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Ru/Co/Co03;0,/C (Ru nanoclusters-on-Co/Co;0, nanoparticles) has
an unexpected enhancement of activity for benzene
hydrogenation which is about 2500 times higher than Ru-Co
nanoalloy/C. Detailed nanostructure characterizations of
Ru/Co/Co03;0,/C have revealed that the high activity originates
from a synergetic multifunction of the catalytic Ru, Co and Co;0,
sites on the nanocluster/nanoparticle surfaces.

To meet the increasing demand for diesel fuels there is a clear need
to develop efficient catalysts for removing aromatic compounds in
diesel fuels which constitute a major source of air pollution.’?
Among various catalysts for aromatic hydrogenation reaction,
nickel-based,®  platinum-based,*® ruthenium-based,®*? iridium-
based,”** rhodium-based™® and bimetallic catalysts (Pd-Rh,'® La-
Ni,'" Pt-Pd,'® Rh-Pt, Ir-Pt, Ru-Pt*® and Au-Pd®®) have been widely
used. Non-noble metal catalysts are cheap to some extent, but their
catalytic activity, selectivity and stability are generally poorer than
noble metal catalysts. It is highly desirable to develop low-cost and
highly-efficient catalysts for aromatic hydrogenation reaction under
relatively mild conditions.

To that end, a an important strategy is to design the catalysts with
synergistically multifunctional active sites, which plays a vital role
in the heterogeneous catalysis.?*?* For instance, Song and co-
workers®® have proved that Lewis acidic ionic liquid ([bmim]CI-
AICIl;) and Pd/C could work cooperatively to improve arenes
hydrogenation. The cooperation of multiple active sites has been
also utilized in the Rh(cod)-Pd/SiO, catalyst for benzene
hydrogenation?® and in the Rh-CNR,/Pd-SiO, catalyst for the
hydrogenation of toluene to methylcyclohexane.?
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Herein we report a new strategy to design and prepare a
nanocluster-decorated nanoparticle catalyst with multiple active sites
by a combination of noble metal nanoclusters and transition metal
oxide nanoparticles (NM-TM/TMO). This strategy is exemplified
via the design of Ru/Co/Co30,/C, where Ru nanoclusters are
anchored to the surface of Co/Co3;0,4 nanoparticles (NPs) supported
on carbon black. For benzene hydrogenation as a model reaction, we
hypothesize a synergetic multifunction of the catalytic sites in three
surface processes (Scheme 1), including Ru sites for activation of
molecular hydrogen (Process 1), Co30, sites (P-type semiconductor
with positively charged holes) for activation of benzene (with pi-
electron) via electrophilic adsorption (Process 2), and Co sites acting
as a “bridge” for transferring the activated H species to the activated
benzene by hydrogen spillover process (Process 3). We demonstrate
that the cooperation of Ru, Co and Co30,sites in these processes can
effectively enhance the catalytic performance of the catalyst for
benzene hydrogenation reaction, which constitute a new strategy for
the design of highly-active catalysts at atomic level.
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Scheme 1 The design of a novel multifunctional catalyst
consisting of Ru nanoclusters decorated Ni/NiO nanoparticles
(Ru-Ni/NiO) supported on carbon for benzene hydrogenation.
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Co/Co(OH),/C was prepared at RT via a hydrazine hydrate
reduction method, similar to the synthesis of Ni/Ni(OH),/C.%%
Ru/Co/Co(OH),/C was obtained by galvanic replacement method. -
32 After Co/Co(OH),/C and Ru/Co/Co(OH),/C were annealed in
flowing N, of 80 mL min™at 280 <C for 3 h, producing Co/C050,/C
and Ru/Co/C030,/C, respectively. For comparison, Ru-Co/C catalyst
was obtained after Ru/Co/Co(OH),/C reduced in N,+10%H, of 80
mL minat 280 <C for 3 h and Ru/C was prepared via impregnation
method (Scheme S1 and experimental details in Supporting
Information).

TG results provided strong evidence for the formation of
cobaltosic oxide (Co30,) after calcining Ru/Co/Co(OH),/C in N, at
280 <T (Fig. S1). The textural properties of different samples are
similar (Table S1). The mesoporous characteristic is evidenced by

the nitrogen adsorption-desorption isotherm for Ru/Co/Co30,/C (Fig.

S2). There is no characteristic diffraction peak for Ru metal in the
XRD patterns for Ru/Co/Co30,/C (Fig. S3A), indicating that Ru are
either very small or amorphous in this catalyst. And the formation of
Ru-Co nanoalloy is confirmed in the Ru-Co/C catalyst (Fig. S3B).
The Co/Co30,/C, Ru/C and Ru/Co/Co030,/C catalysts display a mean
particle size of 2~3 nm with a quite narrow size distribution and high
dispersity (Fig. S4).

Fig. 1 displays a typical set of HRTEM images for the
Co/Co0304/C, Ru/C, Ru/Co/C030,/C and Ru-Co/C samples. The
Co/Co030,/C sample (Fig. 1a) shows a lattice fringe of 0.233 nm,
which corresponds to the (222) facets of Co;0, with face-centered
cubic (fcc) structure. As shown in Fig. 1b, the indicated lattice
fringes with interplanar spacing of 0.213 nm could be ascribed to Ru
(002) planes.®® Fig. 1c displays lattice fringes with a distance of
0.233 nm, assigned to the (222) facets of Cos0,, indicating that Co
element is mainly with the form of Coz0, in the Ru/Co/Co30,/C
sample. Ru nanoclusters are highly dispersed and too small. Ru
cannot be observed in the HRTEM images for most of the
Ru/Co/Co030,4 bimetallic nanoparticles (BNPs). However, after the
Ru/Co/Co(OH),/C was treated in N,+10%H, at 280 <C, the lattice
fringe was reduced to 0.223 nm (Fig. 1d), which is smaller than
Ru(100)-0.238 nm* and larger than Co(111)-0.205 nm,
demonstrating the Ru-Co nanoalloy characteristic.
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Fig. 1 HRTEM images for (a) Co/Coz0,/C, (b) Ru/C, (c)
Ru/Co/C030,/C and (d) Ru-Co/C sample. The insets show their
respective fast Fourier transform (FFT) patterns results.
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The nanostructures and elemental distributions of the
Ru/Co/C030,/C and Ru-Co/C catalysts were measured by high angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) in combination with energy dispersive X-ray
spectroscopy (EDS). Fig. 2 shows a typical HAADF-STEM image
and corresponding elemental mapping results for the Ru/Co/Co30,/C
catalyst. The bright particles exhibit an average diameter of about
2.0 nm. There are many isolated bright particles in the HAADF-
STEM image, demonstrating the presence of NPs composed of
heavier elements dispersed on the carbon matrix. Ru, Co and O were
detected from the bright NPs on carbon matrix by EDS, as shown in
Fig. 2b. The low EDS counts make it hard to quantify the
concentration of Ru and Co in the NPs. Fig. 2c,d are elemental maps
for Ru and Co recorded using the Ru L-peak (~2.56 keV) and Co K-
peak (~6.93 keV), respectively. It is clear that those brighter NPs are
Ru-rich, based on analysis of the HAADF-STEM image and the Ru
mapping data (Fig. 2a,c). In comparison with the positions of the
four local regions with relatively higher Co concentration
highlighted by white circles in the Co map (Fig. 2d) in the Ru map
(Fig. 2c), the centers of Co-rich regions are found to deviate slightly
from those of Ru-rich regions (Fig. 2e), demonstrating the presence
of isolated Ru-rich nanoclusters immediately adjacent to those Co-
rich ones. The nanostructure of the Ru/Co/Co3z0, NPs is vividly
depicted by atomic model in Fig. 2f. These results are consistent
with EDS elemental line-scan results for Ru, Co, O and C across
several Ru/Co/Co30, BNPs (Fig. S5).

®——Ru —Co®—0

Fig. 2 HAADF-STEM image and EDS measurements of individual
BNPs for the Ru/Co/C030,/C sample. a) HAADF-STEM image. b)
An EDS spectrum acquired from a bright NP. c), d) and e) elemental
maps for Ru (green), Co (yellow) and Ru versus Co for the selected
square region in the HAADF-STEM image, respectively. f) The
atomic model of the Ru/Co/Co30, BNPs in the Ru/Co/C0;0,/C
sample.

Fig. 3a shows a HAADF-STEM image for the Ru-Co/C sample
and corresponding EDS line-scan results for Ru, Co, O and C across
several particles. The size of some particles in the Ru-Co/C sample
is above 10 nm which is much larger than Ru/Co/Cos0, BNPs, with
agglomeration of NPs to some extent. It indicates that strong
interactions between Ru nanoclusters and Co/Co;O, NPs are
important for stabilizing Ru nanoclusters on Co/Co30, for
Ru/Co/Co030,/C. The fact that EDS counts for Co change in a way
similar to that for Ru in all the measured particles, irrespective of the
size and shape of the particles (Fig. 3b,c) strongly suggests that Co
and Ru are likely mixed to form Ru-Co nanoalloy in the Ru-Co/C
sample (consistent with the XPS results in Fig. S6).

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



irnalof Materials Chemistn

Journal Name

(a b=

10004 1 —Ru-L

——Co-K
— 0K
C-K

TR

10 20 30 40 50 60 70

(d)

EDS counts
@
=3

P MY

i 3

Position (nm)

(C) 1200 o
) ——Co-K

— 0K

EDS counts
£ g
s 3

N
k=3
b

@—Ru

—Co

10 20 30 40 50 60
Position (nm)

Fig. 3 (a) HAADF-STEM images for the Ru-Co/C sample. (b) and
(c) composition line profiles obtained by energy-dispersive X-ray
spectroscopy (EDS) with an electron beam scanning across
individual Ru-Co BNPs along the arrow direction, black (Ru), red
(Co), green (C) and blue (O). (d) The atomic model of the Ru-Co
NPs in the Ru-Co/C sample.

The outmost atomic compositions of the Co/Co304/C, Ru/C,
Ru/Co/C030,/C and Ru-Co/C samples were obtained by high-
sensitivity low-energy ion scattering (HS-LEIS) measurements. Fig.
4a,b indicate that Co atoms exist on the outermost atom layer of the
Co/C0;0,/C sample and Ru atoms are present on the outmost
surface of the Ru/C sample. For the Ru/Co/C030,/C and Ru-Co/C
catalysts (Fig. 4c,d), Ru and Co atoms co-exist on the outmost
surface, but the intensity of Ru peak is much larger on the outer
surface of Ru/Co/Co30,4/C than on that of Ru-Co/C. Therefore, it is
likely that the number of Ru atoms on the surface of the
Ru/Co/Co0304 BNPs is much larger than that on the surface of the
Ru-Co BNPs. The different atom-scale structures of the catalysts are
schematically illustrated by atomic models of BNPs in Fig. 4 and
Scheme S2.
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Fig. 4 5 keV ?Ne* HS-LEIS spectra for (a) Co/Co304/C, (b) Ru/C,
(c) Ru/Co/C0304/C (Ru nanocluster-on-Co/Co30,4) and (d) Ru-Co/C
(Ru-Co nanoalloy) samples.
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The catalytic activities of the different catalysts for benzene
hydrogenation reaction are shown in Table 1. When this reaction
was conducted under 5.3 MPa H, and 60 <C, the Ru/Co/Co030,/C
catalyst exhibited a 100% vyield to cyclohexane and an unexpected
high activity, with a TOF of 91051.5 h™ (Table 1, entry 1) within 0.2
h, which was almost 2500 times more active than that of the Ru-
Co/C catalyst with a TOF of 36.4 h and a 0.2% yield toward
cyclohexane within reaction time of 1 h (Table 1, entry 2). The
reaction was also carried out over the Co/Co30,/C and Ru/C
catalysts, it could be found that the catalytic activity of Ru/C (with a
TOF of 1706.0 h! and a 9.42% vyield) (Table 1, entry 3) and
Co/Co30,4/C (with a yield below 0.1%) was much lower than that of
Ru/Co/C030,/C. For comparison, the reaction was also carried out
over carbon, but it did not produce any product. Obviously, the Ru
nanoclusters anchored on Co/Co30, catalyst was the most active for
benzene hydrogenation to cyclohexane among the catalysts
investigated in this study. It's worth mentioning that this
Ru/Co/Co030,/C catalyst shows unexpected high catalytic property
relative to most of the supported and unsupported Ru-based, Rh-
based, Pd-based, Ir-based and bimetallic-based under similar
reaction conditions (Table S2). Based on the above structural
characterizations and catalytic performance testing results, important
insights are gained into the structures responsible for the high
catalytic performance of the Ru/Co/Co30,/C catalyst: 1) small Ru
nanoclusters (about 1 nm) highly dispersed onto Co/Co30, surface,
and 2) synergetic active sites (Ru, Co and C030y,).

Table 1 Catalytic performance of the catalysts for benzene
hydrogenation®

Entry Catalyst t(h) TOF(hY) ;{'El'ghexanéo
1 RUC0/C0,04/C 02 910515 100%
2 Ru-ColC 1 364 0.2%
3 Ru/C 1 17060 9.4%

®Reaction conditions: benzene, 10 mL; H, pressure, 5.3 MPa;
catalyst, 0.05 g; reaction temperature, 60 <. "TOF (turnover
frequency) of the catalysts was calculated as: conversion of mols of
benzene per mol of ruthenium per hour. Yields for Co/Cos0,/C and
carbon were < 0.1%.

The proposed mechanisms for benzene hydrogenation over the
Ru/Co/C030,/C and Ru-Co/C catalysts are shown in Scheme S3.
Because Ru is much more active than Co for activating H,, the
process starts with the diffusion and adsorption of H, on the Ru
active sites preferentially, rather than on the Co/Co30, surface. And
the hydrogen dissociation occurs at Ru atom sites, forming activated-
H species. With the positively charged benzene (with pi-electrons),
negatively charged cobaltosic oxide (CozO,4-P-type semiconductor
with positively charged holes) and the nanocluster Ru sites, benzene
is easily adsorbed and activated at the Co3;0, sites via the
electrophilic adsorption interaction between the =-electrons and
holes. The activated-H species will transfer to the Co;0, surface by
spillover process.® Co sites in the central region of Ru/Co/C030,
BNP provide a “bridge” which transfers the activated H species to
activated-benzene, producing cyclohexane. The cooperation of Ru,
Co and Co30; sites effectively improves the catalytic performance of
the Ru/Co/Co30,/C catalyst for benzene hydrogenation. For the Ru-
Co/C catalyst where H, and benzene are adsorbed and activated at
the same sites (Ru-Co nanoalloy), the absence of the synergetic
effect of catalytic sites is responsible for the low catalytic activity.

In summary, Ru/Co/Co30,4/C-Ru nanoclusters anchored on
Co/C030, and Ru-Co nanoalloy/C catalysts were successfully
designed and synthesized in this work. It is the unique atomic-scale
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structural arrangement of Ru, Co and Co30, sites that is responsible
for the catalytic synergy for the hydrogenation reactions. Exploration
of this synergy is expected to provide a new and simple strategy for
the design of the low level of noble metals and ultrahigh catalytic
activity nanocatalysts for many other hydrogenation reactions.
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