaWOxN, -
BaTaO,N (W/Ta = 0.05) exhibited much higher water oxidation
activity than the pristine BaTaO,;N and BaZrOs;-BaTaO,N solid
solution despite an increased density of d electrons originating
from pentavalent W species (Maeda et al., 2013b). The cubic solid
solution of (BaTaO,;N);_,(STWO,N), (x = 0.01) also exhibited
higher photocatalytic activity for oxygen evolution in compar-
ison to the pristine BaTaO;N (Fig. 8B) (Hibino et al, 2017). In
the BaWO,N,-BaTaO;N and (BaTaO;N);_,(STWO,N),, the intro-
duced W>* species formed a donor level just below the conduc-
tion band, strengthening the n-type semiconducting character of
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BaTaO;N, leading to upward band bending. The photogenerated
holes in the valence band could easily migrate to the surface
according to the upward band-bending, enhancing the water
oxidation activity.

4. BaNbO,;N

Barium niobium oxynitride perovskite, which crystallizes in
cubic system with the space group of Pm3m, is active for water
oxidation under visible light irradiation up to A = 730 nm
(E; = 1.7 eV) (Siritanaratkul et al., 2011), which indicates that
its theoretical STH conversion efficiency is approximately 27%
(Chen et al., 2013). Formerly, BaNbO,N was also studied as a
capacitor and superconductor (Cohen and Riess, 1994; Strukova
et al,, 1997).

4.1. Effects of oxide precursors

The synthesis routes of BaNbO,N crystals are compiled in
Fig. 9. BaNbO;N is generally synthesized by high-temperature
nitridation of a typical oxide precursor - BasNb,045. Using the
flux growth method, Yamada et al. (2018) controlled the size of
BasNb4O15 crystals in the range of 0.2-50 ywm and used them as
sacrificial templates to obtain porous BaNbO,N secondary parti-
cles that exhibited a distinctive photocatalytic activity for oxygen

evolution with rates between 14.1 and 113.9 wmol h~!, depend-
ing on the precursor size and nitriding time. Since BasNb4O1s
is Ba-rich, it requires the removal of excess Ba species after
nitridation by acid treatment, leading to poor crystallinity and
a large number of surface defects, which negatively affect the
photocatalytic performance. Hisatomi et al. (2013) found that
the addition of BaCO3; to the BasNb,O5 precursor could im-
prove the crystallinity and uniformity of BaNbO,N, leading to
higher photocatalytic oxygen evolution activity, and the apparent
quantum efficiency of the oxygen evolution reaction was mea-
sured to be 0.04% at 640 + 30 nm. Seo et al. (2016) achieved
an appreciable improvement in photocurrent (0.85 mA cm™2 at
1.23 Vyye) during photoelectrochemical water oxidation using
BaNbO,N synthesized by nitridation of cubic-perovskite BaNbOs,
which is crystallographically similar to BaNbO;N. Using BaNbO3;
as an oxide precursor enhanced the surface and bulk crystallinity
of BaNbO,;N compared to the use of BasNb,O;s because the
identical cubic-perovskite-type structural transition during nitri-
dation minimized the formation of surface anion defects.

In addition, niobium is more prone to reduction under reduc-
ing atmosphere compared to tantalum, promoting the formation
of a large number of defects associated with reduced niobium
species in addition to anionic defects that act as recombination
center for photogenerated charge carriers (Hojamberdiev et al.,
2016c¢). Interestingly, higher barium/niobium ratios could effec-
tively suppress the reduction of Nb>t because the generation of
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Nb(O,N) from the direct reaction of Nb,Os with NH; could be in-
hibited. In this regard, the use of oxide precursor prepared by a PC
method was more preferable because the niobium source could
be homogeneously mixed with the barium source. As a result,
BaNbO;,N prepared by a PC method exhibited 30% higher pho-
tocatalytic activity than that prepared by a solid-state reaction
method due to the lower densities of reduced niobium and anion
defects (Hisatomi et al., 2014). The synthesis route, consisting of
moderate nitridation in NH; flow and subsequent annealing in
inert Ar flow, enhanced the crystallinity and lowered the defect
density of the BaNbO,N surface without inducing the reduction
of the Nb species (Seo et al., 2019). As a result, a particulate
BaNbO;N photoanode exhibited a photocurrent of 5.2 mA cm ™2 at
1.23 Vgye under simulated solar irradiation, which is the highest
yet reported for an oxynitride responsive at wavelengths above
600 nm (Seo et al, 2018). As shown in Fig. 10A, the IPCE of
Co(OH),-Fe0O,/BaNbO,N photoanode at applied potential of 1.23
Vrue reached 1.9% at 720 nm and 38% at 460 nm. In the range of
600-680 nm, the IPCE values were still above 5%, suggesting that
BaNbO,N can harvest more visible light. The onset wavelength
for photocurrent is in good agreement with the light absorption
edge (Seo et al, 2018). As shown in Fig. 10, the white color
of BasNb4O5 powders changed to brown for the as-prepared
BaNbO;,N after moderate nitridation and darkened and become
completely black with increasing the annealing temperature in
Ar flow, suggesting the increase in the defect density (Seo et al,,
2019). This is consistent with the UV-Vis diffuse reflectance
spectra in Fig. 10B.

4.2. Effects of flux growth and B-site substitution

It is known that the morphological factors, such as crystal
habit, dimension, crystallinity, deficiency, specific surface area,
porosity, and so forth, play an important role in photocatalytic
activity. Flux method enables us to control the morphology of
crystals if suitable flux is selected by taking into account the ma-
terial fundamental parameters (e.g., ionic radius, melting point,
chemical bonding iconicity, Dietzel's parameter, acidity, basicity,
etc.) (Oishi et al., 1984; Kawashima et al., 2018b; Teshima et al.,
2017). Kodera et al. (2016) studied the influence of alkali-halide
flux treatment with LiCl, NaCl, KCl, RbCl, CsCl, KF, KBr, or KI on
morphology of the BaNbO;N particles synthesized by a solid-state
reaction method. When NaCl or CsCl were used as the flux, highly
crystalline cubic particles were obtained, while using KCI, KBr,
KI, or RbCl resulted in the formation of the truncated octahedral
shapes. It was found that the kind of cation in the flux affected the
morphology of BaNbO, N rather than the kind of anion in the flux.
Previously, we studied the cross-substitution effect of tantalum
ions on the physical and visible-light-driven photocatalytic water
oxidation activity of BaNbO,N crystals grown directly by an NHs-
assisted flux method (Hojamberdiev et al., 2016c). Clearly, an
increase in the tantalum amount could reduce an average crystal
size and change the crystal morphology from idiomorphic 3D to
plate-like 2D (Fig. 11A). As shown in Fig. 11B, the intensity of
background absorption in the UV-Vis diffuse reflectance spectra
was gradually decreased due to the lesser amount of the reduced
niobium species and anion deficiency. The oxygen evolution rate
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was increased monotonically and reached the maximum value of
331.1 pwmol in the first 1 h for BaTaO,N crystals loaded with a
CoOy (2 wt% Co) cocatalyst (Fig. 11C) owing to the shift of the
valence band to a more positive side and the lowered densities
of mid-gap states (Vequizo et al., 2018).

Quite recently, Wei et al. investigated the effect of Ca substi-
tution into the B-site of BaNbO;N on its properties and photocat-
alytic water oxidation (Wei et al,, 2019). As shown in Fig. 12A,
the band gap of the resultant compounds was enlarged along
with Ca substitution level in BaNbO,N. As comparison with pris-
tine BaNbO;,N, more than 2-fold enhancement in photocatalytic
oxygen evolution was accomplished by BaNbggCap0,4yNi_,

(x = 0.6). This improvement might be derived from the suppres-
sion of Nb*+ species in their structures and enhanced surface
hydrophilicity after Ca modification (Fig. 12B) (Wei et al., 2019).

5. Conclusion and future perspective

In this minireview, various effective approaches, including flux
method to increase crystallinity, novel oxide precursor to reduce
the defects and to enlarge the specific surface area, and A/B-
site doping/substitution to prolong the lifetime of photogenerated
electrons and holes and/or to engineer the conduction band and
valence band positions, to achieving higher water oxidation per-
formance of selected transition metal oxynitride perovskites were
presented. In recent years, significant efforts were made to im-
prove the efficiency and stability of water oxidation over selected
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transition metal oxynitride perovskites (i.e., LaTiO,N, BaTaO;N,
and BaNbO,N). As an example, a photocurrent of 5.2 mA cm~2 at
1.23 Vrye under simulated solar irradiation was recently achieved
for the BaNbO;N photoanode, which is the highest yet reported
for an oxynitride responsive at wavelengths above 600 nm (Seo
et al., 2018). Despite a remarkable progress in this research area,
the quantum efficiency of these perovskites is still low and needs
to be further improved to achieve better STH energy conversion
efficiency. There are some promising approaches to enhance the
water oxidation activity: (i) partial co-substitution of A-site and
B-site cations in these parent perovskites by foreign cations that
could change their band edge positions and electronic properties;
(ii) creation of solid solutions of these perovskites with other
semiconductors having an identical crystal structure and appro-
priate band edge positions; (iii) development of new methods
[e.g., flux-coating method (Kawashima et al., 2017b)] and post-
treatment to synthesize these perovskites with low defect density
and to improve the surface properties as well as photostabilities,
and (iv) exploration of new members of these perovskites family
[e.g., MgTaO;N (Kubo et al.,, 2017), AW(O,N); (A = Sr, La, Pr,
Nd, Eu) (Kawashima et al., 2016b, 2019), RHfO,;N (R = La, Nd,
Sm) (Black et al., 2018), etc.] which were experimentally and
computationally screened to be suitable photocatalysts for water
oxidation (Montoya et al., 2015). These approaches are expected
to improve STH energy conversion efficiency. In addition to the
performance problems most of the transition metal oxynitride
perovskites are still not able to exhibit the high photostability
during the long-term oxygen evolution testing and tend to show
rapid perfomance degradation due to the formation of their ox-
ide counterparts on their surfaces (Kawashima et al., 2017b).
Their photo-oxidation can also be confirmed by the significant
amount of nitrogen gas evolution during the test (Kawashima
et al., 2017a). According to the very recent DFT study on SrTaO,N
surface layers (Ouhbi and Aschauer, 2019), it was confirmed
that photo-oxidized surface layer leads tensile-strain-induced lo-
calization of excess charge at the surface which results in a
stronger binding of oxygen evolution reaction intermediates (i.e.,
*0 and *OH) which may be somewhat too strong to proceed the
oxygen evolution reaction efficiently. Therefore, to maintain the
oxynitride perovskite photocatalysts for the long-term oxygen
evolution, we must prevent their photo-oxidation and/or moder-
ate a oxygen evolution intermediate binding. So far, the possible
strategy is the introduction of photo-oxidation resistive materials
and cocatalysts on their surfaces and there is still room to explore
novel solutions. Further progress in the research regarding the
above issues is awaited in the future for enabling their practical
use for future hydrogen society.
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