Catalysis
Science &
Technology

ROYAL SOCIETY

OF CHEMISTRY

PAPER

Metal-acid site synergistic catalysis in Ru-ZrO,
toward selective hydrogenation of benzene to
cyclohexenet

i '.) Check for updates ‘

Cite this: Catal Sci. Technol., 2018,
8, 236

Deming Rao, i Xiaoge Xue,i Guoqing Cui, Shan He, Ming Xu, Weihan Bing,
Shuxian Shi* and Min Wei @ *

Ruthenium-based catalysts are one of the most promising candidates toward selective hydrogenation of
benzene. In this work, we synthesized a novel core-shell catalyst by coating porous B-doped ZrO, on the
surface of Ru/ZrO, particles (denoted as Ru/ZrO,@ZrO,-B(x%)), in which the hydrogen dissociation occurs
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1. Introduction

Cyclohexene is an important chemical raw material, and can
be used to produce polycycloylene resin, rubber chemicals
and nylon-66." The production of cyclohexene by selective
hydrogenation of benzene has attracted considerable atten-
tion due to its advantages in atomic economy and production
of fewer by-products.® In particular, ruthenium based cata-
lysts have displayed the best catalytic performance in previous
studies,” but suffer from large loading and the high cost of
the noble metal.® In addition, inorganic additives (e.g.,
ZnSO,) have been widely used to promote the cyclohexene de-
sorption and inhibit its further hydrogenation, so as to largely
enhance the selectivity of cyclohexene.”**> However, the em-
ployment of Zn salts leads to environmental pollution and
equipment corrosion in industrial operations. Therefore, how
to design and prepare a new type of ruthenium-based catalyst,
so as to efficiently improve its activity and selectivity without
additives, is still an wurgent issue and needs deep
investigation.

For supported metal catalysts, the synergistic effect of
metal-carrier normally plays a crucial role in the catalytic re-
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mance (benzene conversion: 53.1%; cyclohexene selectivity: 58.8%) without using any additives.

action; a sophisticated catalyst design and subtle control over
fine structure of active sites could optimize the synergistic ef-
fect and thus enhance the catalytic performance.”*™*® For the
selective hydrogenation of benzene, it is reported that the hy-
drogen dissociation occurs on the surface of metal Ru; while
the acid site of the carrier serves as the activated adsorption
and hydrogenation site of benzene. Therefore, the tunability
of the acid sites would impose a significant influence on the
metal-carrier synergistic effect and the resulting cyclohexene
yield. ZrO,, a typical reducible carrier with abundant acid
sites, has been widely used as a catalyst carrier in hydrogena-
tion reactions and cracking reactions.'®>* Zong et al*
reported the tuning of acid sites by doping boron into ZrO,,
which greatly improved the selectivity of cyclohexene. How-
ever, there is still a lack of understanding on the quantitative
study of acid sites and how they affect the activity and selec-
tivity of the reaction. It is essential to identify the respective
contribution of the metal Ru and acid sites (type, concentra-
tion, strength), and to reveal the intrinsic mechanism of
metal-carrier synergistic effect, for the purpose of preparing
high performance Ru based catalyst toward selective hydroge-
nation of benzene.

In our previous work, we developed a double-active site
separation strategy in Ru based catalyst: a spatial separation
between the active site for hydrogen dissociation (Ru) and for
benzene hydrogenation (oxide carrier), in order to inhibit the
deep hydrogenation of cyclohexene.>* Herein, we further im-
prove this strategy by optimizing the metal-carrier synergistic
effect via tuning the acid sites the of oxide carrier. We pre-
pared a Ru/ZrO, catalyst encapsulated by a porous B-doped
ZrO, coating (denoted as Ru/ZrO,@ZrO,-B(x%)), for the
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selective hydrogenation of benzene. TEM images display a
core-shell structure, in which the particle size of Ru ranges
from 1.0-1.1 nm, and the thickness of the exterior ZrO,-B(x
%) coating is 2-4 nm. Catalytic evaluations show that the Ru/
ZrO,@Zr0,-B(5%) sample exhibits the best selectivity to cyclo-
hexene (benzene conversion: 53.1%; cyclohexene selectivity:
58.8%). H,-TPD and CO-TPD results demonstrate that H, can
access the encapsulated Ru surface through the porous ZrO,-
B(x%) layer, while this is forbidden for the benzene molecule,
avoiding the deep hydrogenation of cyclohexene on the
highly-active Ru. Furthermore, Py-IR and NH;-TPD show that
a balance of a weak/medium-strong Lewis acid site on the
surface of Ru/ZrO,@Zr0,-B(5%) plays a key role in the promo-
tion of adsorption of benzene and the desorption of cyclo-
hexene, accounting for the enhanced cyclohexene yield.

2. Experiment section
2.1 Materials

RuCl;:3H,0 (Ru wt% = 35-42%), ZrO, (monoclinic type)
(99.99%), ZrOCl,-6H,0 (99.9%), hexadecyl trimethyl ammo-
nium bromide (CTAB) (>99.0%), NaOH (>98%), and H3;BO;
(>99.5%) were of analytical grade (A.R.) and purchased from
Aladdin. Other chemicals, including benzene (>99.9%),
cyclohexene (>99.9%), and cyclohexane (>99.9%), were pur-
chased from the Beijing chemical Co., Ltd. Deionized water
was used in all the experimental processes without further
treatment.

2.2 Preparation of catalysts

2.2.1 Synthesis of Ru/ZrO, precursor. The Ru/ZrO, precur-
sor was prepared by the impregnation method. 2.0 g of ZrO,
was dispersed in deionized water (100 mL) with
ultrasonication and then added into a RuCl;-3H,0 (3.96 mL,
0.1 M) aqueous solution. Subsequently, the NaOH solution (2
mL, 0.1 M) was added drop by drop to the above mixed solu-
tion followed by vigorous stirring for 1 h. The obtained pre-
cipitation was separated by centrifugation, washed thor-
oughly with deionized water until no CI” was detected, and
dried in air at 60 °C for 12 h. Then the sample was reduced
in 10% H, (H,/N, = 1:9, v/v) at 400 °C for 3 h to obtain the
Ru/ZrO, catalyst precursor.

2.2.2 Synthesis of Ru/ZrO,@Zr0,-B(x%). Typically, 0.1 g of
obtained Ru/ZrO, and 0.2 g of cetyltrimethyl ammonium bro-
mide (CTAB) were added into deionized water (100 mL) un-
der ultrasonication for 1 h, followed by dropwise addition of
a ZrOCl,-8H,0 aqueous solution (20 mL, 0.1 M) at 80 °C with
vigorous stirring. Subsequently, H;BO; was added with vigor-
ous stirring for 12 h. The resulting precipitation was filtered
and dried in air at 50 °C for 12 h. Finally, these samples were
calcined at 450 °C in air to remove CTAB, and a series of
B-doped ZrO, capped Ru/ZrO, samples were obtained (de-
noted as Ru/ZrO,@ZrO,-B(x%)), where x represents the molar
ratio of H3;BOs;. In this work, Ru/ZrO,@ZrO,-B(0%), Ru/
Zr0,@Zr0,-B(5%), Ru/ZrO,@ZrO,-B(10%), Ru/ZrO,@ZrO,-
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B(15%) were obtained by adding 0 g, 0.12 g, 0.24 g, 0.36 g of
H;BO;, respectively.

2.3 Catalytic reaction

The catalytic reaction of selective hydrogenation of benzene
to cyclohexene was carried out in a Teflon-lined stainless
steel autoclave (100 mL) equipped with a magnetic stirrer,
according to the same procedure reported in our previous
work.>*

2.4 Characterization

X-ray diffraction (XRD) was characterized using a Rigadu
XRD-6000 X-ray diffractometer with a wavelength of 0.154
nm, and the radiation was Cu K. The test conditions were:
voltage, 40 kV; current, 40 mA; scanning rate, 10° min_'; and
26 angle, from 3° to 70°. The transmission electron micros-
copy (TEM) analysis was carried out on a JEOL JEM-2010 at
200 kv and EDS was performed to analyze the catalyst com-
position. Pyridine adsorption Fourier-transform infrared (Py-
IR) spectra were conducted on a Nicolet 380. The sample (20
mg) was first pressed into a wafer (12 mm in diameter) and
then installed in a reaction cell, pretreated with hydrogen at
400 °C for 3 h, and cooled to 150 °C for recording of the
background infrared signal. Subsequently, pyridine was intro-
duced into the reaction cell until the adsorption was satu-
rated, then the spectrum was recorded by deducting the
background. The np, was calculated based on the following
equation:

Npy = 1.424 x R*/m (1)

where A, R and m are the surface area (cm?®), radius (cm) and
weight (g) of the sample wafer, respectively. H,-TPD, CO-TPD,
benzene-TPD (Benz-TPD), cyclohexene-TPD (CHE-TPD) were
measured on a Micromeritics ChemiSorb 2920. For the H,-
TPD measurement, the sample (100 mg) was placed in a
U-shaped quartz tube and heated in a mixed atmosphere of
hydrogen/argon (1:9, v/v) at 400 °C for 3 h. After cooling
down to room temperature, the carrier gas (argon for H,-
TPD; helium for CO-TPD, Benz-TPD and CHE-TPD) was
purged for 1 h to remove the physically adsorbed H, on the
surface of the sample. Finally, the carrier stream was intro-
duced at a rate of 50 mL min™' with a heating rate of 10°
min " for the collection of the desorption signal.

3. Results and discussion
3.1 Structural and morphological characterization

In this work, a series of Ru-based catalysts were prepared by
coating a porous B-doped ZrO, layer on the Ru/ZrO, particles.
Fig. 1 displays the XRD patterns of Ru/ZrO,, Ru/ZrO,@ZrO,-
B(0%), Ru/ZrO,@Zr0,-B(5%), Ru/ZrO,@Zr0,-B(10%) and Ru/
ZrO,@Zr0,-B(15%), respectively. For Ru/ZrO, (Fig. 1a), the
diffraction peaks at 260 28.1°, 31.4°, 34.1°, 50.1° are indexed
to monoclinic ZrO, (JCPDS No. 37-1484). No reflection of Ru

Catal. Sci. Technol., 2018, 8, 236-243 | 237



Paper

(-111) = ZrQO, (monoclinic)
-

Intensity (a.u.)

20 30 40 50 60 70
2Theta (deg.)
Fig. 1 XRD patterns of (a) Ru/ZrO,, (b) Ru/Zr0,@Zr0,-B(0%), () Ru/

ZrO,@Zr0O,-B(5%), (d) Ru/ZrO,@ZrO,-B(10%) and (e) Ru/ZrO,@ZrO,-
B(15%), respectively.

is observed, which is possibly related to the low concentra-
tion and small size of the supported Ru particles. After coat-
ing with a B-doped ZrO, layer, the resulting Ru/ZrO,@ZrO,-
B(0%), Ru/ZrO,@ZrO,-B(5%), Ru/ZrO,@Zr0O,-B(10%), Ru/
ZrO,@Zr0,-B(15%) samples display a rather similar phase
structure to Ru/ZrO,, indicating an amorphous coating of
B-doped ZrO, layer on the exterior of Ru/ZrO,.

Fig. 2a shows the TEM images of the Ru/ZrO, sample. Nu-
merous Ru particles with a size of ~1.0 nm are well-dispersed
on the surface of ZrO,. As shown in Fig. 2b, the Ru/ZrO,@ZrO,-
B(0%) sample exhibits a clear core-shell structure with a shell
thickness of 2-4 nm after the cladding treatment of a ZrO,
layer on the surface of Ru/ZrO,. The lattice fringe of 0.284 nm
is identified, corresponding to the (111) plane of monoclinic
ZrO,. Fig. 2c-e displays the TEM images of Ru/ZrO,@ZrO,-
B(5%), Ru/ZrO,@ZrO,-B(10%) and Ru/ZrO,@ZrO,-B(15%), re-
spectively, all of which give a similar core-shell structure. The
B-ZrO, shell shows an amorphous structure with a thickness of
3-5 nm. Furthermore, Ru 3p XPS spectra of all these samples
are shown in Fig. S1.f Two remarkable peaks at 484.7 eV and
426.6 eV are observed for the sample of Ru/ZrO, (Fig. S1, curve
at), which are attributed to Ru 3p,/, and Ru 3ps,, respectively.
However, no signal is detected for these core-shell samples
(Fig. S1, curves b-et), indicating that the metallic Ru are en-
tirely embedded by the exterior B-ZrO, shell. However, it is still
difficult to reveal the existence state and distribution of boron
in the ZrO, lattice owing to the technique limitations. We
performed DFT calculations to explore the doping of B in ZrO,
lattice (see ESIT for detailed modelling), based on a previous
study on the doping of B in TiO,.>” The results show that when
one Zr atom is replaced by a B atom, the geometry of the
B-doped ZrO,(-111) facet only shows a slight change (Fig. S27),
indicating that the simulated model is energetically favourable.
More DFT calculations will be discussed in the following ad-
sorption of benzene and cyclohexene.

The porous structure of the exterior B-doped ZrO, layer
was studied by hydrogen temperature programmed desorp-
tion (H,-TPD) profiles (Fig. 3A). All these samples show two
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Fig. 2 HRTEM images of (a) Ru/ZrO,, (b) Ru/ZrO,@ZrO,-B(0%), (c) Ru/
ZrO,@Zr0O,-B(5%), (d) Ru/ZrO,@ZrO,-B(10%) and (e) Ru/ZrO,@ZrO,-
B(15%), respectively.

obvious desorption peaks: the low temperature peak is due to
the hydrogen desorption from the metallic Ru and the high
temperature one is attributed to the desorption of spill over
hydrogen on the support. This verifies that the H, molecule
can access the encapsulated Ru surface for dissociation
through the porous layer. In particular, the intensity of the
high temperature peak enhances gradually along with the in-
crease of the boron-doping amount (from Fig. 3A-b to A-e).
The doping of boron would introduce Lewis acid sites into
the ZrO, layer, which facilitates the spill over of hydro-
gen.”®*” Furthermore, in comparison with the Ru/ZrO, and
Ru/ZrO,@ZrO,-B(0%) samples, the doping of boron in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (A) H,-TPD and (B) CO-TPD profiles of (a) Ru/ZrO,, (b) Ru/
Zr0,@Zr0,-B(0%), (c) Ru/ZrO,@Zr0O,-B(5%), (d) Ru/ZrO,@ZrO,-B(10%)
and (e) Ru/ZrO,@ZrO,-B(15%), respectively.

ZrO, layer induces a positive shift of the high-temperature
desorption peak by 17 °C (from 434 °C to 451 °C). Fig. 3B
shows the CO-TPD profiles for Ru/ZrO, and Ru/ZrO,@ZrO,-
B(x%) samples. For the sample of Ru/ZrO,, a remarkable CO
desorption peak at 545 °C is observed, which is due to the
CO adsorption on the surface of Ru nanoparticles. In con-
trast, no CO desorption peak can be detected in the entire
temperature range for all these four Ru/ZrO,@ZrO,-B(x%)
samples. The BET test (Fig. S31) using the low temperature
nitrogen absorption-desorption technique shows both the
micropores and mesopores for the sample of Ru/ZrO,@ZrO,-
B(5%), indicating that the CO molecule should be accessible
to the interior structure. However, no CO-TPD signal is ob-
served, implying the activated adsorption of CO on the inte-
rior Ru surface is unfavorable.

Fig. 4 illustrates the catalytic performance over Ru/
ZrO,@Zr0O,-B(x%), with Ru/ZrO, as a reference sample (110 °C,
5.0 Mpa). Only cyclohexene and cyclohexane are detected as
the products for all of these samples. The content of benzene
decreases and cyclohexane increases progressively throughout
the reaction; while the content of cyclohexene increases first
and then decreases, which is in agreement with the well-known
behaviour of consecutive reactions. The sample of Ru/ZrO,
shows a maximal cyclohexene selectivity of 18.2% at 20 min,
with a benzene conversion of 40.3% (Table 1). In the case of
the Ru/ZrO,@ZrO,-B(x%) samples, the catalytic activity at the
same time point reduces to some extent, while the maximal se-
lectivity enhances significantly with an exterior ZrO,-B(x%)
shell. From x = 0 to x = 15%, the cyclohexene selectivity firstly
increases from 35.9% to 58.8% and then decreases to 44.7%.
The sample of Ru/ZrO,@ZrO,-B(5%) exhibits the maximum
cyclohexene selectivity of 58.8% with a conversion of 53.1%.
The results show that the boron content in the exterior shell
imposes a remarkable influence on the reaction selectivity.

3.2 Catalytic performance evaluations

It is well known that the hydrogenation of benzene includes
two consecutive steps: the first step is benzene hydrogenation

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Time courses of benzene hydrogenation over (a) Ru/ZrO,, (b)
Ru/ZrO,@Zr0O,-B(0%), (c) Ru/ZrO,@ZrO,-B(5%), (d) Ru/ZrO,@ZrO,-
B(10%) and (e) Ru/ZrO,@ZrO,-B(15%), respectively. Reaction
conditions: 150 °C, 5.0 Mpa.

to cyclohexene and the second one is further hydrogenation
of the cyclohexene to cyclohexane.*® Previous studies have
shown that the first step is a first-order reaction and the sec-
ond one is a zero order reaction. Therefore, the changes in
reaction rate constant (k; and k) originating from the fine
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Table 1 Catalytic performance of different Ru-based catalysts®
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Catalysts ¢ (min) Conv.” (%) Scuz” (%) Yeus” (%)
Ru/ZrO, 20.0 40.3 18.2 7.32
Ru/ZrO,@Zr0,-B(0%) 70.0 60.1 35.9 21.5
Ru/Zr0,@Zr0,-B(5%) 40.0 53.1 58.8 31.2
Ru/ZrO,@ZrO,-B(10%) 30.0 45.2 48.7 22.0
Ru/ZrO,@ZrO,-B(15%) 30.0 48.1 44.7 21.5

“ Reaction conditions: catalyst 0.1 g, benzene 10 mL, H,O 20 mL, H, pressure 5.0 MPa, reaction temperature 150 °C. b The data are provided at
the maximum yield of cyclohexene. Conv. = conversion of benzene; Scyg = selectivity to cyclohexene; Ycuy = yield of cyclohexene.

structure of the catalyst would exert influence on the reaction
selectivity. Fig. 5 displays the reaction kinetic data, and k,
and k, values are obtained from the slope of the fitted curves
(Table 2). The sample of Ru/ZrO, gives a k; and k, of 0.0458
min " and 1.927 mol L' min", respectively. For the four Ru/
ZrO,@Zr0O,-B(x%) samples, both k; and k, values decrease in
comparison with Ru/ZrO,. It is reasonable that the existence
of an exterior porous shell would increase the mass diffusion
resistance. However, it's interesting that the reaction rate
constants enhance gradually along with the increase of boron
content (from x = 0 to x = 15%), indicating that the introduc-
tion of the boron element may optimize the adsorption be-
haviour of benzene and/or the desorption of cyclohexene. It
is noteworthy that the selectivity to cyclohexene, represented
as ky/k,, gives a firstly increase and then decrease tendency;
with the largest selectivity being present in the sample of Ru/
ZrO,@Zr0,-B(5%), in accordance with the results above.

3.3 Studies on the structure-property correlation

It has been reported that the Lewis acid site in the ruthenium
based catalysts plays a key role in the activated adsorption of

Inc(Benzene)(%)

UL S ——
0 20 40 60 80 100 120
Reaction time(min)

benzene;>* therefore, the tuning of the acid site structure and
strength would exert an important effect on the selective hy-
drogenation performance. Py-IR spectra of the Ru/ZrO, and
Ru/ZrO,@Zr0,-B(x%) samples were performed and collected
at 373 K (Fig. 6). For all these samples, a band at 1440 cm™
is observed, which is ascribed to the pyridine adsorbed on
the Lewis acid sites. Furthermore, its intensity enhances pro-
gressively along with the increase of B doping, indicating that
the B-doped ZrO, shell provides abundant Lewis acid sites.
In addition, NH;-TPD was carried out over these samples to
explore the strength of the Lewis acid site (Fig. 7). The four
Ru/ZrO,@ZrO,-B(x%) samples show two desorption peaks at
190 °C and 255 °C, which are attributed to the weak Lewis
acid and medium-strong Lewis acid, respectively. However,
the Ru/ZrO, sample only displays a desorption peak corre-
sponding to a medium-strong Lewis acid site, with the ab-
sence of the weak Lewis acid. In the case of the Ru/
ZrO,@ZrO,-B(x%) samples, the peak intensity of the
medium-strong Lewis acid increases significantly from x =
0 to x = 15%. In contrast, the weak Lewis acid shows a rather
different change tendency: this peak is rather small in Ru/
ZrO,@Zr0,-B(0%), and its intensity maintains very closely in

100

¢(Cyclohexane)(%)

Y A ———

I
0 20 40 60 80 100 12
Reaction time(min)

Fig. 5 (A) Curves of Inc (benzene) vs. reaction time and (B) curves of ¢ (cyclohexane) vs. reaction time over: (a) Ru/ZrO,, (b) Ru/ZrO,@ZrO,-B(0%),
(c) Ru/ZrO,@ZrO,-B(5%), (d) Ru/ZrO,@Zr0O,-B(10%) and (e) Ru/ZrO,@ZrO,-B(15%), respectively.
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Table 2 Catalytic kinetic investigation of different Ru-based catalysts

k k (107 kalk,
Catalysts (10>min™") mol L™ min™) (107 L mol™)
Ru/ZrO, 4.58 192.7 2.38
Ru/ZI‘OZ@ZrOZ-B(O‘%) 1.33 51.3 2.59
Ru/ZrO,@ZrO,-B(5%) 1.73 63.3 2.73
Ru/ZrO,@Zr0,-B(10%) 2.12 84.0 2.52
Ru/ZrOZ@ZI‘OZ-B(15°/0) 2.64 105.2 2.51
1440cm”
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-
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Fig. 6 Py-IR spectra of (a) Ru/ZrO,, (b) Ru/ZrO,@ZrO,-B(0%), (c) Ru/

ZrO,@Zr0O,-B(5%), (d) Ru/ZrO,@ZrO,-B(10%) and (e) Ru/ZrO,@ZrO,-
B(15%) at 373 K, respectively.
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Fig. 7 NHs-TPD profiles of (a) Ru/ZrO,, (b) Ru/ZrO,@ZrO,-B(0%), (c)
Ru/ZrO,@Zr0O,-B(5%), (d) Ru/ZrO,@ZrO,-B(10%) and (e) Ru/
ZrO,@ZrO,-B(15%), respectively.

T
150

Ru/ZrO,@Zr0,-B(x%) (x = 5%, 10%, 15%). The results reveal
that the introduction of boron doping into the exterior ZrO,
shell provides two types of Lewis acid sites: a concentration-
independent weak Lewis acid and a concentration-dependent
medium-strong Lewis acid. The former is possibly related to
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the ZrO, structure modified by boron doping while the latter
originates from the accumulation of boron species. The inte-
gral area ratio of the weak to medium-strong Lewis acid,
Sweak/Smedium-strongs 18 0.57, 0.47, and 0.45 for Ru/ZrO,@ZrO,-
B(x%) (5%, 10%, 15%); the Ru/ZrO,@ZrO,-B(5%) exhibits the
largest Syeak/Smedium-strong Value, in agreement with its opti-
mal selectivity toward cyclohexene. The results indicate that
the weak Lewis acid site in the B-doped ZrO, shell gives a
predominant contribution to the activated adsorption of ben-
zene and/or the desorption of cyclohexene. In order to give a
further insight into the activated adsorption of the reactant,
benzene temperature-programmed desorption (Benz-TPD)
was carried out to investigate the adsorption behavior of ben-
zene over these Ru-based catalysts (Fig. 8A). For the sample
of Ru/ZrO, (Fig. 8A-a), two desorption peaks of benzene are
observed at 277 °C and 301 °C, which can be attributed to de-
sorption from the ZrO, carrier and from the Ru surface, re-
spectively. This is further confirmed by the Benz-TPD curve
over Ru/ZrO,@Zr0,(0%), from which only one desorption
peak at 277 °C is detected. As a result, the activated adsorp-
tion of benzene only occurs on the B-doped ZrO, shell, ac-
counting for the single desorption peak at 277 °C for Ru/
ZrO,@Zr0,(0%). Notably, for the three samples of Ru/
Zr0,@Zr0,-B(x%) (x = 5%, 10%, 15%) (from Fig. 8A-c to A-e),
the desorption peak shifts to a higher temperature relative to
Ru/ZrO,@Zr0,(0%) (308 °C vs. 277 °C), indicating the doping
of boron (i.e., the tunability of the Lewis acid sites) enhances
the activated adsorption of benzene on the catalyst surface.
In addition, the intensity of the desorption peak enhances
obviously upon increasing the amount of boron doping,
which could be due to the benzene desorption from the
Lewis acid sites. As the reaction of benzene hydrogenation
follows first order reaction kinetics, the increment in Lewis
acid sites density on the surface of the catalyst leads to an in-
creased concentration of adsorbed benzene, and thus effec-
tively accelerates the reaction rate of benzene. This is in ac-
cordance with the values of k; and k, over the Ru/ZrO,@ZrO,-
B(x%) (x = 5%, 10%, 15%) samples (Table 2).
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Fig. 8 TPD profiles of benzene (A) and cyclohexene (B) on (a) Ru/
ZrO,, (b) Ru/ZrO,@ZrO,-B(0%), (c) Ru/ZrO,@ZrO,-B(5%), (d) Ru/
ZrO,@ZrO,-B(10%) and (e) Ru/ZrO,@ZrO,-B(15%), respectively.
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ZrO,(-111) B-ZrO,(-111)

Fig. 9 Adsorption structures and adsorption energies of benzene and
cyclohexene on a pristine ZrO,(-111) surface and a B-doped ZrO,(-111)

surface, respectively. The white, gray, red, cyan and pink ball repre-
sents H, C, O, Zr and B, respectively.

It is well known that the desorption performance of the
cyclohexene molecule significantly affects the reaction selec-
tivity, for example, a facile desorption favours its selectivity.
Therefore, cyclohexene temperature-programmed desorption
(CHE-TPD) over these samples was further studied (Fig. 8B).
For Ru/ZrO, (Fig. 8B-a), as expected, two desorption peaks of
cyclohexene at 287 °C and 350 °C appear, which belong to de-
sorption from the surface of ZrO, and from the metal Ru, re-
spectively. For the porous ZrO,-coated ruthenium catalyst Ru/
ZrO,@Zr0,(0%) (Fig. 8B-b), only one desorption peak is ob-
served at a low temperature (286 °C), without the contact be-
tween cyclohexene and metal Ru owing to the shielding effect
of the ZrO, shell. Moreover, the desorption peak of cyclo-
hexene shifts to a higher temperature (from 287 °C to 315
°C) as the content of doped-B increases from 5 to 15%, indi-
cating a depressed desorption of cyclohexene. This can be
explained as follows: the medium-strong acid site with in-
creased density shows a strong interaction with cyclohexene
and inhibits its desorption, which facilitates the deep hydro-
genation of cyclohexene to cyclohexane. As a result, with the
increment of boron content in ZrO, shell, the k, value in-
creases dramatically, accompanied with the decrease of cyclo-
hexene selectivity (as shown in Table 2). Finally, the reusabil-
ity of the optimal catalyst, Ru/ZrO,@ZrO,(5%), was tested.
After each catalytic run, the organic phase was cleared under
vacuum and the residual catalyst suspension was reused in a
successive run without further reactivation. The catalyst
underwent little activity and selectivity loss, within 2%, after
three recycles (Fig. S47).

DFT calculations were performed to study the adsorption
energies of benzene and cyclohexene on a pristine ZrO,(-111)
surface and a B-doped ZrO,(-111) surface, respectively (Fig. 9).
The adsorption energy of benzene decreases from 0.35 €V to
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-0.01 eV after the doping of B, with an energy change of -0.36
eV. In contrast, the adsorption energy of cyclohexene decreases
from —0.02 to —0.06 eV, with an energy change of —0.04 eV. This
indicates that both benzene and cyclohexene adsorb more
strongly on a B-doped ZrO,(-111) surface than on a pristine
ZrO,(-111) surface. However, the doping of B facilitates the
benzene adsorption more significantly relative to the cyclo-
hexene adsorption, accounting for the enhanced selectivity to-
ward cyclohexene as shown in the experimental section. As a
balance between the activated adsorption of benzene and de-
sorption of cyclohexene, the sample of Ru/ZrO,@Zr0O,(5%) ex-
hibits the maximal selectivity toward cyclohexane.

4. Conclusions

In summary, a new Ru-based catalyst for selective hydrogena-
tion of benzene to cyclohexene was synthesized by coating a
porous B-doped ZrO, layer on the surface of Ru/ZrO, parti-
cles. The resulting Ru/ZrO,@ZrO,-B(5%) sample exhibits the
best catalytic performance (benzene conversion: 53.1%; cyclo-
hexene selectivity: 58.8%) without using any additives. Py-IR
and NH;3-TPD show that Ru/ZrO,@ZrO,-B(5%) possesses the
largest Sycak/Smedium-strong Value; and Benz-TPD and CHE-TPD
confirm that a promoted activated adsorption of benzene
and improved desorption of cyclohexene occur on the surface
of Ru/ZrO,@Zr0,-B(5%), accounting for its optimal selectivity
toward cyclohexene. This work provides an understanding of
the synergistic catalysis between metal Ru and the acid sites
of the carrier, which can be extended to the exploration of
other heterogeneous catalysts.
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