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HIGHLIGHTS

® A novel and high-efficiency photo-
catalyst based on CCO/BWO nano-
composite was firstly synthesized.

® CCO/BWO nanocomposite was pre-
pared via a facile hydrothermal
method.

® CCO/BWO nanocomposite exhibits
extraordinarily high photoactivity to-
wards O, evolution without additional
of any cocatalyst.
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ABSTRACT

The practical application of photocatalytic water splitting is essentially limited by the slow kinetic nature of the
water oxidation process. Therefore, it is highly desirable but challenging to explore a low-cost and high-effi-
ciency water oxidation catalyst for the aim of commercialization and industrialization. We herein report the first-
time synthesis of a novel and high-efficiency visible-light-driven photocatalyst composed of flower-like Co
(C0O3)0.5(OH)-0.11H,0 (CCO) nanowires and Bi,WOgs (BWO) nanosheets, i.e. CCO/BWO nanocomposite, via a
facile hydrothermal method. Without utilizing any additional cocatalyst, the composite of CCO/BWO in 30%
weight ratio exhibits extraordinarily high photoactivity and photostability towards O, evolution, achieving an
average O, generation rate of 953 umolh ™! g~ ! under visible-light irradiation (A > 420 nm).

1. Introduction

With the industrial development and economic growth of human
society, the dramatically increasing demand for energy couples with the
environmental deterioration [1-3]. Among various green earth and
renewable energy projects, photocatalytic water splitting has been
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regarded as a cost-effective and green technology utilizing solar energy
[4-6]. Owing to the slow kinetics of four-electron transfer and the high
activation energy barrier for oxygen-oxygen bond, water oxidation is
the rate-determining step in photocatalytic water splitting process, and
it is very challenging to find high-efficiency water oxidation catalysts
[7,8]. Especially, in terms of commercialization and industrialization,
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high activity and low-cost photocatalysts for water splitting are highly
desirable.

Recently, a series of cobalt-based semiconductors have been widely
investigated as photocatalysts and electrocatalysts for efficient water
oxidation, including cobalt oxide [9,10], cobalt hydroxide [11,12],
chalcogenide [13], phosphide [14,15] nitride [16], and so on. Till now,
cobalt carbonate hydroxide hydrate (Co(CO3)o.s0H-0.11H,0, CCO) has
been recognized as a novel electrochemical material due to its superior
performance, eco-friendly feature and low price [17]. As the anion
(CO5%7) is inserted in the interlayer spacing of crystal lattice rather
than at hydroxyl ion (OH ™) position in CCO, it possesses ideal ionic
conductivity by building internal metallic bond, resulting in forming
efficient electronic transmission paths to increase the electronic con-
ductivity [18]. Moreover, the presence of CO52~ and OH ™~ anions in the
CCO offers high hydrophilicity, which is desirable aspect for the rapid
diffusion of electron. Therefore, CCO has also demonstrated out-
standing electrochemical performances [19-21], but to the best of our
knowledge, has not been reported about applications in photocatalytic
water oxidation. On the other side, as one of the important Aurivillius
oxides, Bi, WO (BWO), with a narrow band gap of about 2.8 eV, has
been demonstrated to be a promising visible-light-driven photocatalyst
for oxygen (O,) evolution [22-24]. However, due to the low efficiency
of light absorption and quick recombination of the photo-generated
charge carriers, bare BWO always exhibits relatively poor photo-
catalytic performances [22]. To overcome these drawbacks, the
strategy of coupling BWO with other semiconductors has been proposed
to achieve the matching of energy band structures which is expected to
break through the intrinsic limitations of single compound and improve
the separation of photo-generated electron-hole pairs [25]. A series of
BWO-based composite photocatalysts such as BWO/WO; [26], BWO/
BiVO, [24], C3N4/BWO [27], BiPO,/BWO [28] and AgBr/Ag//BWO
[29], have been reported with enhanced photocatalytic activity in
comparison with bare BWO.

In photocatalytic water splitting, some cocatalysts, noble metals or
metal oxides are usually used to facilitate either the reduction or the
oxidation of water [30,31]. Therefore, it is a challenge to develop
completely cocatalyst-free photocatalysts for water oxidation. In this
work, a novel high-efficiency visible-light-driven photocatalyst based
on flower-like CCO nanowires and BWO nanosheets (CCO/BWO nano-
composite), has been prepared for the first time via a facile hydro-
thermal reaction occurring at 120°C for 12h, with only Co
(NO3)6H,0, NH4F, urea and different amounts of BWO nanosheets as
the starting materials and without using any additional surfactant.
Among all the obtained products, the composite of CCO/BWO in 30%
weight ratio exhibits the highest photocatalytic activity for water oxi-
dation under the visible-light irradiation with no cocatalyst. The dra-
matically enhanced photocatalytic activity can be attributed to the
appropriate band alignment which facilitates the separation of photo-
generated electron-hole pairs and improves the interfacial charge
transfer efficiency. The band structure of the CCO/BWO composite
system is characterized with UV-Vis diffuse reflectance spectroscopy
(DRS) and Mott-Schottky plots. And photoluminescence (PL), photo-
current and electrochemical impedance spectroscopies (EIS) were em-
ployed to explore the charge separation and interfacial transfer beha-
viors. The governing mechanism underlying the enhanced
photocatalytic activity of CCO/BWO photocatalyst will be discussed in
details.

2. Experimental section
The reagents (all of analytical grade) employed in this work were

purchased from Shanghai Chemical Reagent Factory, and utilized as
received without further purification.
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2.1. Material synthesis

Synthesis of BWO photocatalyst. In a typical synthetic procedure,
1 mmol Na,WO42H,0 and 2mmol Bi(NO3)35H,O were mixed in
100 mL of distilled water and then placed in an ultrasonic bath for
10 min to complete the precipitation reaction. The precipitate was
collected and washed before being dissolved in 40 mL distilled water
with ultrasonication for 30 min. After 30 min’ further vigorous stirring,
the mixture was sealed in a 50 mL Teflon-lined stainless-steel autoclave
and placed in an oven at 160 °C for 20 h. The resulting product was
collected by centrifugation, repeatedly washed with ethanol and dis-
tilled water before dried in an oven at 60 °C for 12 h.

Synthesis of CCO photocatalyst. In a typical synthetic procedure,
153 mg Co(NO3)»6H,0, 26 mg NH4F and 105 mg urea were dissolved
in 35mL of distilled water with the assistance of ultrasonication for
30 min. The mixture was sealed in a 50 mL Teflon-lined stainless-steel
autoclave and then placed in an oven at 120 °C for 12 h. The product
was collected by centrifugation, washed with ethanol and distilled
water for at least three times, and finally dried in an oven at 60 °C for
12h.

Synthesis of CCO/BWO hybrid photocatalyst. In a typical procedure,
153 mg Co(NO3)-6H50, 26 mg NH4F and 105 mg urea were dissolved in
35mL distilled water, followed by the addition of 200, 150, 100, or
50 mg of BWO powder under ultrosonication for 30 min. After 30 min
vigorous stirring, the mixture was sealed in a 50mL Teflon-lined
stainless-steel autoclave and heated at 120°C for 12h. Finally, the
product was collected by centrifugation, repeatedly washed with
ethanol and distilled water, and then dried in an oven at 60 °C for 12 h.
The products with different CCO/BWO weight ratios (CCO to CCO/
BWO) of 17, 22, 30 and 46 wt% are labeled as CCO/BWO-17%, CCO/
BWO0-22%, CCO/BWO0-30% and CCO/BWO-46%, respectively. The
schematic diagram for the synthesis of CCO/BWO nanocomposite is
illuminated in Fig. 1 and all abbreviations in this manuscript are listed
in Table S1.

2.2. Characterizations

The crystallinity and purity of the CCO/BWO samples were char-
acterized by powder X-ray diffraction (XRD) measurements performed
on a Philips PW 3040/60 X-ray diffractometer using the Cu Ka radia-
tion. Scanning electron microscopy (SEM) characterization was carried
out on a Hitachi S-4800 scanning electron micro-analyzer with an ac-
celerating voltage of 15kV. The as-prepared samples were also ana-
lyzed with the techniques of transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) using a JEOL JEM-2100F micro-
scope. The surface composition of the samples were performed by X-ray
photoelectron spectroscopy (XPS), using an ESCALab MKII X-ray pho-
toelectron spectrometer with Mg Ka X-ray as the excitation source.
UV-vis DRS spectra were acquired over the spectral range of
200-800 nm in the absorption mode of a Thermo Nicolet Evolution 500
UV-vis spectrophotometer equipped with an integrating sphere at-
tachment. Electron spin resonance (ESR) spectra were carried on a
JEOL JES-FA200 ESR spectrometer at room temperature. 5,5-Dimethyl-
1-pyrroline N-oxide (DMPO) was added to the solution as a spin trap to
stabilize radicals. PL spectra were also measured using an excitation
wavelength of 300 nm on a FLS 920 fluorescence spectrophotometer.
Mott-Schottky measurements were performed at a frequency of 1kHz
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Fig. 1. Schematic diagram for the synthesis of CCO/BWO nanocomposite.
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with the amplitude of 10 mV, with various potentials applied to a
standard three-electrode cell on a Zennium E station (ZAHNER,
Germany) which employs 0.5M Na,SO, as the electrolyte solution, a
platinum wire as the counter electrode, and Hg/Hg?™" in saturated KCl
as the reference electrode [32,33]. EIS measurements were also carried
out in the three-electrode system on the Zennium E station with a K3[Fe
(CN)s] (5mM) and KCl (1 M) aqueous solution, by applying an AC
voltage of 10 mV with the frequency ranging from of 10 Hz to 100 kHz.

2.3. Photocatalytic Oz evolution experiments

The photocatalytic O, evolution reactions were carried out in a
closed reactor connecting to a water bath to maintain the reaction
temperature at 25 + 2°C. The suspension was irradiated by a 300 W
Xe lamp (MicroSolar 300, Perfect Light) equipped with an cut-on op-
tical filter at 420 nm to block the light in the ultraviolet region. In a
typical reaction, 20 mg photocatalyst was dispersed in 50 mL aqueous
solution containing the sacrificial agents of 0.1 M NaOH and 0.02 M
Na,S,0g. Before photocatalytic experiments, the reaction vessel was
purged with argon for at least 60 min to remove the dissolved air. The
photocatalytic O, evolution reactions were conducted on a Labsolar-IIT
AG system, with a Pyrex reaction vessel connected to an online gas
chromatograph (Agilent Technologies GC-7890B, TCD, Ar carrier). The
apparent quantum efficiency (QE) of the CCO/BWO0-30.0% sample was
defined by the Eq. (1) [33]:

the number of reacted electrons
the number of incident photos

QE[%] = X 100%

__ the number of envolved O2 molecules x4
- the number of incident photos

X 100%

(€Y

2.4. 180 isotope-labeling experiment

0.02g of NaOH and 0.024 g of Na,S,Og were dissolved in 5mL
H,'%0 (purchased from Aladdin, 97 atom% '80) in 10 mL quartz con-
tainer that was sealed with a rubber septum. Then, 20 mg of the as-
obtained CCO/BWO-30% photocatalyst was put into the container, and
air was deaerated with He for 60 min. After visible-light illumination
for 8h (A > 420 nm), 0.4 mL of the gas product was withdrawn using a
gas-tight syringe for gas analysis. A Agilent Technologies 6890 N net-
work GC system combined with a Agilent Technologies 5975B inert XL
MSD model mass spectrometer (GC-MS) was used to collect the mass
spectrometry data, and the range of m/z is from 10 to 50.

3. Results and discussion
3.1. Phase structure

The crystallographic property and phase purity of the as-prepared
samples were first examined by the XRD measurements. As shown in
Fig. 2, the diffraction peaks of the pure BWO and CCO samples are in
good agreement with the orthorhombic phase of Bi;WOg (JCPDS card
39-0256, a = 5.467 A b = 16.435A and ¢ = 5.438 A) [6] and the or-
thorhombic phase of Co(CO3)os5(OH)-0.11H,O (JCPDS card number
48-0083, a = 8.792A, b = 10.150 A and ¢ = 4.433 A) [34,35]. As for
the CCO/BWO composites, all the BWO diffraction peaks were ob-
served, which reveals that the presence of CCO in the reactions did not
affect the crystalline structure of BWO. Furthermore, it can be seen that,
with the increase of CCO in the CCO/BWO composites, the intensity of
diffraction peaks for CCO is gradually enhanced. Diffraction patterns for
other impurities were not found in the XRD characterization, con-
firming high purity of the CCO/BWO nanocomposites.

3.2. Morphology investigation

The morphology and structure of the as-prepared samples were
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Fig. 2. XRD patterns of the as-prepared different samples.

further characterized by SEM, TEM, and HRTEM. Fig. 3a and b shows
the SEM images of pure BWO, which exhibits a sheet-like nanos-
tructure. For comparison, the as-prepared CCO displays a uniform
flower-like structure assembled by numerous nanowires, as shown in
Fig. Sla, b. The SEM images in Fig. 3c and d of the CCO/BWO-30%
composite reveal a hybrid structure of flower-like CCO nanowires de-
corated with BWO nanosheets. The SEM images of other BWO/CCO
composites are provided in Fig. S2, also indicating that the hybrid
flower-like nanowires decorated with different amounts of BWO na-
nosheets depending on the weight ratio. The energy-dispersive X-ray
spectrometer (EDS) patterns of the different samples are further pre-
sented in Fig. S3, and the atom percentages of Co and Bi elements in the
different samples (inset in Fig. S3) can be fitted well with the input of
reagents. Additionally, the energy dispersive X-ray (EDX) elemental
mapping suggests the uniform distribution of Bi, W, O, Co and C ele-
ments in the CCO/BWO hybrid sample (Fig. S4). The TEM image of the
CCO/BWO-30% sample in Fig. 3e reveals a hybrid structure as well,
which is in a good agreement with the SEM observation. The HRTEM
image Fig. 3f recorded from the edge section of CCO/BWO-30% sample,
exhibits interplanar spacings of about 0.315 and 0.370 nm, corre-
sponding to the (131) and (11 1) planes of orthorhombic-structured
BWO, respectively.

3.3. Investigation of element valence

XPS characterizations were further conducted to reveal the chemical
states and compositions of the as-prepared CCO, BWO and CCO/BWO-
30% samples, as shown in Fig. 4. The survey XPS spectra of CCO/BWO-
30% product contains Bi, Co, W, O and C elements reveal that CCO and
BWO are formed composite perfectly (Fig. 4a). Based on the high-re-
solution Bi 4f spectrum of the BWO sample (Fig. 4b), the peaks at 164.7
and 159.4 eV can be ascribed to the levels of Bi 4fs,, and Bi 4f; 5 spi-
n-orbit splitting photoelectrons in the Bi** chemical state, respectively
[36]. From the W 4f spectra (Fig. 4c), the two bands at 37.8 and 35.6 eV
are ascribed to W 4f5,, and W 4f,,, respectively [6]. The high-re-
solution XPS spectra of Co 2p (Fig. 4d) exhibit two spin-obit doublets
corresponding to the shakeup satellites (identified as “Sat.”). And the
two bands at 797.2 and 781.1 eV are attributed to Co 2p;,» and Co 2p3,
2 of Co®™, respectively [37,38]. Compared with the pure BWO and CCO
samples, the binding energies of the CCO/BWO-30% sample of the Bi 4f
and W 4f show a negative shift and Co 2p have a positive shift, in-
dicating that CCO/BWO composite can be successfully synthesized and
electrons transfer from the surface of CCO to the surface of BWO
[39,40].
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Fig. 3. (a, b) SEM images of the as-prepared BWO nanosheets; (c, d) SEM, (e) TEM, and (f) HRTEM images of the as-prepared CCO/BWO-30% sample.

3.4. Band structures investigation

The optical absorption properties of the as-prepared BWO and CCO
samples were investigated by the UV-vis DRS [41,42]. As shown in
Fig. 5, the BWO sample shows an absorption edge at around 460 nm
which accounts for the visible light photocatalytic activity. The as-
prepared CCO sample exhibits two distinct absorption features, the
band-edge absorption in the short-wavelength region below 300 nm
plus the broad band in the visible region centered at about 500 nm
which is due to d-d transitions of Co?>* ions in an octahedral geometry
[43,44]. The optical band gap of the as-prepared BWO and CCO sam-
ples were determined according to the Tauc equation (2) [45]:
ahy = A(hy — Ep)"/? )
where A, h, v, a, and Eg are a constant, the Planck constant, light
frequency, absorption coefficient, and band gap energy, respectively,
and n is determined by the optical transition type of the semiconductor,
which equals 1 for direct allowed transition and 4 for indirect forbidden
transition. The Tauc plots of the as-prepared bare BWO and CCO
samples are shown in the inset of Fig. 5a and b, which reveal the cor-
responding band gap energies of about 2.96 eV and 2.95 eV, respec-
tively. Generally, the flat-band potentials (Vg,) of the samples were
measured using Mott-Schottky plots. The positive slop of the Mott-
Schottky plots for the BWO and CCO samples indicated the n-type
nature [46]. And the Vg, is located just below the bottom of conduction
band (CB) for an n-type semiconductor [47]. As shown in Fig. 6, the

value of Vg, as the x intercept of the linear region, is determined to be
0.05 and —1.02V vs. Hg/Hg,Cl, electrode (equivalent to 0.29 and
—0.78 V vs. NHE), respectively. According to the Eq. (3) [6,32]
Eg = Evg — Ecs 3
the VBs of the as-prepared BWO and CCO are obtained as 3.25 and
2.17 eV. The relative valence band (VB) and CB of the BWO and CCO
samples calculated based on the Mott-Schottky plots are presented in
Table S2. The band structures of BWO and CCO indicate that CCO can
be excited by visible light irradiation and the photogenerated electrons
flow into the CB of BWO due to the higher energy level of the CCO CB,
and the photogenerated holes migrate to the surface of CCO nanowires.
The coupled band structure leads to efficient separation of photo-
generated electron-hole pairs and therefore improves the photocatalytic
activity. Owing to the suitable band level alignment, the performance of
water oxidation to oxygen can be significantly enhanced under visible-
light irradiation.

3.5. Photocatalytic reactivity investigation

The photocatalytic O, production performance of the as-prepared
samples was examined under visible-light irradiation (A~ 420 nm).
Fig. 7a depicts the O, evolution results for different samples as photo-
catalysts. Accordingly, the photocatalytic activity is ordered as
BWO < CCO < CCO/BWO-46% < CCO/BWO-17% < CCO/BWO-
22% < CCO/BWO-30%. As shown in Fig. 7b, the O, production of
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Fig. 4. The XPS spectra of the as-prepared BWO, CCO and CCO/BWO-30% samples: (a) The survey spectra of the different samples, and high-resolution XPS spectra

of (b) Bi, (¢) W and (d) Co elements.

CCO BWO-30% sample is 953 umol h ~'g ™!, which is nearly 1.8 and 5.8
times than the CCO and BWO samples, respectively. Considering the
alkaline solution is favorable for oxygen evolution, the O, evolution
performance of the CCO/BWO-30% catalyst at different NaOH con-
centrations was also measured. As show in Fig. S5, the rate of O,
evolution is about 623 pumolg~'h~! in neutral solution, a obvious
decrease compared with 0.1 M NaOH aqueous solution, whereas the
activity has no significant enhancement in 0.5M NaOH [48,49]. Com-
pared with previously reported BWO-based photocatalysts, the CCO/
BWO hybrid obtained in this work possesses the highest photocatalytic
O, evolution (Table S3). The improved photocatalytic activities of the
CCO/BWO hybrid photocatalyst can be attributed to the structural
coupling of the BWO nanosheets and CCO nanowires, which accelerates
the interfacial separation of photogenerated electron-hole pairs
[50,51]. To identify the origin of the detected O, produced from water
splitting, %0 isotope-labeling experiment was further performed and

the H,'®0 was used as the oxygen source in the photocatalytic process.
After irradiation for 8 h, the mass spectrum of GC-MS measurement
exhibit that the primary peak is centered at m/z = 36 (*80,) (Fig. S6),
indicating that O, is produced by water decomposition. The apparent
quantum yield (AQY) (Fig. 8a) was measured in a way similar to the
photocatalytic O, production test, utilizing a 300w Xe lamp with 420,
450 and 500 nm band pass filter as the monochromatic light source. For
the CCO/BWO-30% sample, the AQY value is 3.19%, 1.82%, and 0.93%
at the wavelength of 420, 450 and 500 nm, respectively, which de-
creases gradually with increased light wavelength. In contrast, the AQY
of the as-prepared BWO and CCO samples at 420 nm is measured to be
0.51% and 1.63%, respectively, much lower than that of the hybrid
CCO/BWO-30% sample. The above results reveal that the hybrid CCO/
BWO photocatalyst containing an appropriate amount of CCO has much
higher photocatalytic activity than BWO and CCO. The cyclic test was
performed to evaluate the photostability of the CCO, BWO and CCO/
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= my - T
=3 k) :} A
s s
£ 2
Qo 3 4 B 4
s E (ev) 2 E (ev)
] 2
= £
200 300 400 500 600 700  80C 200 300 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)

Fig. 5. UV-Vis DRS of the as-prepared (a) BWO and (b) CCO samples and the corresponding Tauc plots (inset).
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Fig. 6. Mott-Schottky plots of the as-prepared (a) BWO and (b) CCO samples.

BWO-30% photocatalysts (Fig. 8b). In contrast to the CCO and BWO
samples, after three consecutive runs of reaction, the CCO/BWO-30%
sample exhibits no significant loss of the catalytic activity. Additionally,
even under irradiation for 20 h, the as-prepared CCO/BWO-30% sample
show no significant decrease, demonstrating the excellent photo-
stability of the product (Fig. S7). After the photocatalytic test, the
morphology of CCO/BWO-30% sample has no obvious change com-
pared with the initial samples (Fig. S8a). The XRD patterns (Fig. S8b) of
the CCO/BWO-30% photocatalyst before and after cyclic O, evolution
test also reveal no distinguishable change in the main peaks, indicating
much better photostability and durability of the hybrid sample in the
photocatalytic O, evolution reaction. These results indicate the great
potential of CCO/BWO-30% composite as an efficient, stable photo-
catalyst.

3.6. Photoluminescence spectra and photo-electronic activity

PL spectroscopy is a powerful technique to characterize the re-
combination behaviors of the photogenerated electron-hole pairs [52].
As shown in Fig. S9, all the samples exhibit a broad emission in the
wavelength range of 400-480 nm at a excited wavelength of 300 nm.
Compared with the as-prepared bare BWO and other CCO/BWO na-
nocomposites, the PL response for the CCO/BWO-30% sample exhibits
the weakest emission, suggesting greatly reduced radiative re-
combination of the photogenerated carriers, which can be attributed to
the enhanced separation of charge carriers due to formation of the
heterojunction between BWO and CCO [53]. It is evidenced that the
coupling of BWO with CCO can effectively suppress the recombination
of photoinduced charge carriers in BWO and achieve enhanced photo-
catalytic activity. In order to further characterize charge separation and
transfer efficiency in the as-prepared photocatalysts, photocurrent

a 7
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transient response measurements were carried out with multiple 40 s
on-off cycles under visible-light irradiation in a three electrode photo-
electrochemical cell with 0.1 M Na,SO,4 solution and an Hg/Hg?* in
saturated KCI as the reference electrode and a Pt wire as the counter
electrode [6,33,54]. As shown in Fig. 9a, the CCO/BWO-30% sample
shows the highest current density, indicating a larger separation rate of
the photoinduced electron-hole pairs in the CCO/BWO-30% sample.
Fig. 9b shows the EIS Nyquist plots of all the prepared composite
photocatalysts, and the CCO/BWO-30% sample presents a smaller cir-
cular radius than the others, suggesting larger carrier transfer rate and
higher charge separation efficiency [55,56]. With optimal CCO content,
the CCO/BWO-30% sample exhibits the lowest resistance and the
highest photocurrent, due to the mediation of interfacial charge dy-
namics [57,58]. Moreover, the extended surface of the CCO nanowires
facilitates the transfer of photogenerated electrons.

3.7. Photocatalytic mechanism

Based on our experimental results, the reaction mechanism of the
CCO/BWO composites for photocatalytic water oxidation was depicted
in Fig. 10. The energy bandgap of BWO is 2.96 eV, and its CB and VB
energy levels are located at about 0.29 and 3.25eV (vs. NHE), respec-
tively. The CB and VB energy levels of CCO are at about —0.78 and
2.17 eV (vs. NHE), respectively. The CB edge potential of CCO is more
negative than that of BWO, while the VB of BWO is more positive than
that of CCO. The local electric field at the CCO/BWO interface drives
the photogenerated electrons toward the CB of BWO, and holes towards
the VB of CCO. Since Na,S,0g was used in this work as the electron-
scavenging reagent, photogenerated electrons can be scavenged and
holes transfer to CCO for oxygen evolution reaction. The efficient se-
paration of photogenerated electrons and holes can be achieved in the

b pec
':';1,0-
ié_o.a- 7
g&.z- % /
bl
$ cco\ & &Q\G\.o

Fig. 7. (a) Time-dependent photocatalytic oxygen evolution and (b) Oxygen evolution rates of the as-prepared samples.
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Fig. 8. (a) The apparent quantum yield test of the as-prepared CCO/BWO-30% photocatalyst,

samples as photocatalysts.

CCO/BWO hybrid photocatalyst, and the enhanced the photocatalytic
activity and photostability can be therefore obtained. Additionally,
hydroxides can be considered as compounds with great affinity to
aqueous medium, which enables strong connection with various semi-
conductors, and therefore improves the efficiency of photocatalytic
oxidation in water oxidation reaction. These features suggest that CCO
is an ideal candidate for photocatalytic water splitting. In order to
confirm the photo-generated carriers separation process, the active
hydroxyl radicals (-OH) were further traced by an ESR spin-trapping
technique with DMPO as a spin trap to stabilize radicals under visible-
light illumination, using the as-prepared bare BWO, CCO and CCO/
BWO-30% samples as catalysts (Fig. S10). From the ESR signal of bare
BWO sample, the characteristic peaks of DMPO —+OH adducts are ob-
viously observed. But there are no obvious peaks in the CCO and CCO/
BWO-30% photocatalysts, indicating the photo-generated holes migra-
tion from BWO to CCO [59,60].

4. Conclusions

In summary, we report a novel CCO/BWO hybrid photocatalyst
which was successfully prepared via a facile hydrothermal method.
Without utilizing any additional cocatalyst, the as-prepared CCO/BWO
composites exhibit enhanced photocatalytic activity and photostability
for water oxidation under visible-light irradiation. The composite with
optimal CCO content of 30% exhibits the highest O, production of
953 umolh ™' ¢!, which is nearly 1.8 and 5.8 times that of pure CCO
and BWO samples, respectively. It has been experimentally revealed
that the photogenerated electrons move to the surface of BWO and the
holes to the surface of CCO, which significantly reduces the probability
of electron-hole recombination and increases the efficiency of carrier
separation. This work will provide a new insight into the construction

(b) cyclic runs for the photocatalytic O, evolution using different

Potential (eV)

Fig. 10. Schematic illustration for the charge transfer and separation in the
CCO/BWO hybrid photocatalyst.

photocatalytic water oxidation and energy conversion applications.
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