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Confined synthesis of ultrafine Ru–B amorphous
alloy and its catalytic behavior toward selective
hydrogenation of benzene†

Jie Liu, Shan He,* Changming Li, Fei Wang, Min Wei,* David G. Evans and Xue Duan

How to control the size and morphology of metal nanocatalysts is of vital importance in enhancing their

catalytic performance. In this work, uniform and ultrafine Ru–B amorphous alloy nanoparticles (NPs)

supported on titanate nanosheets were fabricated via a confined synthesis in titanate nanotubes (TNTs)

followed by unwrapping the tube to sheetlike titanate (TNS) (denoted as Ru–B/TNS), which exhibit

excellent catalytic performance toward the selective hydrogenation of benzene to cyclohexene

(yieldcyclohexene: 50.7%) without any additives. HRTEM images show the resulting Ru–B NPs are highly

dispersed on the titanate nanosheets (particle size: 2.5 nm), with a low Ru–Ru coordination number

revealed by EXAFS. Moreover, XPS demonstrates the surface-enriched B element and a strong electron

transfer from B to Ru, which facilitates the formation and desorption of cyclohexene on the Ru active-

sites, accounting for the significantly enhanced catalytic behavior. The surfactant-free confined synthesis

and additive-free catalytic system make the Ru–B/TNS catalyst a promising candidate for the selective

hydrogenation of benzene.
1. Introduction

Amorphous alloy catalysts have attracted considerable attention
from both academia and industry owing to their higher activity,
better selectivity and stronger corrosion resistance in many
important hydrogenation reactions in comparison with their
crystalline catalytic equivalents.1–4 One of the most widely
studied amorphous alloys has been M–B (M ¼ Ru, Ni, Co),
which is generally obtained via the direct reduction of the M
ions by borohydride (BH4

�) in aqueous solution.5–9 However,
the as-prepared M–B amorphous alloy catalysts oen suffer
from severe aggregation as a result of the vigorous and strong
exothermic reduction process, signicantly depressing their
catalytic performance. Although many endeavors have been
devoted to preparing uniform amorphous alloys, the use of a
large amount of toxic organic reagents as well as the resulting
large size of the M–B nanoparticles (NPs) are inevitable.10–13

Therefore, how to achieve mono-dispersed and ultrane M–B
amorphous alloy catalysts is important and remains a chal-
lenging goal by the use of conventional synthetic methods.

Titanate nanotubes (TNTs), a new class of versatile material,
have been studied as supports in catalysis and separation due to
their unique structural properties.14–18 Typically, this material
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can be synthesized via a simple alkaline hydrothermal treat-
ment of TiO2,19,20 possessing an abundant and uniform meso-
porous structure. One of the most interesting features of this
material is the structural transformation from tubular to sheet
titanate aer an acid–alkaline treatment, as reported by Teng
and Tsai.21 It is well known that mesoporous materials, such as
molecular sieves and carbon nanotubes, are oen used as
supports to provide a conned growth environment for the
preparation of well-dened and uniform-sized nano-
catalysts.22–25 Regarding the TNT material, its instinctive meso-
porous structure, similar to that of typical mesoporous
materials mentioned above, mean it could also be used as a
support to provide a conned environment for the preparation
of nanocatalysts. Importantly, this conned environment is
expected to be removed by virtue of the tube-to-sheet structural
transformation aer the conned synthesis of the nanocatalyst,
so as to enhance the mass diffusion process. Inspired by the
unique structure of the TNT material, a promising idea is
proposed here that size-controlled M–B amorphous alloy cata-
lysts with fully exposed active-sites could be fabricated based on
the conned synthesis in titanate nanotubes followed by
unwrapping the tube to sheetlike titanate for unconned
catalysis.

In this work, we report the fabrication of an ultrane and
uniform Ru–B amorphous alloy nanocatalyst supported on
titanate nanosheets via a facile two-step procedure involving
the conned synthesis of Ru–B NPs in titanate nanotubes
followed by a structural transformation from tubular to
sheetlike titanate (Scheme 1), which exhibits excellent catalytic
This journal is © The Royal Society of Chemistry 2014



Scheme 1 Illustration for the synthesis of ultrafine Ru–B amorphous
alloy nanoparticles supported on sheetlike titanate (TNS).
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performance (yieldcyclohexene: 50.7%) for the selective hydroge-
nation of benzene to cyclohexene without any additives. In
addition, the manufacture of cyclohexene in this work
demonstrates an additive-free process, superior to traditional
additive-dependent catalytic systems in terms of equipment
corrosion and subsequent separation. HRTEM images show
that the resulting Ru–B NPs with a small size (2.5 nm) are
highly dispersed on the titanate nanosheet. EXAFS demon-
strates that the ultrane Ru–B NPs exhibit a high level of Ru
unsaturation. XPS further reveals a large density of surface
alloying B and a strong electron transfer from B to Ru. This is
favorable for the formation and desorption of cyclohexene,
accounting for the largely enhanced yield of cyclohexene over
the Ru–B/TNS catalyst. Our approach holds signicant promise
for the design and fabrication of an ultrane Ru–B amorphous
alloy nanocatalyst, which can serve as a promising candidate in
hydrogenation reactions.
2. Experimental section
2.1 Materials

RuCl3$3H2O and TiO2 (anatase) were purchased from Sigma-
Aldrich. Other chemicals, including NaOH, HCl, NaBH4,
benzene, cyclohexene, and cyclohexane were purchased from
the Beijing chemical Co., LTD, and used without further puri-
cation. Deionized water was used in all experimental
processes.
2.2 Fabrication of the Ru–B catalyst

Synthesis of Ru–B nanoparticles within titanate nanotubes
(Ru–B/TNTs). Firstly, titanate nanotubes (TNTs) were obtained
from an alkaline hydrothermal treatment of TiO2 described by
Kasuga et al.19 Typically, 3.0 g of TiO2 was dispersed in NaOH
solution (120 mL, 10 M) and placed in a Teon-lined stainless-
steel autoclave at 150 �C for 24 h. The precipitation was washed
with HCl solution (0.1 M) and deionized water until pH ¼ �8,
and then dried in an air circulating oven at 80 �C for 8 h,
yielding the TNTs. Secondly, by utilizing the connement effect
of the tubular titanate, size-controlled Ru–B NPs were prepared.
In detail, TNTs (1.0 g) were added into acetone solution (40 mL)
containing RuCl3$3H2O (0.0506 g) under vigorous stirring fol-
lowed by ultrasonication for 1 h. The obtained suspension was
dried under ambient conditions to allow slow evaporation of
acetone, and then dried at 80 �C for 5 h with a heating rate of 1
�C min�1. The nal solid was added into NaBH4 aqueous
solution (40 mL; 15 mg mL�1) under vigorous stirring and aged
for 30 min. The obtained suspension was centrifuged, washed
This journal is © The Royal Society of Chemistry 2014
thoroughly and dried in a vacuum oven at 50 �C for 12 h, and
denoted Ru–B/TNTs.

Preparation of Ru–B/TNS catalyst. The Ru–B/TNS catalyst
was derived from the Ru–B/TNTs sample based on the struc-
tural transformation process.21 In detail, the as-synthesized Ru–
B/TNTs precursor (0.5 g) was added into water (40 mL); 0.5 M
HCl solution was added dropwise into the above slurry until a
pH value of 0.38 was reached. Aer agitation for 12 h, the pH
value of the resulting slurry was adjusted to 12 with NaOH
solution (1.0 M). The obtained precipitation was separated,
washed with deionized water until the pH reached 8.0, followed
by drying at 50 �C in a vacuum oven for 12 h, yielding the Ru–B/
TNS catalyst.

Preparation of Ru–B/TNT–IMP catalyst. As a reference
sample, Ru–B/TNT–IMP was obtained by the conventional
impregnation method according to the reported literature.26

Typically, TNTs (1.0 g) were added into deionized water (40 mL)
containing RuCl3$3H2O (0.0506 g) under vigorous stirring for 1
h. Aerwards 0.6 g of NaBH4 was added into the above
suspension. Aer agitation for 30 min, the resulting precipita-
tion was centrifuged and washed thoroughly, followed by drying
in a vacuum oven at 50 �C for 12 h, and denoted Ru–B/TNT–
IMP.

Preparation of Ru–B/TNS–IMP catalyst. The TNS support was
rstly derived from the TNT precursor. In detail, the TNT
precursor (0.5 g) was added into water (40 mL), and then 0.5 M
HCl solution was added dropwise into the above slurry until pH
¼ 0.38. Aer agitation for 12 h, the pH value of the resulting
slurry was adjusted to 12 with NaOH solution (1.0 M). The
obtained precipitation was separated and washed with deion-
ized water until the pH reached 8, followed by drying at 60 �C for
12 h, yielding the TNS support. Finally, the Ru–B/TNS–IMP
catalyst was prepared by the impregnation method26 similar to
the sample of Ru–B/TNT–IMP mentioned above.

2.3 Catalytic evaluation toward the selective hydrogenation
of benzene to cyclohexene

The selective hydrogenation of benzene was performed in a
Teon-lined stainless steel autoclave (100 mL) equipped with a
magnetic stirrer. In a typical experiment, 10mL of benzene, 0.05
g of catalyst, and 20 mL of water were introduced into the
reactor. Aer being purged by low pressure hydrogen four times
to remove air, the reactor was heated to the reaction tempera-
ture. Then hydrogen was added into the reactor until the
desired pressure was reached. The products were analyzed
using a gas chromatograph (GC-2014C) equipped with a ame
ionization detector (FID) and a PEG-20 M capillary column (0.25
mm in diameter, 30 m in length).

To test the reusability, the Ru–B/TNS catalyst was separated
from the liquid by centrifugation, washed thoroughly and dried
under vacuum at 50 �C for 5 h, followed by direct reuse for the
next run without further reduction.

2.4 Characterization

X-ray diffraction (XRD) patterns of the samples were obtained
on a Rigaku XRD-6000 diffractometer, using Cu Ka radiation
J. Mater. Chem. A, 2014, 2, 7570–7577 | 7571
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(l ¼ 0.154 nm) at 40 kV, 40 mA, a scanning rate of 10� min�1, a
step size of 0.02� s�1, and a 2q angle ranging from 3 to 80�.
Narrow range XRD patterns were scanned from 40� to 50� at 1�

min�1. Elemental analysis of the Ru–B amorphous alloy was
performed using a Shimadzu ICPS-7500 inductively coupled
plasma emission spectrometer (ICP-ES). High-resolution elec-
tron microscopy (HRTEM) observations were carried out on a
JEM-2100 transmission electron microscope. X-ray photoelec-
tron spectroscopy (XPS) was recorded on a Thermo VG Escalab
250 X-ray photoelectron spectrometer at a pressure of �2 �
10�9 Pa with Al Ka X-rays as the excitation source. The vacuum
Fourier transform infrared (FTIR) spectra were recorded using a
Vector22 (Bruker) spectrophotometer in the range 4000–400
cm�1 with 2 cm�1 of resolution under 10�8 Pa vacuum. The
standard KBr disk method (1 mg of sample in 100 mg of KBr)
was used. Low-temperature N2 adsorption–desorption
isotherms of the samples were obtained on a Quantachrome
Autosorb-1C-VP instrument. The sample was outgassed prior to
analysis at 100 �C for 12 h under 10�4 Pa vacuum. The total
specic surface area was evaluated from the multipoint Bru-
nauer–Emmett–Teller (BET) method. The hydrogenation
temperature programmed desorption (H2-TPD) measurements
were conducted in a quartz tube reactor on a Micromeritics
ChemiSorb 2720 with a thermal conductivity detector (TCD).
Typically, 100 mg of sample was rst sealed and degassed under
owing Ar at 200 �C for 2 h, then cooled down to room
temperature for adsorption of H2 for 1 h. Aerwards, the sample
was purged in Ar to remove the physically adsorbed H2 for 30
min. Finally, the sample was placed in a stream of Ar with a rate
of 40 mL min�1 and a temperature ramp of 10 �C min�1 to
perform the TPD measurement.

3. Results and discussion
3.1 Structural and electronic properties

Fig. 1A shows the powder XRD patterns of the bare TNTs and
the Ru–B catalysts supported on titanate. For the bare TNTs,
typical (200), (110) and (310) reections at �10�, 24� and 28�

were observed, which can be indexed to body-centered ortho-
rhombic titanate (JCPDS no. 47-0124). Compared with the
TNTs, the samples of Ru–B/TNTs and Ru–B/TNS display a
similar titanate phase, without any reections of the Ru–B
Fig. 1 (A) Wide-range and (B) narrow-range XRD patterns of: (a) TNTs,
(b) Ru–B/TNTs, (c) Ru–B/TNS, (d) Ru–B/TNT–IMP, (e) Ru–B/TNS–IMP.
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amorphous alloy, implying a high dispersion or low concen-
tration of Ru–B NPs (below the detection limit of XRD). In
contrast, for the two Ru–B catalysts prepared by the impregna-
tion (IMP) method (Ru–B/TNT–IMP and Ru–B/TNS–IMP), an
extra weak reection at �44� was observed, which can be
indexed to the typical Ru–B amorphous alloy phase.27,28 This was
further conrmed by the narrow-range XRD patterns scanned
from 40� to 50� (Fig. 1B). The results indicate a larger particle
size of Ru–B NPs prepared by the IMP method than that by the
conned synthesis.

The TEM images (Fig. 2a and b) clearly show the multi-
walled and open-ended structure of the TNTs, with an inner
diameter of �5 nm and wall interspacing of �0.78 nm, in
accordance with those reported in the literature.29,30 Aer
loading Ru–B NPs on the TNTs by the conned method, the
TEM images of the resulting Ru–B/TNTs sample (Fig. 2c and d)
show uniform and small nanoparticles (�2.5 nm) accommo-
dated in the tube channels of the TNTs. Aer unwrapping the
tubular support, the resulting Ru–B/TNS (Fig. 2e) clearly
exhibits uniform nanoparticles (2.5 � 0.3 nm) formerly
conned in the TNTs which are exposed and highly dispersed
on the sheetlike titanate support. The HRTEM and SAED images
(Fig. 2f and g) further reveal a long-range disordered but short-
range ordered structure with a diffraction halo for a single
Fig. 2 (a and b) TEM and HRTEM images of pristine TNTs, (c and d)
Ru–B/TNTs at low and high magnification, (e) Ru–B/TNS with size-
distribution shown in the inset (300 particles analyzed), (f and g)
HRTEM and SAED images of a single Ru–B particle, (h) EDS results of
Ru–B particles.

This journal is © The Royal Society of Chemistry 2014



Fig. 3 N2 adsorption–desorption curves and pore size distributions
(inset) of (a) TNTs, (b) Ru–B/TNTs, (c) Ru–B/TNS.
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nanoparticle, indicative of a typical amorphous alloy.31 EDS
analysis (Fig. 2h) shows the nanoparticles are composed of Ru
and B elements, implying the presence of a Ru–B amorphous
alloy. This will be further conrmed by the XPS technique
below. The merit of this conned synthesis approach is further
illuminated by comparison with the conventional IMP method.
For the Ru–B/TNT–IMP sample, the Ru–B particles suffer from
severe aggregation, randomly stacking on the exterior surface of
the TNTs with a broad size distribution (21.2� 6.0 nm) (Fig. S1a
and b†); similar aggregation was also observed in the Ru–B/
TNS–IMP sample aer unfolding the tubes (Fig. S1c†). H2-TPD
further showing that the conne-synthesized samples have a
higher Ru dispersion than the IMP ones (Fig. S2† and Table 1).

However, it should be noted that the solvent acetone is
necessary for the conned synthesis of Ru–B nanoparticles. If
water was used as the solvent, the resulting Ru–B particles
would also load on the external surface of the TNTs with serious
aggregation (Fig. S3†). This can be explained by the lower
surface tension of acetone in comparison with water,33 which
facilitates the migration of the ruthenium precursor into the
interior channels of the TNTs via capillary force. Therefore, the
results demonstrate that ultrane and uniform Ru–B NPs can
be successfully obtained by conned synthesis in TNTs. More-
over, taking advantage of the structural transformation from
tube to sheet titanate, the resulting Ru–B NPs are fully exposed
on the outer surface of the TNS support.

Fig. 3 displays the N2 adsorption–desorption isotherms and
BJH pore size distributions of the TNTs, Ru–B/TNTs and Ru–B/
TNS. The isotherms for the TNTs and Ru–B/TNTs show a
distinct hysteresis loop, indicating a high density of mesopores
in the two samples (type-IV according to IUPAC classication).
For the sample of Ru–B/TNS, a weak hysteresis loop is also
observed, implying the existence of mesopores possibly result-
ing from the interspace between titanate nanosheets. The inset
shows that the TNTs and Ru–B/TNTs have a narrow pore size
distribution, ranging from 3–10 nm with a peak located at �5
nm, in accordance with the TEM results (Fig. 2). However, a
largely decreased pore volume for the Ru–B/TNS sample was
observed, owing to the formation of the sheetlike support.34 In
addition, it should be noted that all the supported Ru–B cata-
lysts have a large specic surface area (>200 m2 g�1, Table 1),
which is favorable to their catalytic performance.35

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the chemical environment of the supported Ru–B NPs
on titanate (Fig. 4). One peak at 280.0 eV (Ru 3d5/2) is observed
Table 1 Structural parameters of various samples

Samples SBET (m2 g�1) Rua (wt%) Bulk molar ratioa S

TNTs 246 — — —
Ru–B/TNTs 232 1.95 Ru72.1 B27.9 R
Ru–B/TNS 212 1.95 Ru72.0 B28.0 R
Ru–B/TNT–IMP 227 1.96 Ru71.3 B28.7 R
Ru–B/TNS–IMP 203 1.97 Ru71.4 B28.6 R

a Values determined by ICP. b Values determined by XPS. c Values based

This journal is © The Royal Society of Chemistry 2014
for all four samples (Fig. 4, curves a1–d1), indicating the pres-
ence of a metallic state for Ru.36 The B species exhibits both a
high BE value (192.0 eV) and a low one (188.5 or 188.0 eV) (Fig. 4,
curves a2–d2), which are attributed to the oxidized and
elemental state,37 respectively. The BE value of B in all the
samples exceeds that of pure B (187.1 eV), further implying the
formation of a Ru–B amorphous alloy in which electron transfer
may occur from B to Ru. However, no obvious BE shi for the
metallic Ru can be observed, possibly due to its much larger
atomic weight compared with the B atom.37,38 Interestingly, the
Ru–B/TNTs and Ru–B/TNS samples exhibit a higher BE value of
B1s (188.5 eV) than that of the IMP ones (188.0 eV), implying a
stronger Ru–B interaction in the conned synthesis. In addi-
tion, the XPS analysis also demonstrates that the conne-
synthesized samples exhibit a higher B : Ru molar ratio on the
surface (�35/65) than the IMP ones (�20/80), although the ICP
results reveal a similar bulk composition for all these Ru–B
samples (see Table 1). This implies that the ultrane Ru–B NPs
by the conned synthesis are surface-enriched with alloying B.39

To obtain a deeper insight into the as-prepared Ru–B
samples, the coordination structure of the Ru atom in the Ru–B
NPs was further characterized by extended X-ray absorption ne
structure (EXAFS) spectroscopy (Fig. 5). The tting parameters
(Table 2) show that the Ru–Ru coordination numbers of all
these Ru–B samples are less than that of Ru foil (12.4). More-
over, the Ru–B/TNTs and Ru–B/TNS exhibit a lower Ru–Ru
coordination number (4.2) than the IMP ones (6.8), i.e., the Ru–
B NPs obtained by the conned synthesis possess a higher
unsaturation of Ru species. It is well known that some metal-
loids (e.g., B or P) should be incorporated for the formation and
urface molar ratiob Ru dispersionc (%)
Mean Ru–B
particle size by TEM (nm)

— —
u 65.2 B34.8 65.9 2.5 � 0.4
u64.9 B35.1 66.2 2.5 � 0.4
u80.1 B19.9 19.6 21.2 � 6.0
u81.1 B18.9 20.1 20.1 � 5.8

on the H2-TPD results.32

J. Mater. Chem. A, 2014, 2, 7570–7577 | 7573



Fig. 4 XPS spectra of Ru 3d and B 1s for: (a1 and a2) Ru–B/TNTs, (b1
and b2) Ru–B/TNS, (c1 and c2) Ru–B/TNT–IMP, and (d1 and d2) Ru–B/
TNS–IMP.

Fig. 5 Fourier transforms of EXAFS spectra for Ru foil, Ru–B/TNTs,
Ru–B/TNS, Ru–B/TNT–IMP and Ru–B/TNS–IMP.

Table 2 EXAFS fitting parameters of various samplesa

Samples N R (Å)

Ru foil 12.4 2.67
Ru–B/TNTs 4.2 2.67
Ru–B/TNS 4.2 2.67
Ru–B/TNT–IMP 6.8 2.67
Ru–B/TNS–IMP 6.8 2.67

a N ¼ coordination number. Error bounds (accuracies) characterizing
the structural parameters obtained by EXAFS are estimated as follows:
coordination number N, �20%; distance R, �0.02 Å.

Journal of Materials Chemistry A Paper
stabilization of the amorphous structure of metastable mate-
rials.5,6 Higher unsaturation of Ru in Ru–B/TNS indicates a
larger surface free energy, which induces the enrichment of B
atoms on the surface.
Fig. 6 The time courses of benzene hydrogenation over the Ru–B
catalysts: (A) Ru–B/TNT–IMP, (B) Ru–B/TNS–IMP, (C) Ru–B/TNTs, (D)
Ru–B/TNS. Reaction conditions: catalyst (0.05 g), benzene (10 mL),
H2O (20 mL), temperature (150 �C), H2 pressure (5.0 MPa), stirring rate
(1000 rpm).
3.2 Catalytic performance tests

The catalytic performances of the as-synthesized Ru–B catalysts
were evaluated by the selective hydrogenation of benzene to
7574 | J. Mater. Chem. A, 2014, 2, 7570–7577
cyclohexene, which is an important chemical intermediate for
producing value-added cyclohexanol, adipic acid and capro-
lactam.40–43 Fig. 6 shows the content plots of benzene, cyclo-
hexene and cyclohexane as a function of reaction time over the
as-prepared Ru–B catalysts (reaction temperature: 150 �C; H2
This journal is © The Royal Society of Chemistry 2014



Fig. 7 (A) The catalytic performances of Ru–B/TNS in 5 consecutive
recycles. (B) The TEM image of the Ru–B/TNS sample after five cycles
of reuse (the insets show the HRTEM and SAED image of a single Ru–B
particle).

Paper Journal of Materials Chemistry A
pressure: 5.0 MPa). It can be seen that the benzene content
decreases gradually and the completely saturated product
cyclohexane increases monotonically along with reaction time.
Regarding the cyclohexene content, a maximum is obtained at a
certain reaction time, exhibiting the well-known behavior of
consecutive reactions. Among the as-prepared Ru–B catalysts,
Ru–B/TNT–IMP and Ru–B/TNS–IMP show a relatively low yield
of cyclohexene (19.2% and 20.3%, respectively) while the Ru–B/
TNTs catalyst displays an increase in yield (31.3%). Interest-
ingly, aer further unwrapping the tubes to sheet titanate, the
resulting Ru–B/TNS catalyst exhibits a signicantly enhanced
yield of 50.7%, which is among the highest value compared with
previous reports.44 Moreover, the reaction occurs faster over the
Ru–B/TNS catalyst (the maximum yield of cyclohexene: 50.7% at
15 min) than over the Ru–B/TNTs one (the maximum yield of
cyclohexene: 31.3% at 25 min) (Fig. 6C and D), indicating
improved reaction dynamics.

To provide further understanding of the marked difference
in the yield of cyclohexene, the turnover frequency (TOF) of
benzene over these catalysts was calculated based on the weigh-
specic activity (R0) and the dispersion degree of Ru. As shown
in Table 3, the TOF value of benzene over the Ru–B/TNS catalyst
is highest (26.5 s�1), almost twice that of Ru–B/TNTs and three
times that of Ru–B/TNT–IMP and Ru–B/TNS–IMP. It is well
known that metal catalysts with high unsaturation have
generally been proved to show excellent hydrogenation
activity.45 Compared to the Ru–B/TNT–IMP and Ru–B/TNS–IMP
catalysts, by utilizing the conned synthesis, an ultrane Ru–B
catalyst was obtained, which effectively catalyzes benzene
hydrogenation due to its high Ru unsaturation revealed by
EXAFS. In addition, in this tetra-phase catalytic reaction, the
diffusion of benzene plays an important role in the hydroge-
nation conversion.46 Fig. S4† shows the benzene conversion as a
function of reaction time. It can be seen that the reaction rate
over the Ru–B/TNS catalyst increases signicantly in compar-
ison with Ru–B/TNTs, based on its enhanced slope of the
conversion-time plot at the half conversion of benzene.47 This
can be explained by the markedly decreased inner diffusion
resistance of benzene as a result of the tube–sheet structural
transformation of the support. These features account for the
highest TOF value of benzene over the Ru–B/TNS catalyst.

The nature of the ultrane Ru–B NPs and the sheetlike
support also impose signicant impact on the selectivity to
cyclohexene. As can be seen in Table 3, Ru–B/TNS exhibits the
largest cyclohexene selectivity. It was reported that benzene
Table 3 Catalytic performance of various Ru–B catalystsa

Catalysts tb (min) Conv.b (%) SCHE
b (%

Ru–B/TNT–IMP 50.0 56.9 33.7
Ru–B/TNS–IMP 50.0 58.6 34.6
Ru–B/TNTs 25.0 67.8 46.2
Ru–B/TNS 15.0 80.1 63.3

a Reaction conditions: catalyst 50 mg, benzene 10 mL, H2O 20 mL, H2 pres
the maximum yield of cyclohexene. Conv. ¼ conversion of benzene; SCHE
calculated based on the amount of converted benzene per minute per gra

This journal is © The Royal Society of Chemistry 2014
adopts a p-mode adsorption conguration on Ru48,49 and its
complete hydrogenation to cyclohexane depends on the
appropriate number of neighboring surface sites as surface-
enriched alloying B may favor the formation of cyclohexene.
Moreover, the desorption of cyclohexene could be facilitated
due to the enhanced repulsive interaction between electron-
enriched Ru and the C]C bond in cyclohexene49 as well as the
decreased diffusion resistance of cyclohexene from Ru active-
sites to the oil phase aer the tube–sheet structural trans-
formation of titanate. Consequently, a high yield of cyclohexene
was obtained over the Ru–B/TNS catalyst due to the above
simultaneously enhanced conversion and selectivity. To the
best of our knowledge, the same level of cyclohexene yield
) YCHE
b (%) R0

c (mol min�1 g�1) TOF (s�1)

19.2 0.022 9.6
20.3 0.025 9.8
31.3 0.112 14.4
50.7 0.203 26.5

sure 5.0 MPa, reaction temperature 150 �C. b The results are provided at
¼ selectivity to cyclohexene; YCHE ¼ yield of cyclohexene. c Value was
m of catalyst.

J. Mater. Chem. A, 2014, 2, 7570–7577 | 7575
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reported in previous studies generally involves both a Ru cata-
lyst and a high amount of inorganic additives (e.g., ZnSO4),
resulting in problems of reactor corrosion and separation. In
comparison, herein the employment of the as-synthesized
ultrane and highly-dispersive Ru–B catalyst offers a facile and
green route for the selective hydrogenation of benzene. In
addition, the Ru–B/TNS catalyst exhibits a good reusability; its
activity and selectivity toward cyclohexene remains almost
unchanged in ve recycles (Fig. 7A). The TEM images further
reveal that the particle size and morphology of the used catalyst
can be maintained (Fig. 7B), demonstrating a stable, effective
and recyclable catalyst.

4. Conclusion

In summary, highly-dispersed Ru–B NPs supported on sheet-
like titanate were fabricated via a two-step method. The spatial
effect of the tubular titanate induces the formation of ultrane
Ru–B NPs in the conned synthesis; the subsequent structural
transformation of support from nanotube to nanosheet
provides an unconned environment for the selective hydro-
genation of benzene to cyclohexene, eliminating the internal
diffusion resistance. The resulting Ru–B NPs with surface-
enriched alloying B and electron-enriched Ru species, account
for the superior catalytic behavior. This work provides a facile
approach for the design and fabrication of a supported Ru–B
amorphous alloy nanocatalyst, which can serve as a promising
candidate in hydrogenation reactions.
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