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Double-active site synergistic catalysis in Ru–TiO2

toward benzene hydrogenation to cyclohexene
with largely enhanced selectivity†

Xiaoge Xue,‡a Jie Liu,‡b Deming Rao,a Simin Xu,a Weihan Bing,a Bin Wang,c
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The selective hydrogenation of benzene is one promising route to obtain cyclohexene, a key intermediate

for the production of various value-added fine chemicals. Herein, we report the preparation of a novel Ru/

TiO2 catalyst encapsulated by a porous TiO2 coating (denoted as (Ru/TiO2)@p-TiO2) for this reaction, in

which the supported Ru particles serve as active sites for hydrogen dissociation while the porous TiO2 sur-

face acts as the active center for benzene hydrogenation. By virtue of the shielding effect of the porous

TiO2 layer with a suitable pore size, only hydrogen molecules can diffuse into the interior Ru surface for

dissociation adsorption, followed by hydrogen spillover from Ru to the porous TiO2 surface and subse-

quent hydrogenation of adsorbed benzene there. Cyclohexene temperature programmed desorption

(CHE-TPD) and DFT calculations demonstrate that cyclohexene shows a more beneficial desorption and a

much higher activation energy for its further hydrogenation over the TiO2 surface in comparison with the

Ru surface, accounting for the largely enhanced catalytic performance (benzene conversion: 98.1%, cyclo-

hexene selectivity: 76.6%). This double-active-site synergistic catalysis, to the best of our knowledge, gives

the highest cyclohexene yield ever reported.

1. Introduction

The partial hydrogenation of benzene offers a cost-effective
and atom-economical route for the production of cyclohexene
—a key intermediate for various value-added fine
chemicals.1,2 Ruthenium-based catalysts have been widely
used in this hydrogenation conversion but still show limited
selectivity to cyclohexene due to the thermodynamically favor-
able deep hydrogenation reaction.3 Great efforts have been fo-
cused on the modulation of hydrophilicity4–6 and electronic
structure7–9 of ruthenium catalysts, so as to achieve facile de-
sorption of cyclohexene and inhibit further hydrogenation in
such a consecutive hydrogenation process. However, to date,
how to precisely control the one-step hydrogenation of ben-

zene over Ru-based catalysts is still an arduous assignment
and needs a deep investigation.

In a heterogeneous catalytic hydrogenation reaction, disso-
ciation of hydrogen molecules and subsequent hydrogenation
of reactants on active sites are two key steps in determining
catalytic performance.10 Regarding the selective hydrogena-
tion of benzene over a supported Ru catalyst, the active sites
on the surface of Ru not only dissociate hydrogen molecules
to give active hydrogen species but also catalyze the hydroge-
nation conversion of adsorbed benzene. This one-active cen-
ter-dependent catalysis would result in a high concentration
of surface dissociated hydrogen, which facilitates the deep
hydrogenation of cyclohexene to cyclohexane. Moreover, the
low activation energy of deep hydrogenation over metallic Ru
may accelerate this process, which has been observed in
other hydrogenation reactions.11 It is reported that some sup-
ports (e.g., TiO2,

12 ZrO2 (ref. 13) and CeO2 (ref. 14)) can also
catalyze the conversion of benzene via the well-known spill-
over hydrogen effect, serving as the supplementary/subordi-
nate active center for hydrogenation.15 This inspires us to ex-
plore a two-active center-dependent catalysis approach: if the
hydrogen dissociation center (Ru) and benzene hydrogena-
tion center (support) are separately located in geometric
space, the hydrogenation of benzene would occur via the
spillover hydrogen mechanism. This new catalytic approach
would control the concentration of active hydrogen species at
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a moderate level; furthermore, the activation energy of deep
hydrogenation of cyclohexene over a metal oxide support is
much higher than that over Ru, both of which would facili-
tate the desorption of cyclohexene and thus enhance the hy-
drogenation selectivity.

Herein, we prepare a novel Ru/TiO2 catalyst encapsulated
by a porous TiO2 layer (denoted as (Ru/TiO2)@p-TiO2) via a
facile two-step procedure: hydrothermal deposition of the ti-
tania layer on the surface of Ru/TiO2, followed by the re-
moval of the pore generator to produce a porous TiO2 coat-
ing on Ru/TiO2 (Scheme 1). TEM measurements show that
the Ru/TiO2 particles are coated by an amorphous-like, po-
rous TiO2 layer, which can specifically allow the diffusion
of hydrogen molecules other than benzene as revealed by
the TPD technique. The as-synthesized (Ru/TiO2)@p-TiO2

catalyst exhibits a surprisingly high selectivity toward ben-
zene hydrogenation (benzene conversion: 98.1%; cyclo-
hexene selectivity: 76.6%), which is the highest cyclohexene
yield to the best of our knowledge. FTIR spectra demon-
strate that spillover hydrogen from the metallic Ru trans-
forms to active hydroxyl species on the surface of the TiO2

coating, which then participates in the hydrogenation of
benzene adsorbed there. DFT calculations reveal that TiO2

both accelerates the desorption of cyclohexene and exerts a
higher energy barrier for deep hydrogenation compared
with metallic Ru. This double-active center-dependent ap-
proach over the (Ru/TiO2)@p-TiO2 catalyst takes the advan-
tages of Ru–TiO2 synergistic catalysis, which results in the
largely enhanced selectivity to cyclohexene.

2. Experiment section
2.1 Materials

RuCl3·3H2O, TiO2 (anatase), tetra-n-butyl titanate (TnBT),
tetradecyl trimethyl ammonium bromide (TTAB), ethanol,
benzene, cyclohexene and cyclohexane were purchased
from Sigma-Aldrich and used without further purification.
Deionized water was used in all the experimental
processes.

2.2 Preparation of catalysts

Preparation of TiO2 supported Ru particles (Ru/TiO2). TiO2

(4.0 g) was dried overnight in an oven at 100 °C and dis-
persed in a RuCl3·3H2O aqueous solution (0.1643 g, 300 mL)
with ultrasonication, followed by vigorous stirring for 3 h.
The obtained suspension was separated by centrifugation,
washed with deionized water until no Cl− was detected by the
AgNO3 reagent, and then dried in an air circulating oven at
60 °C for 12 h. Subsequently, the sample was reduced in 10%
H2 (H2/N2 = 1 : 9, v/v) at 400 °C for 3 h with a heating rate of 5
°C min−1, yielding TiO2 supported Ru particles (denoted as
Ru/TiO2).

Preparation of porous TiO2 coated Ru/TiO2 ((Ru/TiO2)@p-
TiO2). Coating of the porous TiO2 layer onto Ru/TiO2 parti-
cles was carried out by a reported method with some
modification.16 In detail, 1.0 g of Ru/TiO2 and 1.0 g of
TTAB were added into 500 mL of ethanol solution (etha-
nol/H2O = 4 : 1, v/v). After agitation with vigorous
ultrasonication for 3 h, 100 mL of ethanol solution
containing 0.2 g of TnBT was added dropwise into the
above suspension under vigorous stirring and the resulting
mixture was aged at room temperature for 3 h. Subse-
quently, the obtained suspension was filtered and dried
under vacuum at 50 °C for 12 h to yield the (Ru/
TiO2)@TiO2 sample. Finally, the as-synthesized sample was
calcined at 450 °C in air to produce a porous TiO2 coat-
ing by the removal of the TTAB surfactant, resulting in
the (Ru/TiO2)@p-TiO2 sample.

2.3 Catalytic evaluation

Prior to the catalytic evaluation, the (Ru/TiO2)@p-TiO2 catalyst
was first pretreated in a gaseous mixture of H2/N2 (1/9, v/v)
for 1 h with a total gas flow of 100 mL min−1 at 400 °C with a
heating rate of 5 °C min−1 and then was evaluated by selec-
tive hydrogenation of benzene according to the same proce-
dure reported in our previous work.21

2.4 Characterization

The temperature programmed desorption of hydrogen and
carbon monoxide (H2/CO) was conducted on a Micromeritics
ChemiSorb 2920. Before desorption measurements, the sam-
ple was pretreated at 400 °C in a gaseous mixture of H2 and
Ar (1 : 9, v/v) for 2 h and then cooled down to room tempera-
ture. H2/CO was introduced for 1 h. Subsequently, the sample
was purged with carrier gas (argon for H2-TPD; helium for
CO-TPD) for the removal of physisorbed species, followed by
the TPD process in a carrier gas stream at a rate of 50 mL
min−1 and a temperature ramp of 10 °C min−1.

The temperature programmed desorption of cyclohexene
(CHE-TPD) was conducted on a Micromeritics ChemiSorb
2920. The sample was first pretreated at 400 °C in a gas-
eous mixture of H2 and He (1 : 9, v/v) for 2 h, cooled
down to room temperature, and then cyclohexene vapor
was introduced until adsorption saturation. Subsequently,
the sample was purged with helium for the removal of

Scheme 1 Schematic illustration for the synthesis of the porous TiO2-
capped Ru/TiO2 catalyst.
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physisorbed species, followed by the TPD process in a car-
rier gas stream at a rate of 40 mL min−1 and a tempera-
ture ramp of 10 °C min−1.

Fourier-transformed infrared absorption spectra were
obtained using a Nicolet 380 instrument spectrophotome-
ter. The nature of the acid sites was characterized by FTIR
spectroscopy of adsorbed pyridine (Py-IR). The sample (20
mg) was pressed into a wafer of 1.3 cm diameter,
installed in an IR cell with a CaF2 window, reduced at
400 °C for 3 h, followed by evacuation treatment at this
temperature. Subsequently, the sample was cooled to 150
°C for recording the background spectrum. With the intro-
duction of pyridine into the cell for 2 h, the spectrum
was recorded with an accumulation of 32 scans after the
removal of physisorbed pyridine by evacuation treatment.
The amount of Lewis acid sites involved in the adsorbed
pyridine (nPy) was calculated based on the following
equation:

nPy = 1.42A × R2/m (1)

where A, R and m are the surface area (cm−2), radius (cm)
and weight (g) of the sample wafer. In addition, to gain
insight into the process of spillover hydrogen-based ben-
zene hydrogenation on the surface of TiO2, in situ FTIR
spectra recorded on the Ru/TiO2@p-TiO2 sample were
obtained. In detail, the sample (20 mg) was pressed into
a wafer and evacuated at 400 °C in the same cell. After
the background spectra at different temperatures (400,
300, 200, 150, 100 °C and RT) were recorded, the sample
was treated by temperature programmed reduction with si-
multaneous collection of FTIR spectra. For in situ FTIR
measurements, the sample of Ru/TiO2@p-TiO2 was
pretreated in H2 at 150 °C. As a reference, the same sam-
ple was pretreated under vacuum at 150 °C. After the
background spectra of these two samples at 150 °C were
recorded, the benzene steam was introduced into the two
quartz cells simultaneously for the collection of FTIR spec-
tra at 150 °C.

2.5 Computational methods

The Ru(001) and TiO2Ĳ101) surfaces were represented as a
four-layer slab with a p(4 × 4) supercell. Only the bottom
atoms of the slab were constrained to their crystal lattice
positions; the neighboring slabs were separated in the di-
rection perpendicular to the surface with a vacuum region
of 15 Å. Transition state (TS) searches were performed at
the same theoretical level with the NEB method, followed
by obtaining the true saddle point with a unique negative
frequency. To study the interaction between the Ru sur-
face and cyclohexene, the adsorption energy of cyclo-
hexene (Eads) was calculated according to the following
equation:

Eads = E(facet) + E(cyclohexene) − E(facet with cyclohexene)(2)

3. Results and discussion
3.1 Structural and morphological studies on catalysts

(Ru/TiO2)@p-TiO2 was prepared via a facile two-step proce-
dure: a titania layer was coated on the surface of Ru/TiO2

particles, followed by calcination to remove the pore gen-
erator to obtain a porous TiO2 coating on Ru/TiO2

(Scheme 1). Fig. 1A shows the XRD patterns of bare TiO2,
Ru/TiO2, (Ru/TiO2)@TiO2 and (Ru/TiO2)@p-TiO2 samples.
The diffraction peaks at 2θ = 25.2°, 37.9°, and 48.1° for
bare TiO2 (Fig. 1A-a) are indexed to anatase TiO2 (JCPDS
no. 21-1272). After the immobilization of Ru nanoparticles
on TiO2, the resulting Ru/TiO2 sample (Fig. 1A-b) shows
no obvious change, implying a high dispersion or a low
concentration of Ru NPs. In the cases of (Ru/TiO2)@TiO2

(Fig. 1A-c) and (Ru/TiO2)@p-TiO2 (Fig. 1A-d) with a
nonporous or a porous TiO2 coating, they both display a
similar anatase TiO2 phase. Fig. 1B shows the TEM im-
ages of Ru/TiO2, (Ru/TiO2)@TiO2 and (Ru/TiO2)@p-TiO2, re-
spectively. The Ru/TiO2 sample displays numerous Ru
nanoparticles (mean size: ∼2.0 nm) with a high dispersion
on the surface of TiO2 (Fig. 1B-a). After a coating treat-
ment, the obtained (Ru/TiO2)@TiO2 sample exhibits a clear

Fig. 1 (A) XRD patterns of (a) TiO2, (b) Ru/TiO2, (c) (Ru/TiO2)@TiO2 and
(d) (Ru/TiO2)@p-TiO2. (B) HRTEM images of (a) Ru/TiO2, (b) (Ru/
TiO2)@TiO2, and (c and d) (Ru/TiO2)@p-TiO2.
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core–shell structure in which the Ru/TiO2 particle is
surrounded by an amorphous-like TiO2 layer (Fig. 1B-b:
∼2 nm). The calcination process for the removal of the
pore generator leads to a decrease in the thickness of the
TiO2 layer (Fig. 1B-c: ∼1.5 nm). The lattice fringe of 0.351
nm in Fig. 1B-d corresponds to the (101) plane of the an-
atase TiO2 core.

Removal of the pore generator (TTAB) during the calci-
nation process is of great importance, which endows the
exterior TiO2 layer with a porous structure. IR spectra re-
veal the absence of alkyl and quaternary ammonium vibra-
tions of TTAB, indicative of the successful removal of this
pore generator (Fig. S1†). Furthermore, the porous TiO2

layer with a suitable pore size is also crucial for the fol-
lowing catalytic evaluation. Carbon monoxide and hydro-
gen can be used as probing molecules to investigate the
micropores by the temperature programmed desorption
(TPD) technique. Fig. 2A displays the H2-TPD profiles of
(Ru/TiO2)@p-TiO2 and Ru/TiO2, respectively, both of which
exhibit two strong desorption peaks of hydrogen below
650 °C. According to the previously reported investigation,
the peak at low temperature is assigned to the desorption
of hydrogen from metallic Ru, whereas the one at high
temperature is attributed to the desorption of spillover hy-
drogen on the TiO2 support.17,18 CO-TPD profiles of (Ru/
TiO2)@p-TiO2 and Ru/TiO2 are shown in Fig. 2B. A re-
markable CO desorption peak at 110 °C is observed for
the Ru/TiO2 sample, which is due to the adsorption of
CO on metallic Ru. However, no signal is detected for the
(Ru/TiO2)@p-TiO2 sample. The results indicate that the
micropores in the TiO2 coating only allow the diffusion of
hydrogen into the interior Ru nanoparticles but do not

permit the diffusion of CO molecules. This is due to the
relatively larger dynamic diameter of the CO molecule
(0.38 nm) compared to that of the hydrogen molecule
(0.29 nm). In other words, the synthesized (Ru/TiO2)@p-
TiO2 catalyst would show interesting diffusion behavior
when employed in benzene hydrogenation reaction, i.e.,
the hydrogen molecule can enter the interior surface of
Ru, while the benzene molecule, with a larger dynamic di-
ameter than CO, is restricted to remain on the surface po-
rous TiO2 layer (Table 1).

3.2 Catalytic evaluation for selective hydrogenation of
benzene

For the hydrogenation reaction of benzene, the catalytic per-
formance of these catalysts was evaluated. It should be noted
that the bare TiO2 and (Ru/TiO2)@TiO2 show no activity for
this reaction, indicating that the single TiO2 surface cannot
accelerate the hydrogenation of benzene. Therefore, the cata-
lytic behavior of (Ru/TiO2)@p-TiO2 was evaluated, with Ru/
TiO2 as a reference sample (Fig. 3; reaction temperature: 150
°C; H2 pressure: 5.0 MPa). For these two catalysts, the ben-
zene content decreases and the cyclohexane content increases
progressively in the whole reaction time, while the cyclo-
hexene content increases at first and then tends to decrease
along with the reaction time, according to the widely known
behavior of consecutive reactions. The Ru/TiO2 catalyst shows
a high hydrogenation activity but a low selectivity: at a ben-
zene conversion of 73.1%, the corresponding cyclohexene se-
lectivity is only 32.6%. In contrast, the (Ru/TiO2)@p-TiO2 cata-
lyst has a low hydrogenation activity but a much higher
selectivity. Even at a benzene conversion of 98.1%, the

Fig. 2 (A) H2-TPD and (B) CO-TPD profiles of Ru/TiO2 and (Ru/TiO2)@p-TiO2.
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selectivity to cyclohexene is still as high as 76.6%. As a result,
a maximum cyclohexene yield of 75.1% is obtained over the
(Ru/TiO2)@p-TiO2 catalyst (Table 2). This is, to the best of our
knowledge, the highest value in comparison with the previ-
ously reported work (see Table S1†).

Previous reports reveal that the relative hydrogenation
rate of benzene to cyclohexene (step 1) is a first-order re-
action and cyclohexene to cyclohexane (step 2) is a zero-
order reaction.19,20 Since step 1 and step 2 determine the
selectivity to cyclohexene, a relevant kinetic investigation
was carried out to examine the effect of the porous TiO2

coating on the selectivity of benzene hydrogenation. By
fitting the reaction data presented in Fig. 3, step 1 and
step 2 are identified as first-order and zero-order reac-
tions, respectively (Fig. 4). Based on the slope of the rela-
tive kinetic plots, the two rate constants k1 and k2 are cal-
culated and listed in Table 3. It can be seen that both k1
and k2 for the Ru/TiO2 catalyst are larger than those of
the (Ru/TiO2)@p-TiO2 catalyst. In particular, the value of

k2 for the former catalyst reaches up to 120 × 10−2 mol
L−1 min−1, much higher than that for the latter one (10.4
× 10−2 mol L−1 min−1). The results imply that a higher hy-
drogenation activity of the Ru/TiO2 catalyst, on the other
hand, also brings a faster deep hydrogenation of cyclo-
hexene. As listed in Table 3, the ratio of k1/k2 for (Ru/
TiO2)@p-TiO2 is 0.118 L mol−1, which is 4 times larger
than that for the Ru/TiO2 catalyst, indicating that the
deep hydrogenation of cyclohexene is inhibited effectively
on the porous TiO2-decorated catalyst, in agreement with
their catalytic performance mentioned above.

3.3 Studies on the structure–property correlation of (Ru/
TiO2)@p-TiO2

It has been reported that aromatic compounds can be hy-
drogenated over metal catalysts supported on acid sup-
ports more effectively than on neutral or basic supports.22

This is because the electron-rich aromatic hydrocarbons

Table 1 Structural parameters of various samples

Samples Rua (wt%) Ru dispersionb (%) Mean Ru particle size by TEM (nm)

Ru/TiO2 1.92 27.5 2.0 ± 0.4
(Ru/TiO2)@p-TiO2 1.56 — 2.0 ± 0.5

a Values determined by ICP. b Values based on the CO-TPD results.

Fig. 3 Time courses of benzene hydrogenation over the (A) Ru/TiO2 and (B) (Ru/TiO2)@p-TiO2 catalysts.

Table 2 Catalytic performance of the Ru/TiO2 and (Ru/TiO2)@p-TiO2 catalysts
a

Catalyst tb (min) Conv.b (%) SCHE
b (%) YCHE

b (%) R0
c (mmol s−1 g−1)

Ru/TiO2 40.0 73.1 32.6 23.8 3.01
(Ru/TiO2)@p-TiO2 210 98.1 76.6 75.1 1.14

a Reaction conditions: catalyst, 0.1 g; benzene, 10 mL; H2O, 20 mL; H2 pressure, 5.0 MPa; reaction temperature, 150 °C. b The results are
obtained at the maximum yield of cyclohexene. Conv. = conversion of benzene; SCHE = selectivity to cyclohexene; YCHE = yield of cyclohexene.
c Values are calculated based on the amount of converted benzene per minute per gram of catalyst.
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tend to adsorb on the Lewis acid sites of the support,
followed by catalytic hydrogenation with the so-called
“spillover hydrogen” that originates from the dissociated
hydrogen species on the active metal. Titanium dioxide
(TiO2), with abundant surface Lewis acid sites,23 is often
used as a support for metal catalysts toward aromatic hy-
drogenation. As shown in Fig. S2,† both the Ru/TiO2 and
(Ru/TiO2)@p-TiO2 catalysts show notable Lewis acid site-
coordinated pyridine (L-Py) at 1446 cm−1.24 With regard to
the (Ru/TiO2)@p-TiO2 catalyst, the active metal is covered
by the porous TiO2 layer, but benzene adsorbed on the ex-
terior TiO2 surface is still expected to be hydrogenated by
spillover hydrogen from the interior metallic Ru, which
will be further discussed in the next section. In order to
gain a deep understanding of the formation of spillover
hydrogen on the porous TiO2 surface, in this work, the
(Ru/TiO2)@p-TiO2 catalyst was characterized by the FT-IR
technique under a H2 atmosphere. Fig. 5A shows that af-
ter vacuum treatment followed by H2 injection, a new ab-
sorption band at 3670 cm−1 assigned to surface hydroxyl
is observed, whose intensity increases at first from RT to
200 °C and then decreases from 200 to 400 °C. According
to the previous investigation, this newly formed surface
hydroxyl can be attributed to the Ti–OĲH)–Ti structure.25,26

In addition, the surface hydroxyl species shows a maximal
concentration in the temperature range of 150–200 °C,

which is in accordance with the catalytic reaction tempera-
ture mentioned above (150 °C). Fig. 5B further shows the

Fig. 4 Plots of (A) ln c (benzene) vs. reaction time and (B) c (cyclohexane) vs. reaction time over Ru/TiO2 and (Ru/TiO2)@p-TiO2 catalysts,
respectively. Reaction conditions: 150 °C, 5.0 MPa.

Table 3 Catalytic kinetic investigation on various Ru-based catalysts

Catalyst k1 (10
−2 min−1) k2 (10

−2 mol L−1 min−1) k1/k2 (10
−2 L mol−1) Ref.

Ru/TiO2 3.38 120 2.82 This work
(Ru/TiO2)@p-TiO2 1.23 10.4 11.8 This work
Ru1.0Cu0.5/MgAl-LDH 2.37 47.2 5.02 21
Ru/B–ZrO2Ĳ1/15) 5.2 108 4.8 3

Fig. 5 FT-IR spectra recorded over the (Ru/TiO2)@p-TiO2 catalyst: (A)
after vacuum treatment at 400 °C followed by H2 injection at various
temperatures; (B) with the introduction of benzene at 150 °C over the
fresh catalyst (a) and after H2 pretreatment (b).
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activity test of the surface hydroxyl species by the intro-
duction of benzene. As shown in Fig. 5B-a, when benzene
gas was introduced into the quartz cell at 150 °C, a band
at 3000–3100 cm−1 attributed to the C–H stretching vibra-
tion of benzene was observed, indicating the adsorption
of benzene on the catalyst surface. After the (Ru/TiO2)@p-
TiO2 catalyst was pretreated in H2 at 150 °C, benzene gas
was introduced into the quartz cell (Fig. 5B-b). It is inter-
esting that a notable negative band at 3670 cm−1 is ob-
served, which implies that the hydroxyl species is catalyti-
cally active for the hydrogenation of benzene. No obvious
signal of the corresponding hydrogenation products (i.e.,
cyclohexene/cyclohexane) is detected, probably due to their
weak adsorption on the catalyst surface. Therefore, the se-
lective hydrogenation of benzene over the (Ru/TiO2)@p-
TiO2 catalyst can be summarized by the following route:
the dissociated hydrogen from Ru spills over to the po-
rous TiO2 surface to form active hydroxyl species, which
participates in the hydrogenation of adsorbed benzene.

The hydrogenation activity of the (Ru/TiO2)@p-TiO2 cata-
lyst is inhibited to some extent, since benzene hydrogenation
only occurs on the exterior TiO2 surface due to diffusion limi-
tation revealed by the H2/CO-TPD results. Nevertheless, the
selectivity of benzene hydrogenation toward cyclohexene is
largely enhanced. Based on the structural characterization
and in situ FT-IR studies, it is concluded that the interior me-
tallic Ru and the porous TiO2 layer in the (Ru/TiO2)@p-TiO2

catalyst serve as an independent hydrogen dissociation site
and a hydrogenation site, respectively. Therefore, the forma-
tion of cyclohexene and its further hydrogenation occur on
the surface of TiO2 rather than on the conventional metallic
Ru, which exerts significant influence on the selectivity to
cyclohexene in this reaction.

Once cyclohexene is formed on the catalyst surface, it ei-
ther undergoes desorption or reacts further; the latter out-
come would lead to undesirable formation of cyclohexane. In
other words, a high selectivity is expected to be obtained over
one catalyst that imposes a weak interaction with cyclohexene
as well as a high activation barrier for further hydrogenation
of cyclohexene. Herein, the interaction between cyclohexene
and the catalyst surface was further investigated by tempera-
ture programmed desorption measurements of cyclohexene
on three representative samples (i.e., pure TiO2, (Ru/TiO2)@p-
TiO2 and Ru/TiO2).

It is known that the selectivity of cyclohexene is deter-
mined by both the desorption energy of cyclohexene (Ed) and
its activation barrier for further hydrogenation (Ea). A lower
Ed and a higher Ea are beneficial to enhance the selectivity to-
ward cyclohexene. As displayed in Fig. 6, only one desorption
peak of cyclohexene appears at 120 °C for the bare TiO2 and
(Ru/TiO2)@p-TiO2 catalyst, which is assigned to cyclohexene
chemisorbed on the surface of TiO2. In the case of the Ru/
TiO2 catalyst, besides the same peak at 120 °C, an additional
shoulder peak is observed at 180 °C, which is due to the
cyclohexene adsorbed on metallic Ru. This result indicates
that the desorption of cyclohexene on TiO2 is easier than that

on metallic Ru (with an ∼60 °C decrease in desorption tem-
perature). The facile desorption behavior of cyclohexene on
the (Ru/TiO2)@p-TiO2 catalyst was also verified by DFT calcu-
lations (Fig. S3†): the desorption energy of cyclohexene on
the typical TiO2Ĳ101) facet is lower than that on the Ru(001)
facet (Ed: 3.56 eV vs. 4.30 eV), in agreement with the CHE-
TPD results.

DFT calculations were carried out to study the activation
barrier for further hydrogenation of cyclohexene (Ea) on
typical TiO2Ĳ101) and Ru(001), respectively (Fig. 7). The re-
sults show that further hydrogenation of cyclohexene on the
TiO2Ĳ101) facet needs a higher activation barrier compared

Fig. 6 Cyclohexene temperature programmed desorption (CHE-TPD)
profiles over TiO2, (Ru/TiO2)@p-TiO2 and Ru/TiO2, respectively.

Fig. 7 Energy profiles of the pathways from C6H10 + H to C6H11 on
TiO2Ĳ101) and Ru(001), respectively.
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with that on the Ru(001) facet (Ea: 1.03 eV vs. 0.80 eV). In ad-
dition, the process of C6H10 + H to C6H11 on TiO2Ĳ101) is
endothermic while that on Ru(001) is exothermic. This indi-
cates that the hydrogenation of cyclohexene on TiO2 is both
kinetically and thermodynamically unfavorable in compari-
son with that on Ru. Furthermore, based on the adsorption
structure of C6H10 + H on the TiO2Ĳ101) facet (Fig. S4a1†), the
surface active H species (Hs) tends to interact with the sur-
face oxygen atom in TiO2, in agreement with the experimen-
tal results that dissociated hydrogen spills over to the TiO2

surface to form active surface hydroxyl (Fig. 5A). Therefore, in
the (Ru/TiO2)@p-TiO2 system with an exterior TiO2 layer serv-
ing as a hydrogenation site, the desorption energy of cyclo-
hexene (Ed) decreases while its activation barrier for further
hydrogenation (Ea) increases on the TiO2 surface, in compari-
son with those on the Ru surface. This unique hydrogenation
approach results in a largely enhanced selectivity toward
cyclohexene.

Conclusions

In summary, a porous TiO2-capped Ru/TiO2 catalyst was pre-
pared via coating titania on the surface of Ru/TiO2 particles
followed by removing the pore generator to produce a porous
TiO2 layer. The interior metallic Ru and the exterior TiO2

coating in the (Ru/TiO2)@p-TiO2 catalyst serve as an indepen-
dent hydrogen dissociation site and a hydrogenation site, re-
spectively. The dissociated hydrogen from Ru spills over to
the porous TiO2 surface to form active hydroxyl species,
which participates in the hydrogenation of adsorbed ben-
zene. This unique hydrogenation mode largely facilitates the
desorption of cyclohexene and exerts a highly active energy
barrier for its further hydrogenation. Consequently, an excel-
lent catalytic performance (benzene conversion: 98.1%; cyclo-
hexene selectivity: 76.6%) was obtained over the (Ru/TiO2)@p-
TiO2 catalyst without the use of any additives. These advan-
tages over conventional catalytic systems make the (Ru/
TiO2)@p-TiO2 catalyst a green and efficient candidate toward
selective hydrogenation of benzene.
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