
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 7
/2

7/
20

25
 2

:3
5:

18
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Ultra-small Rh n
State Key Laboratory of Silicon Materi

Engineering, Zhejiang University, Hangzhou

msezhanghui@zju.edu.cn

† Electronic supplementary informa
10.1039/c9na00424f

Cite this:Nanoscale Adv., 2019, 1, 3941

Received 4th July 2019
Accepted 21st August 2019

DOI: 10.1039/c9na00424f

rsc.li/nanoscale-advances

This journal is © The Royal Society of C
anoparticles supported on WO3�x

nanowires as efficient catalysts for visible-light-
enhanced hydrogen evolution from ammonia
borane†

Xiao Li, Yucong Yan, Yi Jiang, Xingqiao Wu, Shi Li, Jingbo Huang, Junjie Li,
Yangfan Lin, Deren Yang and Hui Zhang *

Hydrolysis of ammonia borane (AB) is a safe and convenient means of H2 production when efficient

catalysts are used. Here we report a facile one-pot solvothermal method to synthesize Rh/WO3�x hybrid

nanowires. Ultra-small Rh nanoparticles with an average size of �1.7 nm were tightly anchored on

WO3�x nanowires. Rh/WO3�x catalysts exhibited substantially enhanced activity for hydrolytic

dehydrogenation of AB under both dark and visible light irradiation conditions relative to mixed Rh

nanoparticles and WO3�x nanowires (Rh + WO3�x), and Rh/C and WO3�x nanowires. X-ray photoelectron

spectroscopy (XPS) analysis indicated that the synergistic effect between Rh nanoparticles and WO3�x

nanowires was responsible for such an enhancement in activity. Specifically, Rh/WO3�x achieved the

highest turnover frequency (TOF) with a value of 805.0 molH2
molRh

�1 min�1 at room temperature under

visible light irradiation. The H2 release rate as a function of reaction time exhibited a volcano plot under

visible light irradiation, indicating that a self-activation process occurred in the hydrolytic

dehydrogenation of AB due to additional oxygen vacancies arising from in situ reduction of WO3�x

nanowires by AB, and thus an enhanced localized surface plasmon resonance (LSPR). Such a self-

activation process was responsible for the enhanced catalytic activity under visible light irradiation

relative to that under dark conditions, which was supported by the lower activation energy (45.2 vs.

50.5 kJ mol�1). In addition, Rh/WO3�x catalysts were relatively stable with only little loss in activity after

five cycles due to the tight attachment between two components.
Introduction

Hydrogen (H2) has been considered as one of the best alterna-
tive energy carriers with several promising advantages
including high-energy density, environmental friendliness, and
rich abundance compared with traditional fossil fuels.1–3 Based
on the fuel-cell technique, it is easy to convert chemical energy
of H2 to electrical energy through an electrochemical process for
driving electronic devices and vehicles. However, the low
density of H2 makes it hard to be liqueed and compressed, and
thus brings about the difficulty of storage. To address this issue,
it is essential to develop suitable hydrogen storage materials
with secure and efficient features.4,5 Ammonia borane (AB), as
the simplest B–N compound, possesses the advantages of high
hydrogen capacity (19.6 wt%), low molecular weight (30.7 g
mol�1), and high stability both in solid state and solution,
als, School of Materials Science and

, Zhejiang 310027, P. R. China. E-mail:

tion (ESI) available. See DOI:

hemistry 2019
thereby making it a highly attractive candidate for the storage of
hydrogen.6–9 Generally, the hydrogen stored in AB can be
released through two distinct ways: thermal dehydrogenation
and hydrolysis. Compared to thermal dehydrogenation, the
hydrolysis pathway is obviously more desirable due to its low
energy consumption and high H2 selectivity and produc-
tivity.10–12 However, self-hydrolysis of AB is negligible at room
temperature in the absence of proper catalysts. So far, lots of
heterogeneous nanocatalysts consisting of noble13–15 and non-
noble metals10,16,17 as well as their alloys18–21 and
compounds22–24 have been developed to promote the hydrolysis
of AB. Among these nanocatalysts, Rh-based catalysts have
shown almost the highest activities for AB hydrolysis.13,25–28 In
view of the high cost and scarce abundance associated with Rh,
massive efforts have been devoted to enhance the catalytic
properties of Rh-based catalysts and maximize the utilization
efficiency of Rh.

In heterogeneous catalysis, supports in a nanocatalyst might
play a key role throughout the process.27,29–32 On one hand,
supports could be utilized to disperse and downsize metal
nanoparticles during the synthesis, and thus expose more active
Nanoscale Adv., 2019, 1, 3941–3947 | 3941
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sites and lead to the enhancement in catalytic perfor-
mances.15,25,26 On the other hand, coupling metal nanoparticles
with supports could introduce additional synergistic effects,
which intrinsically change the physical and chemical nature of
the interface between them.13,19,33–35 Therefore, the catalytic
activity and selectivity could be tuned by varying different
supports. As a kind of typical transition metal oxide, tungsten
oxide-based materials display fascinating performances, which
result from the unique feature of the outer d valence electrons.24

Sub-stoichiometric tungsten oxides (WO3�x) with rich oxygen
vacancies have been widely investigated in various elds, such
as gas sensing,36 electrocatalysis,37 photocatalysis,38 electro-
chromism,39 lithium-ion batteries,40 etc. In addition, some
studies show that the catalytic performances of the metal
nanoparticles could be enhanced when coupling them with
WO3�x supports.41–43 Although there are some interesting
reports about photocatalytic hydrogen evolution from AB,
where other photoactive semiconductors are used to support
metal nanoparticles,44,45 there are few reports on the prepara-
tion of noble metal/WO3�x hybrid nanocomposites and their
application in this eld.

Herein, we present a simple one-pot solvothermal method to
synthesize Rh/WO3�x hybrid nanowires. The as-obtained Rh/
WO3�x hybrid nanocatalysts display remarkable catalytic
activity for AB hydrolytic dehydrogenation in the dark with
further enhancement in catalytic activity under visible light
irradiation. In addition, we nd an interesting self-activation
process during the catalytic reaction, which might be due to
additional oxygen vacancies arising from the reduction of
WO3�x nanowires by AB.
Experimental section
Chemicals and materials

Rhodium(II) acetate dimer (Rh2(OAc)4, 99.99%), poly-
vinylpyrrolidone (PVP, Mw z 29 000), tungsten hexacarbonyl
(W(CO)6, 97%), sodium hexachlororhodate(III) (Na3RhCl6) and
sodium borohydride (NaBH4, $98.0%) were purchased from
Sigma-Aldrich. Tungsten chloride (WCl6, 99%) and ammonia
borane complex (AB, 97%) were purchased from Aladdin.
Benzyl alcohol (BA, AR), ethanol (AR), and acetone (AR) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
Deionized water (18.2 MU cm�1) used in all experiments was
prepared by passing through an ultra-pure purication system.
All the chemicals were used as received without further
purication.
Synthesis of Rh/WO3�x hybrid nanowires

Rh/WO3�x hybrid nanowires were synthesized by a simple one-
pot solvothermal method. In a standard procedure, 6 mg of
Rh2(OAc)4 and 120 mg of PVP were dissolved in 10 mL of BA and
stirred at room temperature for 1 h. The obtained homogeneous
green solution and 100 mg of W(CO)6 were transferred and
sealed in a 15 mL Teon-lined stainless steel autoclave in an Ar
atmosphere. Aer that, the autoclave was heated at 200 �C for
12 h and cooled at room temperature aer the reaction. The
3942 | Nanoscale Adv., 2019, 1, 3941–3947
nal product was collected by centrifugation and washed three
times with ethanol and deionized water. The catalysts (denoted
as Rh/WO3�x-2) were re-dispersed in 5 mL of 10% ethanol
solution and dried by freeze-drying. The loading of Rh in the
catalysts was tuned by varying the amount of Rh2(OAc)4 to 3 mg
(denoted as Rh/WO3�x-1) and 12 mg (denoted as Rh/WO3�x-3),
respectively, under otherwise identical experimental
conditions.

Synthesis of Rh nanoparticles

19mg of Na3RhCl6 and 555mg of PVP were dissolved in 8.75mL
of deionized water. Themixture was further stirred for 30 min at
0 �C. Aer that, an aqueous solution of NaBH4 (4.75 mg of
NaBH4, 1.25 mL) was rapidly injected into the mixture under
vigorous stirring. Then the mixture was kept stirring for 5 min.
The nal product was collected by centrifugation, washed two
times with acetone and ethanol, and then re-dispersed in 1 mL
deionized water.

Synthesis of WO3�x nanowires

WO3�x nanowires were synthesized according to a previous
report with slight modication.46 150 mg of WCl6 was dissolved
in 10 mL of ethanol to form a transparent solution, which was
then mixed with 30 mL of aqueous solution containing 250 mg
of PVP in a beaker (50 mL) under vigorous stirring. Aer 3 min,
the solution was transferred into a 50 mL Teon-lined stainless
steel autoclave. Aer that, the autoclave was heated at 200 �C for
4 h and cooled at room temperature aer the reaction. The nal
product was collected by centrifugation and washed three times
with ethanol.

Characterization

Transmission electron microscopy (TEM) images were obtained
with a Hitachi HT-7700 microscope operated at 100 kV. High-
resolution transmission electron microscopy (HRTEM) was
performed using a FEI Tecnai G2 F20 microscope operated at
200 kV. High-angle annular dark-eld scanning TEM (HAADF-
STEM) was conducted on an FEI Titan ChemiSTEM operated
at 200 kV. X-ray powder diffraction (XRD) patterns were recor-
ded on a Rigaku D/max-ga X-ray diffractometer with graphite
monochromatic Cu Ka radiation (l ¼ 1.54178 Å). X-ray photo-
electron spectroscopy (XPS) analysis was performed on a scan-
ning X-ray microprobe (Axis Supra, Kratos Inc.) with Al Ka
radiation. The corresponding binding energies were calibrated
with a C–C 1s peak of 284.5 eV. The absorption spectra of the
samples were recorded on an ultraviolet-visible-near infrared
(UV-vis-NIR) spectrophotometer (Agilent, Cary 5000). Induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
was performed using an IRIS Intrepid II XSP (TJA Co.).

Hydrolytic dehydrogenation of AB

The catalytic reaction was carried out in a three-necked ask (25
mL) containing a stir bar connected to a gas buret. The ask was
placed in a water bath at 25 �C on a magnetic stirrer under
visible light irradiation (l > 400 nm, Xe lamp equipped with
This journal is © The Royal Society of Chemistry 2019
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a 400 nm cutoff lter, 300 W, CEL-HXUV300, Beijing China
Education Au-light Co., Ltd). In a typical procedure, 4 mL of the
catalyst suspension with 6.86 � 10�4 mmol of Rh atoms was
added to the ask under magnetic stirring. The reaction was
started when 1 mL of aqueous solution containing 26 mg of AB
was added to the ask. In all the catalytic reactions, the atomic
ratio of Rh to AB was xed at 0.084%. The volume of H2 was
measured through the water-displacement method by calcu-
lating the volume of drained water. The catalytic reaction was
completed when no bubble was observed. Aer that, another
1 mL of AB aqueous solution was further added to the ask to
investigate the durability of the catalysts. This step was repeated
ve times. The above-mentioned reaction was also performed in
the absence of the Xe lamp (dened as dark condition).
Calculation methods

Since the Rh nanoparticles were well dispersed on supports, all
the metal species in the Rh nanoparticles could be considered
as active sites in the catalytic reaction. Therefore, the turnover
frequency (TOF) was calculated from the equation below:

TOF ¼ PatmVgas

�
RT

nRht

where TOF is the turnover frequency, Patm is the atmospheric
pressure (101.325 kPa), Vgas is the volume of the generated H2, R
is the universal gas constant (8.314 m3 Pa mol�1 K�1), T is the
temperature (298 K), nRh is the moles of metal species in the
catalyst and t is the total reaction time in minutes.
Results and discussion

The Rh/WO3�x hybrid nanowires were synthesized by a simple
one-pot solvothermal approach in BA containing Rh2(OAc)4,
W(CO)6, and PVP. Fig. 1 shows themorphological and structural
Fig. 1 (a) TEM image, (b) HAADF-STEM image, (c) atomic-resolution
HAADF-STEM image, and (d) XRD pattern of Rh/WO3�x-2 hybrid
nanowires prepared using the standard procedure by adding 6 mg of
the Rh precursor.

This journal is © The Royal Society of Chemistry 2019
characterization of the sample (Rh/WO3�x-2) prepared using the
standard procedure by adding 6 mg of Rh2(OAc)4. From the
TEM image in Fig. 1a, the sample exhibited a wire-like shape
with average lengths of hundreds of nanometers and diameters
of several nanometers. Careful observation shows that a rich
variety of small Rh nanoparticles were anchored on the surface
of the WO3�x nanowires to form the hybrid Rh/WO3�x nano-
structures. Such hybrid nanowires were further conrmed by
HAADF-STEM characterization, as shown in Fig. 1b. From size
statistics (Fig. S1†), the average diameter of Rh nanoparticles
was calculated to be ca. 1.7 nm. In addition, the WO3�x nano-
wires tended to aggregate and form bundles, leading to an
uneven diameter distribution. The coalescence of the nanowires
could be attributed to their intrinsic oxygen vacancies and
strong interactions among individual ones.46,47 Fig. 1c shows the
atomic-resolution HAADF-STEM image of an individual hybrid
nanowire, indicating a highly crystalline nature. The fringes
with a lattice spacing of 0.38 nm in the nanowire can be indexed
to the {010} planes of monoclinic WO2.72 (JCPDS no. 05-0392).
Such lattice fringes were perpendicular to the longitudinal axis
of the nanowire, indicating that it grew along the h010i direc-
tion.48 The fringes with a lattice spacing of 0.22 nm in the
nanoparticle correspond to the {111} planes of face-centered
cubic (fcc) Rh (JCPDS no. 05-0685). Obviously, the Rh nano-
particles were tightly anchored on the WO3�x nanowires,
leading to a possible synergistic effect between them in the
catalytic reaction. The crystal structure of these hybrid nano-
wires was further characterized using the XRD technique, as
shown in Fig. 1d. As observed, two obvious diffraction peaks can
be assigned to the (010) and (020) planes of monoclinic WO2.72,
which is consistent with the HAADF-STEM result (Fig. 1c).
However, no obvious diffraction peaks associated with Rh were
detected probably due to the small size of the nanoparticles and
low loading of Rh. ICP-AES measurements indicated that the Rh
loading in the hybrid nanowires reached approximately
1.22 wt%.

The loading of Rh in the hybrid nanowires was tuned by
varying the amount of Rh2(OAc)4 to 3 and 12 mg. From the TEM
images in Fig. S2a and c,† both samples (Rh/WO3�x-1 and Rh/
WO3�x-3) were observed to exhibit a wire-like shape with well-
dispersed nanoparticles being anchored on the surface. Obvi-
ously, the density of Rh nanoparticles on the hybrid nanowires
increased with the amount of Rh precursors fed in the
synthesis. The size statistics (Fig. S2b and d†) indicates that the
average diameters of Rh nanoparticles in these two samples
(Rh/WO3�x-1 and Rh/WO3�x-3) are close to 1.7 nm, which are
similar to that of Rh nanoparticles in Rh/WO3�x-2. The size of
WO3�x nanowires was also similar in the above-mentioned
three samples. In addition, ICP-AES analysis showed that the
Rh loading of Rh/WO3�x-1 and Rh/WO3�x-3 was 0.58 wt% and
2.55 wt%, respectively.

XPS measurements were carried out to investigate the elec-
tronic interaction between Rh nanoparticles and WO3�x nano-
wires. For comparison, Rh nanoparticles (Fig. S3†) and WO3�x

nanowires (Fig. S4†) were synthesized (see the Experimental
section for details). From the TEM image in Fig. S3,† the size of
Rh nanoparticles reached 1.7 nm, which was similar to that of
Nanoscale Adv., 2019, 1, 3941–3947 | 3943
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Rh nanoparticles in Rh/WO3�x. As shown in Fig. S4,† the as-
synthesized WO3�x nanowires were the same as those in Rh/
WO3�x both in morphology (Fig. S4a†) and crystal structure
(Fig. S4b†). Aer that, we simply mixed the as-prepared Rh
nanoparticles with a carbon support and WO3�x nanowires to
form Rh/C and Rh + WO3�x catalysts, respectively. The
morphological (Fig. S5a and S6a†) and structural (Fig. S5b and
S6b†) characterization indicates that Rh nanoparticles are
uniformly dispersed on the supports with lattice fringes of the
Rh {111} planes being clearly observed. Due to the similar
structure of Rh/WO3�x-2 to Rh/WO3�x-1 and Rh/WO3�x-3, only
the XPS spectra of Rh/WO3�x-2 are shown here for simplicity.
Compared to the Rh 3d XPS spectrum of Rh/C, the Rh 3d peak
for Rh/WO3�x-2 shis to a lower binding energy by 0.2 eV, as
shown in Fig. 2a. However, there is almost no shi of the Rh 3d
peak for Rh +WO3�x catalysts. This result indicates the increase
in the surface electron density on Rh nanoparticles once they
are coupled with WO3�x nanowires by direct synthesis instead
of a simple mixture.46 On the other hand, the binding energy
of W 4f in Rh/WO3�x-2 is positively shied (Fig. 2b) compared
with that of the WO3�x nanowires and Rh + WO3�x, further
conrming the strong electronic interactions between Rh
nanoparticles and WO3�x nanowires in Rh/WO3�x-2. In addi-
tion, the W 4f XPS spectra demonstrated that W species showed
two oxidation states and the W 4f peaks could be tted into two
doublets: W5+ and W6+ species. WO3�x (WO2.72) and Rh have
different work functions, which are 4.50 and 4.98 eV, respec-
tively.49 So when Rh nanoparticles were coupled with WO3�x

nanowires, electrons would transfer from WO3�x to Rh, leading
to a negative charge state on Rh nanoparticles. Therefore, such
an electron-rich state will benet the electron transfer from Rh
to the antibonding orbital of H2O molecules, and thus accel-
erate hydrolytic dehydrogenation of AB by forming activated
transition state complexes.50

Rh/WO3�x hybrid nanowires with different Rh loadings were
then evaluated as catalysts for hydrolytic dehydrogenation of AB
with WO3�x nanowires, Rh + WO3�x and Rh/C as the references.
Rh/WO3�x-1, Rh/WO3�x-2 and Rh/WO3�x-3 were initially tested
for the hydrolysis of AB under dark conditions. As shown in
Fig. S7,† these three catalysts exhibited high catalytic activities
for the dehydrogenation of AB with a similar TOF approaching
500 molH2

molRh
�1 min�1. This result could be attributed to the
Fig. 2 XPS spectra of (a) Rh 3d orbitals for Rh/C, Rh + WO3�x, and Rh/
WO3�x-2 catalysts and (b) W 4f orbitals for WO3�x nanowires, Rh +
WO3�x, and Rh/WO3�x-2 catalysts.

3944 | Nanoscale Adv., 2019, 1, 3941–3947
same amount of Rh being involved in the catalytic reaction. So
we chose Rh/WO3�x-2 with an appropriate Rh loading as the
representative example for the following research on the cata-
lytic properties and then we called it Rh/WO3�x for simplica-
tion. Fig. 3 shows a comparison of the catalytic properties of Rh/
WO3�x, Rh + WO3�x, Rh/C, and WO3�x nanowires in the dark
and under visible light irradiation (l > 400 nm), respectively.
Obviously, WO3�x nanowires were inactive for the dehydroge-
nation of AB under both conditions. As can be seen from Fig. 3a
and c, Rh/WO3�x exhibited a much rapider H2 release rate and
higher TOF value compared to those of Rh + WO3�x and Rh/C in
the dark, implying higher activity for hydrolytic dehydrogena-
tion of AB. Simultaneously, the total amount of produced H2 for
Rh/WO3�x was �3.0 equivalent per mole of AB added, sug-
gesting complete H2 conversion in the catalytic reaction.
However, the dehydrogenation of AB catalyzed by Rh +WO3�x or
Rh/C was incomplete since the amount of produced H2 was less
than �3.0 equivalent per mole of AB. The incomplete dehy-
drogenation may arise from B-containing species poisoning
during the catalytic process. According to XPS analysis (Fig. 2),
Rh nanoparticles would be negatively charged in Rh/WO3�x

compared with those in Rh/C and Rh + WO3�x. Such an
electron-rich state not only accelerates the formation of acti-
vated transition state complexes, but also may promote the
desorption of BO2� anions that were oen regarded as
poisoning active sites.51 However, Rh nanoparticles in Rh/C and
Rh + WO3�x are vulnerable to BO2� anions, which may cause
incomplete dehydrogenation.

It is well-known that the photocatalytic efficiency is highly
related to light absorption of catalysts. As such, the UV-vis-NIR
absorption spectra of Rh/WO3�x and WO3�x nanowires were
measured and are shown in Fig. S8.† In addition to strong
valence-to-conduction band transition absorption in the UV
Fig. 3 Plots of time versus volume of hydrogen generated from the
catalytic hydrolysis of AB over different catalysts including Rh/WO3�x,
Rh + WO3�x, Rh/C, and WO3�x nanowires (a) in the dark and (b) under
visible light irradiation at a reaction temperature of 298 K. Their cor-
responding TOF values achieved (c) in the dark and (d) under visible
light irradiation.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic illustration of the Rh/WO3�x hybrid nanowire
catalysts for visible-light-enhanced hydrogen evolution.
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region, WO3�x nanowires also showed broad absorption in the
visible and near infrared regions due to the presence of oxygen
vacancies in the crystal structure.52,53 Aer deposition of Rh
nanoparticles, Rh/WO3�x still exhibited strong adsorption in
the detected regions, especially in the UV and visible regions
due to localized surface plasmon resonance (LSPR) associated
with Rh nanoparticles and WO3�x nanowires as well as strong
coupling between them. This distinct adsorption feature
endowed Rh/WO3�x with possibly enhanced catalytic properties
for hydrolytic dehydrogenation of AB with the help of visible
light irradiation. Fig. 3b shows H2 generation from the hydro-
lysis of AB catalyzed by such catalysts as a function of reaction
time under visible light irradiation. It can be seen that Rh/
WO3�x still showed a much higher H2 release rate compared to
Rh + WO3�x and Rh/C. Interestingly, both Rh/WO3�x and Rh +
WO3�x displayed improved catalytic activities for hydrolytic
dehydrogenation of AB under visible light irradiation relative to
that under dark conditions. However, there was no obvious
enhancement by using Rh/C as catalysts in the absence of
WO3�x, indicating the important role of WO3�x in photo-
assisted hydrolytic dehydrogenation of AB. Specically, the
TOF value of Rh/WO3�x under visible light irradiation reached
805.0 molH2

molRh
�1 min�1, which is remarkably higher than

that of Rh + WO3�x (356.9 molH2
molRh

�1 min�1) and Rh/C
(169.2 molH2

molRh
�1 min�1).

The temperature-dependent reaction kinetics for hydrolytic
dehydrogenation of AB catalyzed by Rh/WO3�x was further
investigated in the range of 298–328 K under dark conditions
and visible light irradiation, as shown in Fig. S9a and c,†
respectively. Clearly, the hydrogen generation rate increased
with the reaction temperature under both conditions. Fig. S9b
and d† display the corresponding Arrhenius plots of ln TOF vs.
1/T, from which the activation energy Ea could be calculated to
be 50.5 kJ mol�1 in the dark and 45.2 kJ mol�1 under visible
light irradiation, respectively. This decrease in Ea under visible
light irradiation suggested that visible light irradiation might
provide a favorable transition state with a lower energy barrier.
To further understand the enhancement in the photocatalytic
activities of the catalysts, the dependence of the light intensity
on the catalytic H2 evolution was investigated. We adjusted the
power of the Xe lamp from 33.3% to 66.7% and 100%. The
results showed that increasing the light intensity led to an
increase in the H2 evolution rate of AB and the corresponding
TOF values (Fig. S10a and b†). These results indicated that more
photogenerated electrons were excited from WO3�x nanowires
under visible-light irradiation with a higher intensity and then
injected into Rh nanoparticles, which resulted in the enhanced
electron density of the supported Rh nanoparticles and the
corresponding enhanced catalytic activities. Scheme 1 shows
the possible reaction mechanism for the enhancement in
catalytic activity towards AB hydrolytic dehydrogenation under
visible light irradiation. When visible light is used to irradiate
Rh/WO3�x catalysts, the WO3�x nanowires would generate hot
electrons through LSPR. Thanks to the tight attachment of Rh
nanoparticles to WO3�x nanowires, the hot electrons would
rapidly transfer to the Rh nanoparticles through the interface
between them. Lots of new discrete energy levels below the
This journal is © The Royal Society of Chemistry 2019
conduction band of WO3�x semiconductor nanowires were
generated by the introduction of oxygen vacancies,54 and
metallic Rh nanoparticles were the electron trapping centers,
which effectively decreased the recombination of hot electrons.
As such, visible light irradiation could bring more electrons to
the surface of Rh nanoparticles, and thus facilitate hydrolytic
dehydrogenation of AB.

Interestingly, we noticed that the color of the Rh/WO3�x

suspension changed from yellow-green to dark blue during the
hydrolytic dehydrogenation of AB (Fig. S11a and b†). Aer the
catalytic reaction nished, the color of the Rh/WO3�x suspen-
sion would remain dark blue if the ask was kept sealed. Once
the Rh/WO3�x suspension was exposed to the air for a little
while, its color would turn back to yellow-green quickly, as
shown in Fig. S11c.† According to a previous report,55 the color
of substoichiometric WO3�x gradually turned more blue with
the increase of oxygen vacancies. As such, we can speculate that
WO3�x nanowires might be in situ reduced by AB during the
hydrolytic dehydrogenation, leading to the increase in oxygen
vacancies. In addition, the differential of the H2 production
volume V to H2 generation time t (dV/dt) was calculated and the
corresponding plot of dV/dt vs. t is shown in Fig. S12.† In this
plot, dV/dt can be considered as the H2 release rate. As observed,
the H2 release rate remains stable for the rst few minutes and
then gradually decreases under dark conditions, which can be
attributed to the decrease in the concentration of AB over
reaction time. Upon visible light irradiation, however, the H2

release rate rises rst and then falls, showing a volcano plot.
This result indicates that a self-activation process occurred
during hydrolytic dehydrogenation of AB only under visible
light irradiation. The color change of the Rh/WO3�x suspension
demonstrated the generation of additional oxygen vacancies
during the catalytic reaction, leading to the formation of more
discrete energy levels below the conduction band of WO3�x and
thus the enhanced LSPR intensity.56,57 As such, much more hot
electrons were generated from LSPR under visible light irradi-
ation, and then injected into tightly coupled Rh nanoparticles.
Such additional hot electrons further facilitated the hydrolytic
dehydrogenation of AB, causing the self-activation process.
Nanoscale Adv., 2019, 1, 3941–3947 | 3945
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Fig. 4 Plots of time versus volume of hydrogen generated from the
hydrolysis of AB catalyzed by Rh/WO3�x for five cycles.
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The stability of the Rh/WO3�x catalyst was also evaluated
since it is another critical parameter for practical application.
Reusability tests were conducted under visible light irradiation
at room temperature by continuous addition of a new propor-
tion of AB aqueous solution when the previous run was
completed. As shown in Fig. 4, the catalyst can be reused at least
ve times and the total time for completing the hydrolytic
dehydrogenation of AB gradually increases slightly. Then we
further prolonged the reusability tests to ten times, and the
corresponding time vs. volume plots and TOF values of each
cycle are shown in Fig. S13a and b.† Aer ve cycles, the Rh/
WO3�x catalysts retain 29.7% of the initial TOF value, which is
similar to a previous report,13 but only 19.1% of the initial TOF
value was retained aer ten cycles. There are some possible
reasons for such a decrease in the activity during cycling: (1)
reactants were diluted in solution with the increase of the
cycling number, (2) the viscidity of the solution also increased
with the number of cycles,58 and (3) the catalyst surface was
covered with the hydrolysis product metaborate that had the
deactivation effect.29,51 In addition, the catalyst was character-
ized aer the h run by TEM (Fig. S14a†) and XRD (Fig. S15a†),
showing unchanged morphology and phase of the catalyst. The
corresponding size distribution of Rh nanoparticles (Fig. S14b†)
indicated the slight increase of their size with the number of
cycles. XPS analysis (Fig. S15b†) showed that the Rh 3d peak
shis to a higher binding energy by 0.1 eV aer the h run,
which indicated the decrease in the surface electrons on Rh
nanoparticles and weakness of the interaction between Rh
nanoparticles and WO3�x. It might be part of the reasons for
activity degradation.
Conclusions

In summary, we have successfully synthesized Rh/WO3�x hybrid
nanowires by a one-pot solvothermal method, in which ultra-
small Rh nanoparticles were tightly anchored on WO3�x
3946 | Nanoscale Adv., 2019, 1, 3941–3947
nanowires. Thanks to the synergistic effect between Rh nano-
particles and WO3�x nanowires, Rh/WO3�x catalysts exhibited
substantially enhanced activity for hydrolytic dehydrogenation
of AB under dark conditions compared to Rh + WO3�x, Rh/C
and WO3�x nanowires. Beneting from the excellent visible-
light harvesting ability of the WO3�x nanowires, the activity of
Rh/WO3�x catalysts was further improved with a TOF as high as
805.0 molH2

molRh
�1 min�1 and an apparent activation energy

of 45.2 kJ mol�1. In addition, an interesting self-activation
process was observed during the hydrolytic dehydrogenation
of AB under visible light irradiation, which can be attributed to
additional oxygen vacancies arising from in situ reduction of
WO3�x nanowires by AB. Rh/WO3�x catalysts were also relatively
stable with only little loss in activity aer ve cycles due to the
tight hybrid nanostructures. This work offers a promising
strategy to design highly efficient heterogeneous metal-oxide
photocatalysts for AB hydrolytic dehydrogenation.
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