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Introduction

Solar water splitting using semiconductor particulate photoca-

Modification of an oxyhalide solid-solution
photocatalyst with an efficient O,-evolving
cocatalyst and electron mediator for two-step
photoexcitation overall water splitting¥

22 Ying Luo,® Jun Xu,?® Qiaogi Guo,*® Lidan Deng,®
*aP and Hong He (&) *@b

Wenzheng Sun,
Zheng Wang

Two-step photoexcitation overall water splitting based on particulate photocatalysts represents a promis-
ing approach for low-cost solar hydrogen production. The performance of an O,-evolution photocatalyst
and electron mediator between two photocatalysts crucially influences the construction of an efficient
two-step excitation water-splitting system. Bismuth—tantalum oxyhalides are emerging photocatalysts for
O, evolution reactions and can be applied in two-step water-splitting systems. In this study, a highly crys-
talline BisTaOgClggBrg 4 solid solution with microplatelet morphology was synthesized by the dual flux
method. The light absorption intensity and charge transfer efficiency of the Bi;TaOgClg 9Brg; solid solu-
tion were higher than those of BisTaOgCl and BisTaOgBr; thus, the sacrificial O, evolution activity of
BisTaOgClg oBrg 1 photocatalyst was obviously enhanced. The two-step excitation water splitting with a
solid-state electron mediator was successfully constructed using BizTaOgClg oBrp 1 as the O,-evolution
photocatalyst and Ru/SrTiOz:Rh as the H,-evolution photocatalyst. The CoO, cocatalyst and reduced gra-
phene oxide decorations on the surface of BisTaOgClyoBrg; promoted the catalytic O, generation
process on BiyTaOgClg oBro1 and electron transfer between CoO,/BisTaOgClg oBros and Ru/SrTiOz:Rh
photocatalysts, respectively. As a result, the apparent quantum yield for this overall water-splitting system
was 1.26% at 420 nm, which surpassed the present performance of the two-step excitation water-splitting
systems consisting of metal oxyhalide photocatalysts. This study demonstrates the validity of high-quality
solid-solution photocatalysts with suitable surface modification for efficient solar hydrogen production
from water splitting.

late photocatalysts with narrow bandgaps for water splitting
have been extensively explored and achieved immense develop-
ment of efficient water splitting.*'° These attempts are mainly

talysts for sustainable hydrogen production is one of the prom-
ising solutions to tackle the constantly increasing global
energy demand and related environmental issues.'® However,
the large-scale utilization of inexhaustible solar energy faces a
series of challenges, the most important being how to attain
significant improvement in the efficiency of solar to hydrogen
conversion. Under these circumstances, many efficient particu-
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accomplished through two approaches, namely, one-step
photoexcitation overall water splitting on a single photocatalyst
and two-step photoexcitation overall water splitting mimicking
photosynthesis in a green plant.'” For one-step photoexcitation
water splitting, a lot of metal oxide photocatalysts were active
under UV irradiation.” In order to utilize the solar spectrum
over a wide wavelength range, some visible-light-responsive
photocatalysts within the (oxy)nitrides,®'* cation-doped
oxides® and plasmon photocatalysts'®> have been reported to
function in one-step excitation water splitting. However, the
stringent requirements, such as the sufficient band gap and
band position and efficient separation and transport of elec-
tron-hole pairs, limit the application of various visible-light-
driven photocatalysts."* Thus, two-step photoexcitation water
splitting composed of an H,-evolution photocatalyst (HEP)
and O,-evolution photocatalyst (OEP) allows the construction
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of efficient photocatalytic water splitting systems using an
increasing number of visible-light-driven photocatalysts.'*
The O,-evolution reaction involving a four-electron transfer
process is generally regarded as a rate-determining step in the
water splitting reaction; therefore, it is crucial to develop
efficient OEPs to improve the performance of two-step exci-
tation water splitting."”°

Among various visible-light-driven OEPs, Sillén-Aurivillius
perovskite-phase oxyhalides, a series of emerging photocatalyst
materials, have been studied for Z-scheme water splitting®'>*
as well as for H, or O, evolution half-reactions using sacrificial
reagents.”>>® As a kind of bismuth-based oxyhalides,
Bi,TaOsCI>***° and Bi,TaOgBr*'?° with the simple layered
structures and narrow band gap exhibit outstanding properties
in the O,-evolution reaction because of longer charge transfer
distance, stability against photocorrosion and potential of
extensive band engineering.”"***! The hybridization of O 2p
orbitals with Bi 6s orbitals in Bi,TaOgCl and Bi,TaOgBr results
in the upward shift of the valence band maximum, which
effectively brings the visible light absorption and the photo-
excited charge migration promotion.>"*> Moreover, the predo-
minant contribution of O 2p orbitals for valence band
maximum allows Bi,TaOgCl and Bi,TaOgBr to stably produce
0, from water oxidation.?! It is worth noting that CI 3p orbitals
in Bi,TaOgCl and Br 4p orbitals in Bi,TaOgBr exhibit different
energy levels located in the valence band.* Therefore, the con-
struction of a bismuth-based oxyhalide solid solution using Cl
and Br anions will be beneficial for the charge carrier
migration towards efficient O,-evolution reaction.

In a two-step photoexcitation water-splitting system, elec-
tron transfer from OEPs to HEPs is also an important issue in
determining the system’s performance.*” Traditionally, ionic
redox shuttle couples such as Fe**/Fe**, 10;7/I" and [Fe
(CN)e]’"/[Fe(CN)s]*~ functioning as electron mediators, are
necessary building blocks to construct a two-step photo-
excitation water splitting system.>'®*'?1333% [n the recent
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work, a Fe*"/Fe*" redox couple was reported as an active elec-
tron mediator in the two-step excitation water splitting with
Bi,NbO4Cl or Bi,TaOgX (X = Cl, Br) as OEP.>'*' However, the
existence of ionic redox couples in the reaction solution una-
voidably leads to backward reactions consuming the photo-
generated electrons and holes from HEPs and OEPs, respect-
ively, and a shielding effect for incident light.>* On account of
the disadvantages, the solid-state conductive mediators
instead of ionic redox couples are applied in the two-step
photoexcitation water splitting systems to achieve highly
efficient charge transfer between OEPs and HEPs. Au,*
carbon,®” indium tin oxide,*® Ir,>® and reduced graphene oxide
(RGO)***** working as efficient electron mediators have been
demonstrated to boost outstanding overall water splitting
activity in the two-step excitation photocatalyst sheet systems
or suspension systems. Therefore, it is desirable to promote
charge transfer efficiency in the two-step photoexcitation water
splitting system with bismuth-based oxyhalide OEP by combin-
ing the RGO solid-state mediator.

Herein, we present a well-crystallized Bi,TaOgCl, oBry ; solid
solution for photocatalytic O, evolution and construct a two-
step photoexcitation water splitting system by combining it
with Ru/SrTiO;:Rh as an HEP and RGO as the solid electron
mediator. The incorporation of Br™ into the layered Bi, TaOgCl
enhanced the light absorption intensity and facilitated charge
separation and migration, thus, the O,-evolution rate of
Bi,TaO4Cl, oBr,; using Fe®" as the electron sacrificial reagent
reached 102 pmol h™' under visible light irradiation.
Furthermore, Bi, TaOgCl, oBry; solid solution exhibited higher
activity for two-step photoexcitation water splitting than
Bi,TaOgCl or Bi,TaOgBr as OEP. Upon the modification of
Bi;TaOgCly oBro; with the O,-evolution cocatalyst and solid-
state electron mediator, CoO, as O,-evolution cocatalyst and
RGO as solid-state conductor dramatically improved the O, for-
mation process on Bi TaOgClyoBry; and electron transfer
between photocatalysts, resulting in an apparent quantum
yield (AQY) of 1.26% at 420 nm for the two-step photo-
excitation water splitting system.

Experimental section
Preparation of materials

Bi,;TaOgCly oBro; and BiyTaOgCly 5Bry 5 powders were prepared
by a flux method. Stoichiometric quantities of Bi,O3, BiOCl,
BiOBr, and Ta,05 were mixed, and NaCl and KCl (molar ratio
of NaCl/KCl is 1: 1) were used as flux reagents. The fluxes were
mixed with Bi,Oj3, BiOCl, BiOBr, and Ta,Os5 at a solute concen-
tration of 10 mol%. The mixture was ground in an agate
mortar for 30 min and placed in an alumina crucible and cal-
cined in a muffle furnace at 923 K for 14 h at a heating rate of
10 K min™". Bi,TaOgCl,Bry; and Bi ,TaO4Cl, sBr, 5 obtained
in this manner were washed with deionized water several
times and collected by filtration to remove residual flux
reagents. The yellow powder was then dried at room tempera-
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ture. For comparison, Bi,TaOgCl and Bi,TaOgBr samples were
prepared using the same procedure.

Rh-doped SrTiO; (SrTiOs;:Rh) HEP was prepared by the
solid state reaction method.**> SrCO;, TiO,, and Rh,0,; were
mixed in a mortar at the ratio of Sr:Ti:Rh = 1.03:0.99:0.01
and ground for 30 min. The mixture was calcined in a muffle
furnace at 1273 K for 10 h in the air using an alumina crucible
to obtain SrTiOz:Rh (1%) powder.

Modification of photocatalysts

Firstly, CoO,, IrO,, RuO,, and PtO, were loaded on the
obtained metal oxyhalides as cocatalysts for water oxidation by
impregnation using aqueous solutions containing Co(NO3),,
Na,IrCls, RuCl; or H,PtCls. Specifically, metal oxyhalide
powder (0.22 g) was immersed in an aqueous solution contain-
ing the required amount of cocatalyst-precursor solution. The
slurry was stirred with sonication for 3 min and then dried by
a hot water bath, the resulting mixture was heated at
573-873 K for 2 h in air. Subsequently, metal oxyhalides modi-
fied with MO, (M = Co, Ir, Ru, and Pt) cocatalysts were further
decorated with graphene oxide by the photodeposition
method. Photocatalyst powders and graphene oxide dispersion
were suspended in 20 vol% of the aqueous methanol solution.
The reaction solution was evacuated to completely remove air
and irradiated under visible light (1 > 420 nm) for 2 h to form
RGO on photocatalyst powders. Metal oxyhalides loaded with
MO, (M = Co, Ir, Ru, and Pt) cocatalyst were also modified
with metallic Ir or Au conductive mediator by the impreg-
nation method followed by the H,-reduction treatment. The
loading amount of Ir or Au was 0.3 wt%. Pt-modified metal
oxyhalide photocatalysts were synthesized by impregnation
with H,-reduction treatment, and the Pt content was 0.3 wt%.

As for the modification of SrTiOz:Rh, Ru (0.7 wt%) cocata-
lyst was loaded by the photodeposition method in an aqueous
methanol solution (20 vol%) containing the required amount
of the Ru precursor under visible light irradiation (4 > 420 nm)
for 6 h, denoted as Ru/SrTiO;:Rh.

Characterization of materials

X-ray diffraction (XRD) patterns were obtained using a Bruker
D8 Advance X-ray diffractometer with Cu Ka radiation source,
operating at 40 kV and 40 mA. Scanning electron microscopy
(SEM) images and elemental mapping images were acquired
using a Hitachi SU-8020 field-emission scanning electron
microscope equipped with an energy dispersive spectrometer
(Bruker Nano GmbH). UV-vis diffuse reflectance spectra (DRS)
were collected using a spectrophotometer (LAMBDA 6508,
PerkinElmer) equipped with an integrating sphere. The
binding energies were determined by X-ray photoelectron spec-
troscopy (XPS) on a Thermo Scientific ESCALAB 250Xi spectro-
meter with a monochromatic Al Ka source (hv = 1486.6 €V)
and normalized to C 1s for each sample.

Photoelectrochemical measurements

Photoelectrochemical measurements were performed at room
temperature using a CHI 650E electrochemical workstation

This journal is © The Royal Society of Chemistry 2024
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with a standard three-electrode cell. The prepared electrode,
an Ag/AgCl electrode, and Pt wire were used as the working
electrode, reference electrode, and counter electrode, respect-
ively. The working electrodes of bare metal oxyhalides and
surface-modified metal oxyhalides were prepared by a conven-
tional drop-casting method. The photocurrents of bare metal
oxyhalides and surface-modified metal oxyhalides electrodes
were measured in an 0.1 M Na,SO, solution (pH = 7) bubbling
with Ar gas under visible light irradiation (4 > 420 nm, 300 W
Xe lamp) at 0.8 V vs. RHE. Electrochemical impedance spec-
troscopy (EIS) was recorded in the frequency range of 10° Hz to
0.1 Hz with the initial potential (0.01 V) in 0.1 M Na,SO,
solution.

Photocatalytic activity measurements

The photocatalytic O, evolution reaction was performed in a
gas-closed circulation system with a Pyrex top-illuminated reac-
tion vessel. Pt-modified metal oxyhalide photocatalysts
(100 mg) were dispersed in 150 ml of 10 mM aqueous Fe
(NOj3); solution. The reaction temperature was maintained at
285 K by circulating cold water. After completely removing air
from the reaction system by evacuation, 10 kPa Ar gas was
introduced into the reaction system, and the slurry was irra-
diated under a 300 W Xenon lamp equipped with a cutoff filter
(4 = 420 nm). The gas products were measured by an online
thermal conductivity detector-gas chromatography system
equipped with a Molecular Sieve 5 A column using Ar as the
carrier gas. Two-step excitation water splitting was carried out
under similar experimental conditions except that Ru-modi-
fied SrTiOs;:Rh (50 mg) as HEP and surface-modified metal
oxyhalide as OEP were dispersed in deionized water (150 ml)
by adjusting the pH with H,SO,.

Apparent quantum yield measurements

The apparent quantum yield (AQY) of two-step photoexcitation
water splitting was measured using a 300 W Xenon lamp
equipped with a 420 nm band-pass filter. The AQY was calcu-
lated using the following equation:

AQY(%) = [4 x n(H,)]/n(photons) x 100

where n(H,) and n(photons) represent the number of H, mole-
cules generated in the two-step photoexcitation water splitting
and the number of incident photons, respectively.

Results and discussion

The XRD patterns in Fig. 1la show that Bi,TaOgCl and
Bi,TaOgBr synthesized by the flux method were pure phases of
the Sillén-Aurivillius layered perovskite structure and the
different diffraction peak positions of Bi,;TaOgCl and
Bi,TaOgBr were due to the anionic sizes of CI~ and Br™ in the
crystal structure. For Bi TaOgCly oBry; and Bi TaOgCly 5Bry 5,
pure phases of the layered perovskite structure were observed
and the diffraction peaks were located between those of
Bi,TaO4Cl and Bi,TaOgBr, which indicated the formation of
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Fig. 1 (a) XRD patterns and (b) SEM images of BizTaOgCl, BizTaOgBr, Bi;TaOgClgsBrgs, and BizTaOgClooBros. (c) EDS elemental mapping of

Bi4T308Clo_gBr0_1.

the solid solution containing Cl and Br anions. Moreover, the
higher XRD peak intensities of the solid solution samples in
comparison to Bi,TaOgCl and Bi,TaOgBr demonstrated that
Bi,TaOgCly oBry; and Bi,TaOgCly sBr, s were well-crystallized,
because the dual fluxes promoted the sufficient diffusion of
precursor ions, allowing the rapid growth of single phase at
low temperature.”> The morphology of the as-prepared
samples is shown in SEM images of Fig. 1b and Fig. S1.f Four
samples displayed similar microplatelet morphology with
200-500 nm in size and 50-100 nm in thickness.
Bi,TaOgCly oBry; sample exhibited relatively small and thin
plates. However, due to the calcination and intrinsic character-
istics of the layered crystal structure, the aggregations of parti-
culates were observed for all samples.>! The uniform disper-
sions of Bi, Ta, O, Cl, and Br atoms shown in Fig. 1c also indi-
cate that Bi,TaOgCl, oBr, ; were homogeneous solid solutions.
The UV-vis DRS of the oxyhalide samples shown in Fig. 2a
indicates that the absorption edge of Bi,TaOgCl, and
Bi,TaOgCly oBr, ; was approximately at 474 nm and the absorp-
tion edge of Bi,TaOgBr and Bi,TaOsClysBrys was approxi-
mately at 469 nm. Although the absorption edge and band
structures of the four samples are not very different from each
other due to the small contribution of the halogen orbitals to
the valence band maximum of Bi,TaOgX (X = Cl, Br),>' the
light absorption intensity for Bi,TaOgCl and Bi,TaOgCl, oBry 1
oxyhalides mainly containing CI™ anions was obviously higher

1736 | Nanoscale, 2024, 16,1733-1741

than that for Bi,TaOgBr and Bi,TaOgClysBrys, including
higher Br~ contents. The photocurrent and EIS measurements
were carried out and the results are shown in Fig. 2b and c. In
comparison to BisTaOgCl, Bi,TaOgBr, and Bi TaOgCl, 5Bry 5,
Bi,TaOgCly oBro; exhibited a higher photocurrent density for
photoelectrochemical water oxidation reactions and lower
electrochemical resistance, indicating the formation of
Bi,TaOgCly oBry ; solid solution with the small Br™ content pro-
moting the photogenerated charge separation and diffusion in
the bulk. The O,-evolution performance of the Pt-modified
oxyhalide photocatalysts was evaluated in the aqueous Fe
(NO3); solution under the irradiation of visible light, as shown
in Fig. 2d and Fig. S2.7 The Bi,;TaOgCl, oBry 1 sample exhibited
a superior O,-evolution activity as compared with the other
three oxyhalides, due to high crystallinity, intense light absorp-
tion, and rapid charge separation and migration of
Bi,TaOgCly oBry ;. In addition, the O,-evolution performance of
these oxyhalides was further investigated in a two-step photo-
excitation water-splitting reaction. As shown in Fig. 2e and
Fig. S3,f when combined with Ru/SrTiO;:Rh as the HEP,
Bi,TaOgCly oBry ; showed higher photocatalytic activity for two-
step excitation water splitting than the other three oxyhalide
photocatalysts. The O,-evolution activities of four oxyhalide
photocatalysts are well correlated in the two-step photo-
excitation water splitting and half-reactions using the aqueous
Fe(NOs); solution. Moreover, the XRD patterns (Fig. S41) and

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) UV-vis DRS of BisTaOgCl, BisTaOgBr, BisTaOgClosBrgs, and BisTaOgClpgBros. (b) Photocurrent for BisTaOgCl, BisTaOgBr,
Bi,TaOgClo sBro 5, and BisTaOgClg 9Brg 4 under visible light (1 > 420 nm) at 0.8 V vs. RHE. (c) EIS spectra of BisTaOgCl, BisTaOgBr, Bi;TaOgCly sBrg s,
and BisTaOgClg ¢Brg 1. (d) The photocatalytic performance of O, evolution on Pt-modified oxyhalide photocatalysts from an aqueous Fe(NOz)s solu-
tion. Conditions: photocatalyst, 100 mg; cocatalyst, 0.3 wt% Pt; 10 mM aqueous Fe(NO3)s solution, 150 mL; light source, 300 W Xenon lamp (1 >
420 nm). (e) H, and O, evolution rates of two-step excitation overall water splitting reaction using Ru/SrTiO3:Rh as the HEP and surface-modified
oxyhalide photocatalysts as the OEP. Conditions: HEP, 50 mg; OEP (CoO,, 0.5 wt% as Co; RGO, 0.5 wt%), 50 mg; 150 mL H,0O, pH = 4; light source,
300 W Xenon lamp (4 > 420 nm).

EDS elemental mapping (Fig. S57) of the photocatalysts after 40 ‘

the reaction were collected to analyze the Cl and Br species. — H, 1

The same diffraction peak positions for samples before and =31 1do, 573K 1 773K

after the photocatalytic reaction and the uniform distribution _g 304 3

of Bi, Ta, O, Cl, and Br elements after the O,-evolution reaction = ;

indicated the stable structure of the Bi,TaO4ClyBry; solid S 25 |

solution containing Cl and Br anions. 5 }
Considering the essential role of the O,-evolving cocatalyst OF208 1

in the overall water-splitting reaction, the performance of 3 154 1

different cocatalysts was examined as shown in Fig. 3 and S 3

Fig. S6.f When O,-evolving cocatalysts were loaded on E 10 - ;

Bi,TaOgCly oBry; by calcining at 573 K in air, CoO, and RuO, 9 !

cocatalysts gave higher activity for two-step excitation overall r 57 :

water splitting than IrO, and PtO,. Notably, when the calcina- 04 1'

tion temperature of the cocatalyst loading increased to 773 K, Ir0, RuO, PtO, CoO, RuO, CoO,

the gas evolution rates in the water splitting system using

COOx—mod%f%ed BlflTaOSCIO'QBrO'l becar.ne nearly double that of water splitting reaction using BisTaOgClg 9Brg 1 as the OEP modified with
CoO,-modified Bi;TaOsCly oBro s calcined at 573 K, whereas different O,-evolving cocatalysts calcined at different temperatures.
the performance improvement of the RuO,modified Conditions: Ru/SfTiOs:Rh as HEP, 50 mg; surface-modified
Bi,TaOgCl, oBry ; was not so obvious. The results demonstrate  BisTaOgClo gBro s (IrO,, RuO,, PtO, or CoO,, 0.5 wt% as Ir, Ru, Pt or Co;

that the deposition of the adequate CoO, cocatalyst on RGO, 0.5 wt%), 50 mg; 150 mL H.O, pH = 4; light source, 300 W Xenon
lamp (1 > 420 nm).

Fig. 3 H, and O, evolution rates of the two-step excitation overall

Bi,TaOgCly oBry ; is significant in preventing adverse electron—
hole recombination in Bi,TaOgzCl, ¢Br,; and boosts the inter-
facial charge transfer towards the surface O,-evolution reac-

tion, especially in an all-solid-state system.** Accordingly, the
effect of the preparation conditions of CoO,-modified
Bi,TaOgClyoBro; on the water-splitting activity was investi-
gated. Table 1 summarizes the photocatalytic activities for the

This journal is © The Royal Society of Chemistry 2024

two-step excitation overall water splitting reactions consisting
of Bi,TaOgCly ¢Bry; modified with different amounts of CoO,
at different calcination temperatures and time courses of water
splitting reactions are shown in Fig. S7 and S8.f The activity
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Table 1 Photocatalytic performance for the two-step excitation overall
water splitting reaction using CoO,-modified BisTaOgClgoBro; as OEP
prepared using different Co contents and calcination temperatures?

Impregnation—
calcination Amount Evolution Evolution
temperature of of CoO, rate of H, rate of O,
Entry CoOy, (Wt%) (pmol h™) (pmol h™)
1 573 K 0.5 17.7 8.9
2 673 K 0.5 39.8 19.7
3 773 K 0.5 32.3 15.9
4 873 K 0.5 13.5 7.0
5 673 K 0.3 21.8 10.5
6 673 K 0.8 27.0 13.4
7 673 K 1.0 23.2 11.6

“Reaction conditions: Ru/SrTiOz:Rh as HEP, 50 mg; surface-modified
Bi,TaO4Cl, oBro 1 (RGO, 0.5 wWt%), 50 mg; 150 mL H,0, pH = 4; light
source, 300 W Xenon lamp (4 > 420 nm).

was improved with increasing calcination temperature from
573 K to 673 K, reaching a maximum of 673 K, and then
decreasing at 773 K and 873 K (entries 1-4). Similarly,
Bi,TaO4Cl, oBr,; loaded with different CoO, contents exhibi-
ted varied activity with volcano-like behavior (entry 2, entries
5-7) and the optimal performance was attained at a Co
loading of 0.5 wt%.

Besides the importance of the O,-evolution cocatalyst on
Bi,TaO4Cl, ¢Br, 1, the electron mediator between OEP and HEP
also plays a crucial role in the two-step excitation overall water-
splitting reaction. Table 2 and Fig. S9, S101 show the influence
of different types of electron mediators on the photocatalytic
activities of the overall water-splitting system with CoO,-modi-
fied Bi,TaOgCl, oBr,; OEP. All solid-state electron conductors
exhibited higher photocatalytic overall water-splitting activities
than the Fe*'/Fe*" ionic shuttle mediator, indicating that the
electron transfer between OEP and HEP and the elimination of
the reverse reaction benefited from the solid-state conductive
mediator.>> As compared with metallic Ir and Au mediators,
RGO loaded on Bi,TaOgCl, oBry; gave the best photocatalytic
performance for two-step excitation splitting.
Furthermore, in comparison to the performance of a two-step
excitation water splitting system using RGO as a mediator, the
systems without RGO or other conductive mediators and with
GO to form physical contact with OEP exhibited much lower
activity, which can further demonstrate the significant effect of
RGO on the promotion of electron transfer.

Fig. 4a and Fig. S111 show the SEM images of the RGO- and
CoO,-co-modified Bi,TaOgCl,oBr,; photocatalyst, in which
RGO thin films and CoO, particles were uniformly dispersed
on Bi,TaOgCly oBry ;. Moreover, according to the C 1s XPS
spectra for the graphene oxide (GO) sample and RGO-modified
Bi,TaOgCly oBry 1 shown in Fig. 4b, RGO on Bi,TaOgCly oBry 1
exhibited much weaker C-O and C=O peaks than the GO
sample. These results demonstrate that oxygen-functional
groups in the GO sample were reduced by photogenerated elec-
trons from Bi;TaOgClyoBry, during the photodeposition
process*®> and RGO adhered to Bi TaOgCly oBr,; intimately to

water
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Table 2 Photocatalytic performance for the two-step excitation overall
water splitting reaction using different types of electron mediators?

Loading
amount Evolution rate of  Evolution rate
Entry Mediator  (wt%) H, (pmol h™") of O, (umol h™)
1 RGO 0.1 36.1 17.8
2 RGO 0.3 41.4 20.2
3 RGO 0.5 39.8 19.7
4 RGO 0.7 25.9 13.1
5 Ir 0.3 23.3 13.4
6 Au 0.3 21.2 10.9
7 Fe*'/re®” — 18.5 9.0
8 None — 17.4 8.7
9 GO — 12.5 6.6

“Reaction conditions: Ru/SrTiO;:Rh as HEP, 50 mg; surface-modified
Bi,TaOgCly oBry 1 (CoOy, 0.5 wt% as Co), 50 mg; 150 mL H,O (150 mL
of 2 mM Fe(NO;); solution for entry 7), pH = 4 (pH = 2.4 for entry 7);
light source, 300 W Xenon lamp (4 > 420 nm).

facilitate electron transfer.'® The overall water-splitting activity
dependence on the loading amount of RGO was investigated.
As shown in Fig. 4c and Fig. S12,1 the gas evolution rates
increased with the increase of RGO content and reached a
maximum at 0.3 wt%, which is because of the efficient elec-
tron transfer  between Ru/SrTiO5:Rh and Co0,/
Bi,TaOgCly oBro; mediated by RGO conductor. The activity
began to decrease when RGO content was beyond 0.3 wt%,
this is due to incident light shielding and active site blocking
effects due to the excessive RGO coverage on CoO,/
Bi,TaO4Cl, oBro .*> Furthermore, the photocurrent densities of
RGO- and CoO,-co-modified Bi,TaOgCl, ¢Br, ; were one or two
orders of magnitude higher than those of pristine
Bi,TaO4Cl, oBry; and CoO,-modified Bi,TaOg4Cl, oBr, ; without
RGO, as shown in Fig. 4d, demonstrating the remarkable pro-
motion of charge transfer by the modification of
Bi, TaO4Cly oBrg; with the RGO mediator. In addition, the
photoelectrochemical performance for the water oxidation of
RGO- and CoO,-co-modified Bi,TaO4Cly oBr,; with different
RGO contents corresponded well to the overall performance of
water splitting reactions shown in Fig. 4c.

Two-step photoexcitation overall water splitting was suc-
cessfully accomplished with CoO,-modified Bi,TaOgCl, 9Bry 1
as OEP, Ru/SrTiO;:Rh as the HEP, and RGO as electron
mediator. When the RGO conductive mediator and CoO, coca-
talyst were decorated on Bi,TaOgCl, oBro; under optimal con-
ditions, an efficient overall water-splitting activity was observed
under visible light (Fig. 4e) and UV light (Fig. S13%). H, and O,
were simultaneously evolved at a stoichiometric molar ratio of
2:1. The overall water-splitting reaction was carried out in
three cycles with steady evolution of H, and O, over 12 h. The
AQY value for this two-step photoexcitation water-splitting
system was 1.26% at 420 nm, which is superior to previous
reports consisting of metal oxyhalides as OEP. Although the
photocatalytic performance for solid-state two-step excitation
overall water splitting based on oxyhalide photocatalysts was
successfully ~ demonstrated, investigations on the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) SEM images of RGO- and CoO,-co-modified BizTaOgClgoBrgi. (b) C 1s XPS spectra of graphene oxide (GO) and RGO-modified

Bi;TaOgClo 9Brg 1. (c) Photocatalytic activity of the two-step excitation water splitting reaction using RGO- and CoO,-modified BizTaOgClg 9Brg; OEP
with different RGO contents. Conditions: Ru/SrTiOz:Rh as HEP, 50 mg; surface-modified BizTaOgClg 9Bro 1 (CoO,, 0.5 wt% as Co), 50 mg; 150 mL
H,0, pH = 4; light source, 300 W Xenon lamp (1 > 420 nm). (d) Photocurrent for bare BizTaOgClg 9Bro1 and BizTaOgClg 9Bro 1 modified with RGO
and/or CoO, under visible light (1 > 420 nm) at 0.8 V vs. RHE. (e) Time course of gas evolution during two-step photoexcitation water splitting reac-
tion under visible light (1 > 420 nm). Conditions: Ru/SrTiOz:Rh as HEP, 50 mg; surface-modified BisTaOgCly oBrg 1 as OEP (CoO,, 0.5 wt% as Co;
RGO, 0.3wt%), 50 mg; 150 mL H;O, pH = 4; light source, 300 W Xenon lamp (1 > 420 nm).

Bi,TaOgCly oBro; photocatalyst refinement, RGO decoration
methods, and type of solid-state electron mediators are
ongoing to further improve the efficiency of overall water
splitting.

Conclusions

In summary, an efficient two-step photoexcitation water split-
ting system using CoO,-modified Bi,TaOsCl, oBr,; as the OEP
and RGO as the solid electron mediator was successfully con-
structed. The formation of a high-crystallinity Bi;TaOgCly.oBry 1
solid solution synthesized by the dual flux method helped to
enhance the light absorption and charge transfer, thus, the
O,-evolution activity of Bi;TaOgCly oBry 1 using Fe*" as the elec-
tron sacrificial reagent was dramatically improved under
visible light irradiation. Upon the modification of
Bi,TaOgCly oBro; with CoO, cocatalyst and RGO conductive
mediator, the charge transfer towards water oxidation reaction
and from OEP to HEP was promoted, resulting in the perform-
ance enhancement of the two-step excitation water splitting
with Bi TaOgCl, Bry; as OEP and Ru/SrTiOz;:Rh as HEP with
an AQY of 1.26% at 420 nm, which is higher than that of pre-
vious systems consisting of metal oxyhalide photocatalysts.
This study verifies the significance and effectiveness of solid
solution photocatalyst fabrication and adequate surface modi-
fication to boost efficient charge transfer towards practical
solar-to-hydrogen energy conversion.

This journal is © The Royal Society of Chemistry 2024
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