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ABSTRACT: Heterogeneous photocatalysis provides a promising
strategy to generate renewable fuels by harnessing solar energy.
Metal heteroanionic photocatalysts have gained attention for their
visible-light absorption; however, they are also plagued by photo-
corrosion, which limits their long-term use. Such photocorrosion
occurs from photooxidation of the less electronegative nonoxide
ions, leading to decomposition of the material’s lattice. In this
Perspective, we highlight emerging strategies to develop durable
metal heteroanionic photocatalysts. We devote attention to the
approaches taken for model metal oxynitrides, oxysulfides, and
oxyhalide photocatalysts to provide a holistic framework. This
analysis emphasizes the vital roles that interface engineering, charge
carrier extraction, and crystal and electronic structure play in
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providing photodurability. We believe that through these approaches, durable and visible-light-absorbing artificial photosynthetic

systems can be developed for a sustainable future.
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1. INTRODUCTION

Artificial photosynthetic approaches involving heterogeneous
catalysts have been studied for decades to achieve “solar fuels”
as renewable chemical feedstocks by water splitting or CO,
fixation.'~* Recent efforts show that large-scale photocatalytic
water splitting panels have the potential to reach practical
industrial-scale use.”~” Photocatalysts with visible-light absorp-
tion, excellent efficiency, and durability are imperative to
accomplish this objective. Three basic processes take place on
semiconductor photocatalysts. First, photon absorption leads
to excitation of electrons (e”) from the valence band (VB) to
the conduction band (CB), leaving holes (h*) in the VB. The
second step involves charge separation and migration of
excitons (e”/h* pairs) to the semiconductor surface. The final
step involves surface chemical reactions such as the oxygen
evolution reaction (OER), hydrogen evolution reaction
(HER), and CO, reduction reaction (CO,RR).*’

Traditional photocatalysts are metal oxides containing d° or
d'° transition metals such as TiO,, SrTiO;, or ZnO."" But
because of their large bandgaps, these materials cannot harvest
visible light, which comprises much of the solar spectrum
reaching Earth’s surface. The possibility of having more than
one anion has opened directions to develop novel photo-
catalysts via electronic structure engineering, crystal structure
engineering, local coordination geometry, etc.'"" Therefore,
metal heteroanionic photocatalysts, such as metal oxynitrides,
oxysulfides, and oxyhalides, are emerging as promising
materials that exhibit visible-light absorption and provide
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room for VB engineering by judicious manipulation of
anions.""?

Figure 1 compares the electronic structure of metal oxides
and metal heteroanionic photocatalysts. Often, metal oxides of
the type MO, have large bandgaps (>3 eV), with VBs and CBs
composed of O 2p orbitals and metal d orbitals, respectively
(Figure la). In contrast, metal heteroanionic photocatalysts
have smaller bandgaps (<3 eV) due to the lower electro-
negativity of the nonoxide anions, enabling visible-light
absorption. The VB maximum (VBM) of most metal
heteroanionic materials of the type MO,N, (metal oxy-
nitrides), M,O,S, (metal oxysulfides), and MOX (metal
oxyhalides) are composed of the nonoxide p orbitals (N 2p
or S 3p or X np) (Figure 1b). This electronic structure can
present a challenge as photogenerated h* can oxidize nonoxide
ions at the VBM in tandem with the desired catalytic oxidation
reaction such as OER." Figure 1c illustrates that metal
heteroanionic photocatalysts of the type Bi,MOgX or
Bi,LnO,X have a unique electronic structure where the
anion p orbitals are buried inside the O 2p orbitals, leading
to greater photodurability compared to metal heteroanionic
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Figure 1. Simplified schemes of the electronic structure of (a) metal
oxides such as MO, and metal heteroanionic photocatalysts such as
(b) metal oxynitrides, oxysulfides and oxyhalides of the form MO,N,,
M,0,S,, and MOX and (c) metal oxyhalides of the type Bi,MOgX,
Bi,LnO,X, PbBiO,X, etc.

photocatalysts of the type shown in Figure 1b. In this
Perspective, we highlight strategies that have emerged to
develop durable metal heteroanionic photocatalysts in tandem
with enhanced catalytic efficiency and visible-light absorption.
These strategies include surface and interface engineering as
well as crystal and electronic structure modifications depending
on the material. We note that the examples presented are not
comprehensive but were selected as models to illustrate the
main conceptual approaches to achieving durable hetero-
anionic photocatalysts.

2. METAL OXYNITRIDES

Metal oxynitrides have VBs composed of nitrogen and oxygen
and CBs composed of d’- or d'*-metal orbitals."*™'® As they
pose smaller bandgaps relative to corresponding oxides, they
are colored materials and absorb visible—light.lg_22 TaON,
LaTaON,, CaTaO,N, and BaTaO,N are a few examples of
photocatalysts having the electronic structure shown in Figure
1b.*7%° The primary cause of loss in the durability of metal
oxynitride photocatalysts is the oxidation of the N*~ ions of the
crystal structure by photogenerated h* as shown in eq 1:

2N’ + 6h" > N, (1)

This reaction occurs as the VBMs consist of N 2p orbitals, and
this photooxidation can lead to surface oxide formation. Such
modification of the photocatalyst can reduce light absorption
and create unfavorable interfaces that limit charge migration

between the bulk and surface material.””’~* To curb this
photocorrosion process, researchers have developed surface
and interface engineering strategies, as discussed herein for
TaON and LaMg,Ta;_,0y,;3,N,_3, which were selected for
emphasis given their promise as widely studied water splitting
photocatalysts.***°~*

The synthesis of TaON typically involves heating Ta,O;
under continuous ammonia flow at ~1123 K.**7*° Such a
process leads to reduction of Ta’* to Ta*" or Ta®", which
introduces surface anion vacancies to achieve charge balance.
The vacancies act as recombination centers of photogenerated
charge carriers, thereby reducing activity and durability. To
effectively mitigate recombination centers, Maeda et al.
prepared a composite of monoclinic zirconium oxide (m-
7r0,) and Ta,O; as a precursor.”” Ammonolysis of this
precursor composite leads to Ta—N—Zr linkages in the m-
Zr0O,/TaON composite produced after nitridation. These Ta—
N—Zr linkages provide the Ta species more positive character
(close to +5) than unmodified TaON with only Ta—N—Ta
linkages. The decrease in anion vacancies led to enhanced
proton reduction, but the inherent problem of photodurability
(via eq 1 and the electronic structure consistent with Figure
1b) persisted. Maeda et al. further showed that on loading IrO,
as an OER cocatalyst to the ZrO,/TaON photocatalyst
enhanced photodurability was achieved by promoting OER
over N, evolution.*® The efficient transfer of h* to water from
the IrO, cocatalyst suppressed photooxidation of TaON.

Another interesting metal oxynitride photocatalyst is
LaMg,Ta;_,Oy,3N,_3, (x = 0—0.66).>” It has the perovskite-
type crystal structure shown in Figure 2a and was synthesized
from LaTaON, and LaMg,/3Ta;/;;05.>”*" The absorption of
the LaMg,Ta;_,O,,3,N,_;, solid solutions could be tuned from
525 to 640 nm by modulating x from 0 to 0.66. Pan et al.
found the x = 0.33 was most active for overall water splitting
with RhCrO, as a suitable HER cocatalyst.”> However,
irradiation (4 > 300 nm) of RhCrO,-loaded
LaMg33Tay¢6O,N also resulted in continuous N, evolution
(via eq 1) owing to oxidation by photogenerated h*. The
authors also observed that the rate of the OER increased and
then decreased with time, unlike HER. This observation was
attributed to the oxygen reduction reaction (ORR) in
competition with OER and became dominant in the latter
part of the irradiation period.
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Figure 2. (a) Crystal structure of LaMg,Ta;_,0;,3,N,_3,. (b) Time course of H, and O, evolution on TiOH/SiOH/RhCrO,/LaMg, 33T2,,0,N
under UV/visible irradiation (4 > 300 nm; filled symbols) and visible-light irradiation alone (4 > 420 nm; open symbols). (c) Proposed
mechanism of charge carrier migration and transfer for water splitting on an amorphous surface-coated photocatalyst. Reprinted with permission

from ref 32. Copyright 2015 Wiley—VCH.
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Yoshida et al. showed that an Cr oxyhydroxide coating
(CrO(; 5-m)(OH),,#H,0) layer, denoted as MOH herein on
top of the photocatalyst helped to reduce the ORR.*' Likewise,
Pan et al. loaded a thin coating of amorphous titanium
oxyhydroxide (TiOH) on RhCrO,/LaMg, ;T2 0,N, which
prevented both N, evolution and the ORR, thereby leading to
enhanced durability and activity.32’3'3 Interestingly, Pan et al.
observed N, evolution upon coating Si oxyhydroxide (SiOH)
on RhCrO,/LaMg,3;Ta;¢0,N. Combining SiOH with
TiOH, however, led to greater photocatalytic activity and
durability over 22 h than coating alone, as shown in Figure
2b.** The authors speculated that the reduced photocorrosion
resulted from the facile transfer of photogenerated h* to the
amorphous layer. In effect, this modification prevented the
accumulation of h* on the oxynitride surface to carry out eq 1.
This prevention led the OER to take place at the interface
between the oxynitride and the amorphous oxyhydroxide layer
or in the amorphous oxyhydroxide layer, as shown in Figure
2c.

As these studies have shown, surface and interface
modification can enhance the durability of metal oxynitride
photocatalysts. These modifications provide durability by
managing h* extraction and are essential to realizing metal
oxynitrides as visible-light absorbing photocatalysts. Still, future
innovations that improve durability of metal oxynitrides may
be possible by considering how durability is engineered in
other heteroanionic materials.

3. METAL OXYSULFIDES

Metal oxysulfides are a class of heteroanionic photocatalysts
with VBs composed of sulfur and oxygen orbitals, and the CBs
are occupied by d’- or d'’-metal ion orbitals such as in
Ln,Ti,S,05 (Ln = Nd, Sm, Gd, Tb, Dy, Ho, Er, and Y) and
S1Zn,S,0."~* Metal oxysulfides are mostly synthesized from
oxide precursors, with sulfur being introduced from sulfur
powder or metal sulfides.*”***> However, synthesizing oxy-
sulfide photocatalysts with tunable bandgaps through stoichio-
metric control is difficult given the larger atomic size of sulfur
than oxygen. Still, when compared to metal sulfides such as
CdS or ZnS, metal oxysulfides are less prone to self-oxidation
by photogenerated h*, as shown by eq 2:

28" + 2h" — 83 )

This tendency can be attributed to the hybridization of the S
3p—O 2p orbitals in the VBM, unlike only S 3p orbitals for
metal sulfides. Moreover, efficient extraction of photogenerated
h* can enhance the durability of metal oxysulfides. Strategies
that achieve this objective will be outlined for Y,Ti,0;S, as a
model system, which was selected for emphasis on account of
its nearly ideal band gap (1.9 eV) for overall water splitting.
Employing appropriate OER cocatalysts on oxysulfide
photocatalysts were found to be effective in extracting h*
from oxysulfides.”” For example, Wang et al. demonstrated
Y,Ti,OsS, for overall water splitting with remarkable photo-
stability."” The material was prepared by solid-state synthesis
from stoichiometric amounts of Y,0;, Y,S;, TiO,, and sulfur.
Using IrO, as an OER cocatalyst and Rh@Cr,0; (core@shell)
nanoparticles as a HER cocatalyst, overall water splitting was
achieved with the desired ratio of H, to O, of 2:1. Notably,
Wang et al. reported that the order of cocatalyst loading affects
photocatalytic activity. Loading the OER cocatalyst before the
HER cocatalyst led to greater activity by 30% compared to the

reverse. Such an enhancement arose from the preferential
attachment of the HER cocatalyst at the reduction sites by
photodeposition. Also, it prevents the deposition of IrO, on
top of Cr,0;/Rh. The observed phenomenon suggests that the
cocatalysts should be loaded onto different regions of
photocatalyst to enhance the efficacy effectively. In addition
to rapid h" extraction by the IrO, cocatalysts, the authors
hypothesized that the durability arose from the material’s
electronic structure. A band structure calculation of Y,Ti,0,S,
revealed significant hybridization between the orbitals of S and
O near the VBM (similar to Figure 1b). This phenomenon
reduces the oxidation of sulfur ions from lattice (eq 2), thereby
enhancing durability.

Metal oxysulfide photocatalysts are less studied compared to
other metal heteroanionic compounds. The key factors to
improve photostability include developing appropriate cocata-
lysts that can extract h*/e” from photocatalyst and strong
hybridization between sulfur and oxygen orbitals near VBM.
The latter factor, in which the electronic structure of material
contributes directly toward its durability, will also be
encountered in the next section discussing metal oxyhalides.

4. METAL OXYHALIDES

Metal oxyhalides are another class of metal heteroanionic
photocatalysts. The VBs of oxyhalides are composed of O 2p
orbitals and X np orbitals (n = 3, 4, and S for X = Cl, Br, and
1).**7°° The aforesaid electronic structure enables the
customization of the bandgap in oxyhalides by engineering
the halide (Cl, Br, and 1) identity. We have focused on metal
oxyhalides with d'® metal cations (such as Bi*") given their
suitability for photocatalysis.*”*' =

Metal oxyhalides of the type BiOX (X = Cl, Br, I) have
gained significant interest owing to their ability to change the
bandgap based on the halide identity.””>> With the increase in
size of the halogen ion, the polarizability increases from Cl to I,
which is associated with greater visible light absorption.””*°
These materials consist of [Bi,O,]" layers between double
slabs of X~ atoms. The stacking of oppositely charged layers
leads to an internal electric field (IEF) within the crystal
structure.””~®" The built-up IEF facilitates separation of e~ and
h* when illuminated by photons of appropriate energy.””>
Density functional theory (DFT) calculations on BiOX
photocatalysts illustrate that the VB consists primarily of
hybrid O ZE and X np orbitals, whereas the CB consists of Bi
6p orbitals.*® Even though certain BiOX materials can absorb
visible light, they often undergo photooxidation by the
photogenerated h* according to the following eq 3:

2X™ + 28" - X, (3)

Such photooxidation will be more severe for those metal
oxyhalides with a greater density of X np orbitals near the VBM
in accordance with Figure 1b.°"°° Such a phenomenon
necessities the development of metal oxyhalides with stability
against photocorrosion.

Recently, metal oxyhalides of the type Bi,MOgX (M = Ta,
Nb; X = Cl, Br) have shown potential as durable photo-
catalysts with visible-light irradiation.”>”*® Bi,MO¢X materials
are layered Sillen-Aurivillius perovskites whose structure is
composed of Sillen blocks (alternating [Bi,O,]*? X~ slabs) and
Aurivillius blocks (alternating [Bi,0,]**[MO,]™* slabs).”’
Density of states (DOS) calculated for Bi;MOgX indicate
that the VBM are composed of Bi 6s and O 2p orbitals while
the nonoxide halogen orbitals contribute to lower energy states

https://doi.org/10.1021/acsami.1c09774
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Figure 3. (a) Schematic interaction between Bi/Pb 6s, Bi/Pb 6p, and O 2p orbitals based on the revised lone pair (RLP) model. (b) Ionic energy
levels for each anionic site in BiOX, BiyNbOX, Bi,GdO,X, and SrBiO,X calculated by the sum of the Madelung potential and electron affinity. The
red, blue, green, and orange symbols represent oxygen, chlorine, bromine, and iodine anions, respectively. Reprinted with permission from ref 71.

Copyright 2017 American Chemical Society.

in the valence band (similar to Figure lc rather than Figure
1b).%® Importantly, the observed electronic structure preserves
the visible-light-absorbing capability of these oxyhalide
materials. The unique electronic structure leads to enhanced
photodurability by suppression of eq 3.

Such a distinctive electronic structure is explained by the
revised lone pair (RLP) model developed by Watson and co-
workers.””? Examination of the partial DOS of Bi,MOgX
found the contribution of the Bi 6p orbitals in addition to Bi 6s
and O 2p orbitals near the VB.”"”* Strong hybridization
between stereochemically active Bi** 6s” lone pairs and O 2p
orbitals occurs to form a (Bi 6s + O 2p) bonding orbital and
high energy (Bi 6s + O 2p)* antibonding orbital shown in
Figure 3a. Because of crystal distortion, the high-energy (Bi 6s
+ O 2p)* antibonding orbital interacts with the vacant Bi 6p
orbital. The interaction of the antibonding orbital and the Bi
6p orbital results in asymmetric electron density over the Bi**
lone pair, leading to stabilization of the (Bi 6s + O 2p)*
antibonding orbital. Aforementioned stabilization elevates the
VBM in Bi,MOgX, with dispersive O 2p orbitals in the VB. A
similar electronic structure has been reported for PbBiO,X (X
= Cl, B, I), involving Pb** 6s? lone pairs and O 2p orbitals, as
shown in Figure 3a.”* Kunioku et al. estimated the degree of
such hybridization in Bi;MOgX systems around 0.19—0.20
compared to 0.15 in BiOX systems.”” Thus, the question lies in

36673

why such dispersive O 2p states were not observed in BiOX
compared to Bi;MOgX photocatalyst systems.

To investigate the question, Kato et al. used a local
theoretical calculation approach composed of the electrostatic
potential created at the selected crystallographic site by
neighboring ions or Madelung site potential.”' Figure 3b
shows the sum of the Madelung site potentials and the electron
affinities along with the crystal structures of BiOX and
Bi,NbOgX. In BiyNbOgX, the energy of most oxygen sites
was higher than the halogen sites, which is in stark contrast to
the BiOX case. Although the eight oxygen sites of Bi,NbOgX
have different energies, on a closer look, the authors reported
the O sites from the fluorite-like [Bi,O,] slabs were more
destabilized than the [NbO,] slab. Thus, the observed unique
band structure of Bi,NbOgX was caused by electrostatic
destabilization of oxide anions and stabilization of X~ ions.
Notably, Kato et al. could not unveil the origin of the
difference in the electronic structures of BiOX and Bi,NbOgX.
The reason being the structural complexity of Bi,NbOgX
(heavy distortion of NbOy) vs undistorted BiOX.”' The
authors further carried out similar Madelung site analysis for
Bi,GdO,X and SrBiO,X systems (Figure 3b) with less
distorted lattices, which offer detailed comparison to BiOX.”'

All these theoretical foundations were developed due to the
exceptional photocatalytic durability observed by Abe and co-

https://doi.org/10.1021/acsami.1c09774
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workers in Bi,NbOgX (X= Cl, Br).”*”* Bi,NbOCI exhibited
continuous photocatalytic activity for the OER in the presence
of sacrificial reagents with an apparent quantum efliciency
(AQE) of 04% at 420 nm.” Interestingly, the authors
reported no notable change of crystal structure after photo-
irradiation. Further, the amount of CI~ ions was almost
constant, demonstrating stability against self-oxidation by

photogenerated h*. On employing a Z-scheme for overall
water splitting, a continuous evolution of H, and O, at
appropriate stoichiometry was observed for 60 h, as shown in
Figure 4a.%® Similar photodurability was also achieved with
Bi,TaOgX (X = Cl, Br) by Tao et al. using a Z-scheme.®>”*
Also, they achieved an AQE of 22.3% at 420 nm for OER with
RuO,-loaded Bi,TaOgBr.**
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Recently Kuriki et al. developed a Pb-based oxyfluoride,
Pb,Ti,O5,4F,, as a durable narrow bandgap (2.4 eV)
photocatalyst both for the HER and CO,RR under visible-
light irradiation.”® Interestingly, the durability of this system
stems from the fact that the VBM consists of O 2p and Pb 6s
orbitals, as elucidated by DFT calculations shown in Figure
4b.7°77% The crystal structure of Pb,Ti,0;,F,, is an oxygen-
deficient A,B,X.X'ys pyrochlore structure. Pb,Ti,O;,F,, is
composed of shorter Pb—O bond distances than conventional
A—O bonds shown in Figure 4c due to fluorine substitution.”®
The shorter bond distances cause strong hybridization of the
Pb 6s and O 2p orbitals, as shown in Figure 3a. This strong
interaction causes an upward shift in the VB, thereby lowering
the bandgap of Pb,Ti,0,F;, (2.4 eV) vs. PbTiO; (2.8 eV)
which has higher Pb—O bond distances. The photo-
electrocatalytic OER was performed by cocatalyst modified
Pb,Ti,O;s,4F,, photoanode under simulated sunlight irradi-
ation (AML.5G, 100 mW cm™?) in the presence of an applied
potential of +0.90 V vs RHE with faradaic efficiency of 93%.”"
Thus, signifying the effective utilization of the photogenerated
h* during light irradiation.

Recently, our group reported Bi, TaO4Cl—Bi,GdO,Cl inter-
growths for visible-light-responsive water splitting.””*’ An
intergrowth is a compound crystal phase with elemental
homogeneity at the nanoscale, which differentiates it from
composite materials where such homogeneity is not present.
The Ta:Gd molar ratio was varied to understand the effect of
intergrowth composition on the electronic structure. We
observed, moving from Ta 100% to Ta 0%, the bandgap
changes from 2.48 to 2.34 eV, as shown in Figure Sa.
Photocatalytic OER activity was highest for Ta 50% among the
intergrowths, and RuO, loaded Ta 50% demonstrated AQE of
7.6% (400—500 nm). Overall water splitting was achieved
using cocatalyst loaded Ta 50% intergrowth with Ru/
SrTiO5:Rh as the HER catalyst under simulated solar
illumination for 24 h with minimal loss in durability shown
in Figure Sb. The schematic of the electron transfer process in
the overall water splitting reaction is shown in Figure 5¢. DOS
calculations on Ta 50% elucidated the presence of O 2p
orbitals predominantly over the VBM rather than Cl 3p
(Figure 5d) orbitals. The observed electronic structure can be
explained by the hybridization of Bi 6s and O 2p orbitals near
the VBM based on the RLP model. Thus, it accounts for the
high durability of these new mixed metal oxychloride materials.
Notably, modulation of IEFs via manipulating the perovskite
slabs (Ta/Gd) led to the enhanced separation of charge
carriers of the Ta 50% intergrowth, shown in Figure Se. These
observations support our hypothesis that the formation of
intergrowth materials can enhance photocatalytic activity with
the preservation of durability.

The strategy to obtain durable photocatalytic metal
oxyhalides has been developing semiconductors whose VB
are dominated by dispersive O 2p orbitals such as Sillen-
Aurivillius perovskites. Related layered structures such as
Bi,AO,X (A =Y, La, Gd, Bi), PbBiO,X and SrBiO,X (X =
Cl, Br) have also shown similar VB structures.””®' Addition-
ally, recent research efforts involving novel synthetic methods,
modulation of surface carriers, and developing new oxyhalides
by layer insertion have gained attraction on these Sillen-
Aurivillius perovskites.*”~**

5. CONCLUSION AND FUTURE OUTLOOK

Recent advances in interface engineering and cocatalyst
selection are providing durable photocatalytic materials based
on metal heteroanionic compositions. Additionally, the
engineering of the interaction between post-transition metal
s orbitals such as Bi/Pb 6s and O 2p orbitals has opened new
directions to obtain photocatalysts with remarkable photo-
stability based on their electronic structure. These approaches
do not require surface modification by coating techniques to
suppress photocorrosion and are attractive in terms of exposing
appropriate surface structures to undergo efficient catalysis.
Further, layered materials facilitate IEF modulation by
intergrowth formation, with preservation of durability.
However, challenges in synthetic methodologies for developing
tailor-made metal heteroanionic materials still exist, such as the
formation of anion defects due to different volatility of the
ions. New strategies are emerging to address these issues via
flux-based or polymerized complex techniques.””**’*”” The
field is still growing to deliver next-generation artificial
photosynthetic systems with state-of-the-art optoelectronic
properties to address the global energy demand.
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