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ABSTRACT: Mixed anion compounds are expected to be
a photocatalyst for visible light-induced water splitting, but
the available materials have been almost limited to
oxynitrides. Here, we show that an oxychrolide
Bi,NbOClI, a single layer Sillen—Aurivillius perovskite, is
a stable and efficient O,-evolving photocatalyst under
visible light, enabling a Z-scheme overall water splitting by
coupling with a H,-evolving photocatalyst (Rh-doped
SrTi0,;). It is found that the valence band maximum of
Bi,NbO¢Cl is unusually high owing to highly dispersive O-
2p orbitals (not Cl-3p orbitals), affording the narrow band
gap and possibly the stability against water oxidation. This
study suggests that a family of Sillen—Aurivillius perovskite
oxyhalides is a promising system to allow a versatile band
level tuning for establishing efficient and stable water-

splitting under visible light.

Developing stable photocatalyst materials that can
efficiently split water under visible light is of great
technical challenge." Over the past decade, metal oxynitride
semiconductor materials have been extensively explored for
such photocatalysts." Although a number of oxynitrides such as
TaON, BaTaO,N, StNbO,N, and LaTiO,N exhibit photo-
electrochemical water splitting,” there are so far only a few
oxynitrides (e.g, (Ga,_,Zn,)(N,_,O,) and LaMg, 5Ta,,;0,N)
that show photocatalytic water splitting.” In addition, these
oxynitrides are mostly unstable upon light irradiation;
appropriate surface modifications are required to suppress the

competitive oxidation of N>~ by photogenerated holes. %!
Other mixed anion compounds such as oxysulfides’ and
oxyhalides” are considered as potential photocatalysts for visible
light-induced water splitting, because the lower electro-
negativity of S and X (X = Cl, Br, I) locates S-3p, Cl-3p, Br-
4p, or I-Sp orbitals at higher energies than O-2p orbitals,
resulting in a reduction of the band gap relative to
corresponding oxides. For example, the band gap of BiOX
decreases markedly from 3.48 eV in BiOCl, to 2.93 eV in
BiOBr, and to 1.91 eV in BiOl, accompanied by negative shift
of valence band maximum (VBM),® in accordance with the
reduced electronegativity (Cl > Br > I). Although BiOCl is
capable of oxidizing water to O, in the presence of sacrificial
electron-acceptor Ag" under UV irradiation,” neither O, nor H,
evolution has been achieved under visible light on such
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oxyhalides. An oxysulfide Sm,Ti,S,05 (band gap: ~2.0 V) is
known as a H,-evolving photocatalyst in Z-scheme water
splitting systems, but UV light irradiation is necessary to excite
the O,-evolving photocatalyst, rutile-TiO,.” Unfortunately,
other than oxynitrides,” stable photocatalytic water splitting
under visible light has not been reported in mixed anion
compounds (even through Z-scheme with redox), despite the
expected reduced band gap. Facile self-oxidation of nonoxide
anions by photogenerated holes at valence band near VBM may
be an essential problem.

Bi,MO4Cl (M = Nb, Ta) is a Sillen—Aurivillius perovskite
phase consisting of single-layer MO, perovskite blocks that are
separated by (Bi,0,),Cl blocks (Figure la).” Recently,
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Figure 1. (a) Crystal structure of Bi,NbO4Cl, comprehensively
expressed as (Bi,0,),CINbO,. (b) Coordination environment around
Bil and Bi3 with Bi—O bond lengths (in A).

photocatalytic activity by dye de§radation (but not water
splitting) was found in Bi,MO4CL'" Here, we recognized two
remarkable features in these oxychlorides. The first is the size of
band gaps (2.4 eV for Nb)"° being much narrower than those
of other oxychlorides such as BiOCI (3.4 €V).> The second is a
reverse trend of absorption edge between Bi,MO,Cl and
isosructural Bi,MOgBr (502 and 488 nm for Ta)."' However,
the origin of these features has not been verified.
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Here, we demonstrate that Bi,NbO4Cl is a stable and
efficient oxygen evolution photocatalyst and exhibits visible
light-induced overall water splitting through the Z-scheme
mechanism. From experimental and theoretical results, the
VBM is found to be unusually high (vs typical oxides and
oxychlorides) as a result of highly dispersive O-2p orbitals in
the valence band. This suggests sizable interactions within and
between Bi—O and Nb—O slabs, offering a potential of
extensive band engineering in a general family of Sillen—
Aurivillius perovskite compounds.

Bi,NbO4Cl (particle size of ~S um, see Figure S1 for a SEM
image) was prepared by a solid-state reaction. Stoichiometric
quantities of Bi,O; (Wako, 99.99%), BiOCl (Wako, 99.5%) and
Nb,O; powders (Kojundo Chemicals, 99.9%) were weighed,
mixed, and heated in an evacuated silica tube at 1173 K for 20
h.” For comparison, Bi,NbOyBr was synthesized in a similar
manner using BiOBr. BiOBr was prepared by a soft liquid
deposition method."”” Powder X-ray diffraction showed that
both compounds are of single phase (Figure S2). Detailed
experimental conditions are given in Supporting Information
(SD).

UV—vis diftuse reflectance spectrum of Bi,NbO4Cl exhibited
the absorption edge at 498 nm, which is obviously longer than
485 nm in BiyNbOgBr (Figure 2), in agreement with the
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Figure 2. UV—vis diffuse reflectance spectra of Bi,NbOzCl and

Bi,NbOgBr. For comparison, spectra of BiOCl and BiOBr are shown
in the inset.

previous literatures,"”'* though our values appear to be slightly
shorter. The flat-band potential of Bi;NbOgCl was determined
from the Mott—Schottky plots in an aqueous Na,SO, solution
(pH = 2) (Figure S3). We obtained —0.48 V (vs Ag/AgCl)
corresponding to —0.28 V (vs SHE at pH = 2). Supposing that
the flat-band potential is located just below conduction band
minimum (CBM), the VBM was estimated to be ~2.11 V using
its band gap. The estimated VBM of Bi,NbO¢Cl is surprisingly
high and affords higher CBM than the water reduction
potential. For comparison, the same measurements were
conducted for BiOCI, providing the absorption edge at 344
nm, the flat-band potential of —0.63 V (vs Ag/AgCl)
corresponding to —0.43 V (vs SHE at pH = 2) and the VBM
of ~2.99 V (Figure 3), in excellent agreement with previous
results."® Proposed band structures of Bi,NbOgCl and BiOCI
are represented in Figure 3.

Bi,NbOsCl showed activity for H, evolution from an
aqueous methanol solution (Figure S4). At present, the rate
is quite low (~0.1 pumol h™'), but the steady H, evolution
observed validates the above estimated CBM, which is slightly
higher than the water reduction potential. On the other hand, a
steady and high activity for O, evolution is recognized when
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Figure 3. Proposed band structures of Bi,NbO4Cl and BiOCI at pH =
2.0.

appropriate electron acceptors are used. As shown in Figure 4a,
O, was generated with relatively steady rates under visible light
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Figure 4. (a) Time courses of photocatalytic O, evolution under
visible light on Bi,NbO4Cl in the presence of various electron
acceptors. (b) Time course of Z-scheme water splitting coupled with
Ru/SrTiO5:Rh photocatalyst via Fe3*/Fe** redox mediator.

irradiation, from FeCly(aq), Fe(NO;);(aq), and AgNO;(aq).
Although a slight reduction in O, generation rate is appreciable,
such a behavior is generally observed even for other
conventional photocatalysts such as WO; and BiVO, during
the half reaction, which has been interpreted as due to the light
shielding by the deposited Ag metal particles or the occurrence
of backward reaction (ie., re-oxidation of Fe?* by photo-
generated holes) instead of water oxidation. For the Fe-based
electron acceptors, we confirmed the generation of almost
stoichiometric amounts of Fe’’, while no change in the Cl
component was observed in the XPS analysis (Table S1). As
shown in Figures SI and SS, no significant change in particle
size (SEM images) and in Raman spectra of Bi,NbO,Cl is
observed. These results indicated clearly the photocatalytic
water oxidation on BiyNbOgCl, accompanied by stoichiometric
reduction of Fe** to Fe**. Note that Bi;NbO4Br also generated
0, in the presence of Fe** under visible light, though the rate
was lower (Figure S6).

The apparent quantum efficiency for O, evolution on the
Bi,NbO4Cl was determined to be ~0.4% in 5 mM FeCl;(aq)
under the irradiation of monochromatic light at 420 nm (~25
mW/cm?). This value is comparable to the reported values on
the conventional O,-evolving photocatalysts such as unmodi-
fied WO, (~0.4% at 405 nm)'* under the similar reaction
condition (i.e., in 10 mM of FeCl;(aq)). We expect significant
improvement in the apparent quantum efficiency by appro-
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priate surface modifications'> and/or optimization of synthesis
procedure of photocatalysts.

Most remarkably, as shown in Figure 4b, a simultaneous
evolution of H, and O, under visible light was successfully
observed for the BiyNbOgCl photocatalyst coupled with a H,-
evolving photocatalyst of Rh-doped SrTiOs,' through the Z-
scheme mechanism involving a redox cycle of Fe3*/Fe?"."” A
slight decrease in gas evolution rate in the later period of
reaction is probably due to the occurrence of other backward
reactions on Ru metal cocatalyst, i.e., the catalytic formation of
water from the evolved H, and O, and/or photocatalytic
reduction of O,, as often reported in other Z-scheme systems.
A long-term reaction (for 60 h) with periodical evacuation of
gas phase resulted in the generation of ~304.7 ymol of O, gas
in total (Figure S7), sufficiently exceeding the molar amount of
Bi,NbO4Cl (137 pumol) used for the reaction, indicating that
this reaction proceeded photocatalytically.

In order to obtain insights into the origin of the highly up-
shifted VBM in Bi,NbO4Cl, we conducted first-principles
calculations for Bi,NbO4Cl and Bi,NbOgBr using the
generalized gradient ag)proximation of DFT using CASTEP
(see SI) for detail).' Figure S8 represents the calculated
electronic band structure, while the total density of states
(TDOS) and the partial density of states (PDOS) are shown in
Figures S and S9. As expected, the Br-4p orbitals in Bi,NbOgBr
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Figure 5. TDOS of (a) Bi,NbO4Cl and (b) Bi,NbOgBr, and PDOS
projected onto each constituent element.

are located at a higher energy level than the Cl-3p orbitals in
Bi,NbO4Cl. Quite unexpectedly, the VBM is predominantly
composed of O-2p orbitals. The situation is in stark contrast to
simple oxyhalides BiOCl and BiOBr, in which CI-3p and Br-4p
orbitals mainly contribute to the DOS near VBM (Figure
$10).° Each of the O-2p orbitals (0O1—-08) in Bi,NbO,CI
possesses a large dispersion (Figure S9). Consistently, the bond
valence sum (BVS) calculations for all oxygen sites gave
reasonable values of —1.70 to —2.38 (Table S2). Since the
outer Bi atoms (Bil/Bi3) are bonded to the apical oxygen
atoms (O5/06) of the NbOy octahedral layer (Figure 1b), the
highly dispersive nature of O-2p orbitals is likely to originate
from fairly strong interactions within and between the Bi—O
and Nb—O layers. Note that the (small) DOS at CBM is
composed mainly of Bi-6p orbitals at Bi2/Bi4 (Figures 3 and
$9).

The peculiar band structure of Bi,NbOgCl seems to give an
impact on the stability during photocatalytic activity. For mixed
anion materials (oxynitrides, oxysulfides, and oxyhalides), in
general, the DOS near VBM are composed mostly of p orbitals
of nonoxide anion (S*7, N®, X7) with a smaller electro-
negativity. Thus, photogenerated holes around VBM are prone
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to self-oxidation during the photocatalytic (or photoelectro-
chemical) water oxidation. Namely, the photogenerated holes
may preferentially oxidize these anions (e.g,, 2N~ + 6h* — N,,
2X~ + 2h* > X,) instead of water molecules, resulting in
photocorrosion and/or photooxidation to give an inactive
surface.'” On the contrary, the VBM of Bi,NbO4Cl is mainly
composed of the dispersive O-2p band. Thus, we believe that
the holes populated on the stable oxygen anions near VBM can
efficiently oxidize water, without suffering from deactivation by
self-oxidation of CI™.

In summary, we showed that the layered oxychloride
Bi,NbO4Cl with the Sillen—Aurivillius perovskite works as a
stable photocatalyst for water oxidation under visible light.
Other than oxynitrides, Bi,NbO4Cl has achieved overall water
splitting under visible light irradiation (through the Z-scheme
mechanism) for the first time among mixed anion compounds.
The highly dispersive O-2p band extending to VBM not only
allows the substantially negative VBM (and CBM) but also
accounts for the stability against water oxidation under visible
light. The present result strongly suggests that fine and
extensive control of the valence and conduction band edge
energies is possible by manipulating the perovskite block as well
as the (Bi,0,),X block in the Sillen—Aurivillius phases, with a
general formula of [(Bi,0,),X]*'[A,_;B,0;,1]*" (n =1, 2, 3,
..).”% This will offer us a possibility to achieve more efficient
water splitting by harvesting a wider range of solar light
spectrum and, ultimately, overall water splitting using a single
material.
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