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Abstract

A Ru/SnG catalyst was prepared by capturing “unprotected” Ru nanoclusters op &illDidal particles via electrostatic interaction
followed by gelating the obtained complex sol by adjusting its pH value to 7. The assembled Rw&a(yst performed excellently in
selectively hydrogenatingrtho-chloronitrobenzene to the correspondinghloroaniline, the catalytic activity surpassing that of previously
reported Ru catalysts and the selectivity dotho-chloroaniline in agreement with the best results reported so far on a colloidal Ru catalyst.
Obvious promotional effects of the Sp@upport on both the catalytic activity and the selectivity were observed for the first time. A decrease
of the reactivity of the C—ClI bond af-chloroaniline over the present catalyst is one of the predominant reasons for the high selectivity at
complete conversion. The catalyst structure was characterized by STEM, XPS, BET, and XRD.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ethylene glycol and simple ions such as OF20]. Herein
we present a strategy, as illustrated in Scheme 1, to entrap

Metal nanoclusters, as building blocks for preparing OUr unprotected metal nanoclusters in gelated metal oxide
heterogeneous catalysts, offer new possibilities of univer- nanopatrticles, i.e., capturing the small metal nanoclusters on
sal significance for designing and constructing structure- colloidal particles of metal oxides via electrostatic interac-
controllable catalysts [1-19]. The support-entrapment meth- ion and gelating the complex sol by adjusting its pH value.
od provides a realistic strategy, which builds a framework | "€ assembly process using two kinds of nanoparticles sta-
of inorganic supports around preformed metal nanoclus- bilized with simple ions as building blocks adopted in this

ters [9—18]. In this method, to obtain a close contact of the WOk is different from those based on an in situ hydration
metal nanoparticles with inorganic supports, organic stabi- PfOC€SS of M(OR) compounds in the presence of ligand-

lizers adsorbed on the preformed metal nanoclusters usuallyP’tected metal nanoclusters reported previously [11-18].
must be removed by extraction [11,12] or pyrolysis [14—18] The so-prepared objective catalysts become more regulable

at the end of the catalyst preparation. Recently, we have !N Structure.

succeeded in effectively preparing a series of “unprotect- Hyd:quenargllon of glhlorog;rﬁlbenzenz(ﬁNB) tc; thzelcor-
ed” Pt, Rh, and Ru metal nanoclusters with small particle responding chloroaniline ( ) (see Scheme 2 [21]) is

sizes and narrow size distributions that are stabilized by of industrial interest and has been we!l St.Ud'ed over sup-
ported Pt and Pt-alloy catalysts for their high catalytic ac-

tivities combined with a relatively low catalytic dehalo-
* Corresponding author. genation rate [22,23]. Tijani et al. [24] reported that Ru
E-mail address: wangy@pku.edu.cn (Y. Wang). or its alloy catalysts supported on &3 exhibited high
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C 8 .' o o o Q conversion. The as-prepared Ru/Sngatalyst also exhibits
* e " o Q perfect stability.
Metal colloid Incorporation O
Q O
o Q 1§ ) 2. Experimental
O Complex sol ) )
Q o Q o Gelaml 2.1. Materials and instruments
Q o O ®) 70°C _ Catalyst All reagents used in this work were analytical grade.
_ Drying (Xerogel) Hydrogen with a purity of 99.999% was purchased from
In vacuum

Oxide sol Beijing Gases Factory. TEM photographs were taken on a

Philips Tecnai F30 scanning transmission electron micro-
scope (STEM) equipped with a high-angle annular dark-field

(HAADF) detector. The XPS measurement was conducted

via an Axis Ultra photoelectron spectrometer.

selectivity to CAN; however, conversions of CNB over

these catalysts hardly reached 30%. Liu and co-workers re-2.2. Colloid fabrication

cently revealed that metal ions such as‘feCo?t, Sre,

or some boron species could improve both the catalytic ~ An ethylene glycol colloidal solution of Ru nanoparti-

activity and the selectivity of poly{-vinyl-2-pyrrolidone) cles (3.7 g RyL) with an average diameter of 1.3 nm and

(PVP)-protected Ru colloid catalysts for the hydrogenation a size distribution ranging from 0.9 to 2.2 nm was pre-

of CNB [25,26]. Encouraged by these achievements, we as-pared according to the method reported previously [20]. The

sembled a Ru/Snfheterogeneous catalyst using the strat- preparation of the Snfsol was loosely based on a docu-

egy depicted in Scheme 1 to explore the effects of species atmented recipe [27]. An amount of 20 ml stannic chloride was

the SnQ surface on the catalytic properties of Ru nanopar- dropped into 80 ml propanol and the mixture was cooled to

ticles for the hydrogenation @-CNB. ambient temperature. A solution of 10 ml distilled water in
It was found that the catalytic activity for the selec- 40 ml propanol was then added to the mixture. The obtained

tive hydrogenation 06-CNB to o-CAN over the assembled  mixture was stirred for 1 h, and then a solution of 20 ml dis-

Ru/SnQ catalyst is much higher than that of other het- tilled water in 80 ml of isopropanol was added. A Sn€dl

erogeneous Ru catalysts or colloidal Ru catalysts reportedwas produced after further stirring the resulting colloidal so-

previously. Coq and co-workers [23,24] have reported that lution for 1 h.

modulating the interaction between metal particles and sup-

ports or the composition and size of the metal particles could 2.3. Catalyst preparation

improve the selectivity to-CAN and that the reason for this

behavior is not a decrease of the reactivity of the C-Cl bond  The Ru/SnG nanocomposite catalyst was prepared as

of CAN over heterogeneous catalysts, but a lower adsorptionfollows: 5.4 ml of the prepared colloidal Ru solution was

strength of CAN with respect to CNB. In this work, however, added to 99 ml of the prepared Sagbl under stirring. After

an extremely low dehalogenation rate was observed over thestirring for 20 min, the obtained complex sol was neutralized

present Ru/Sn@catalyst in the absence of CNB that should to pH 7 by adding an aqueous solution of sodium hydroxide

be responsible for the obtained high selectivity at complete (10 mol/L), resulting in gelation of the complex sol. The

) @NHOH Qz Q

& - @/@ QN-NQ~Q% 3,
“ CHLm @NHOH—— N { @

NHOH

Scheme 1. General scheme showing the entrapment process of * unprotect
ed” ruthenium nanoparticles within tin dioxide nanoparticles.

CI

Scheme 2. The hydrogenation reaction pathways of chloronitrobenzene.
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obtained precipitate was washed with water, separated bytin dioxide sol (see the Experimental Section), resulting in
centrifugation, dried at 343 K in vacuum, and kept in a des- a transparent colloidal solution without any precipitate. We
iccator for use. The Ru content of the obtained catalyst was have reported that a Ru precipitate will appear when the Ru
0.9% as measured by means of ICP-AES. colloidal solution comes into contact with an agueous acidic
A PVP-protected Ru colloid was prepared by mixing a solution [20]. Therefore, we believe that in the mixed sol
glycol solution (5.0 ml) of PVP (206 mg, average molecular Ru nanoparticles are adsorbed on the so@lloidal parti-
weight 58,000) with the colloidal solution of Ru (3.7 mgin  cles via electrostatic interaction between the nanoparticles,
1.0 ml glycol) under stirring. For use as a catalyst, the PVP— which was clearly confirmed by Z-contrast images of the
Ru nanoclusters were separated as a precipitate from theru/SnQ complex nanoparticles as shown in Fig. 1a.
colloidal solution by adding acetone and then “dissolved” In Fig. 1a, it is easy to discern the spots with different
in 25 ml mt_athanol. brightness that reflect an ability of elastically scattering elec-
A classical Pt/Sn@ heterogeneous catalyst (RU/SRO  rons. A combined EDX analysis, using an electron beam
imp) with 1% Pt loading was also prepared by the traditional o 9.8 nm in diameter, showed that the signal of ruthenium
wetness impregnation method usingRiCl-6H20 and a  ¢qyid be detected only at the small brightest spots, while
prepared Sn@support as the precursors. The SrEDPpOrt 1yt of tin was widely present in the bright area in Fig. 1a.
was prepared ,by neutralizing the pr-epared £s@ W_'th an Therefore, we conclude that the brightest cores in the bright
aqueous solution of NaOH and drying the Snidecipitate 505 are the images of Ru nanoclusters. The particle sizes
at 393 K. The catalyst was calcined at 573 K for 2 h and of the Ru nanoclusters, measured from the Z-contrast im-
reduced with hydrogen at 523 K for 3 h. ages, range from 1 to 2.5 nm. Considering the relative low
space resolution of Z-contrastimages, this result agrees well
with that of the original Ru nanoclusters in colloidal solu-
tion, suggesting that the Ru nanoparticles are entrapped in
the matrix of the Sn@support without obvious aggregation.

2.4. Catalytic hydrogenation of CNB

Hydrogenation of CNB was performed at 333 K and
4.0 MPa of hydrogen pressure in a 100-ml stainless-steel . X .
autoclave. Typically, the autoclave was charged with 0.1 g The X-ra.\y-dlffracnon pattern (Fig. 2) qf thg Ru/S@@at_- .
nanocomposite Ru/SnCxatalyst, 1.2 mmob-CNB, 0.2 g alyst containing 0.9% Ru revealed that tin dioxide cassiterite
dodecanol (as GC internal standard), and 25 ml methanol.Was formed with an average crystal grain size of 7.6 nm,
Air in the system was removed by sweeping the system threel 9000 agreement with the results of the HRTEM mea-
times with hydrogen. The reaction mixture was stirred for Surements shown in Fig. 1b. Diffraction signals of the Ru
a certain time at 333 K. Hydrogenation products were ana- nanoparticles cannot be observed in the XRD pattern due to
lyzed on a Beifen 3420 gas chromatograph equipped with athe low concentration and small particle size of the Ru nano-

FID detector and a DC-710 packed column. clusters.
The binding energy of the Ru 8g level in the Ru/Sn@

catalyst, measured from its XPS spectrum, had a value of

3. Results and discussion 280.1 eV, revealing that Ru nanoparticles in the assembled
catalyst were in the metallic state.
3.1. Characterization of the assembled catalyst The N, adsorption—desorption isotherm of the Ru/SnO

nanocomposite catalyst is of type I, revealing a micro-
For preparing the Ru/SnCcatalyst, an ethylene glycol  porous structure of the catalyst. The BET surface area was
colloidal solution of our unprotected Ru nanoclusters with 146.4 nf/g and the pore volume was 0.093 $fg. The
an average particle size of 1.3 nm was incorporated in a Horvath—-Kawazoe pore diameter was 1.2 nm.

Fig. 1. (a) HAADF STEM images showing Ru nanoparticles captured on the surface of tin dioxide particles, the bar equals 20 nm; (b) HRTEM image of a tin

dioxide nanocrystal grain characterized by interplanar distances of 3.40 A of cassiterite (100), the bar equals 2 nm.



496

(110)
(101)

1200

Ru (101)

1000

800

600

Intensity(CPS)

400

200

35 40 45 50 55 60 70

26 (deg.)

65

Fig. 2.
alyst.

XRD pattern of the ruthenium-entrapped tin dioxide (Ru/grat-

3.2. Catalytic propertiesfor the selective hydrogenation of
0-CNB

The catalytic properties of the Ru/SpCPVP-Ru, and
Ru/SnQ-imp catalysts for the selective hydrogenation of
0-CNB to 0-CAN are reported in Table 1. An-CAN se-
lectivity over 99.9% at a substrate conversion of 100% was
obtained over the Ru/SnManocomposite catalyst. This se-
lectivity is comparable to the best results reported for a mod-
ified PVP—Ru colloidal catalyst [25,26], and is better than
that of the PVP-Ru colloidal catalyst which has the same

Ru nanoparticles (prepared in this work; see the Experimen-

tal Section). It is known that for the catalytic reaction of
interest, a high selectivity is difficult to maintain once the

substrate has been exhausted completely over most metal
supported catalysts since in the absence of substrate, th

catalytic dehalogenation reaction will occur at a much faster

rate. To our surprise, it was observed that the dehalogena

tion rate ofo-CAN over the present Ru/SnQatalyst was

Table 1
Catalytic properties of different catalysts
Catalyst
Ru/SnG Ru-PVP Ru-PVF Ru/SnG-
impd
Selective hydrogenation efCNB

o-CAN selectivity (%) > 99.9 99.9 >999 > 999
Reaction rat® 43x 102 69x10°% 50x10359x 1074
Conversion of (%) 100 99 100 20

0-CNB

Dehalogenation of-CAN
Dehalogenation rafe 1.55x 10~4 3.44 x 103

All reactions were conducted at 333 K and 4.0 MPa gffifiessure.

@ Reaction rate unit: mol-substratésiol-Ru s).

b pVP-Ru colloidal catalyst prepared in this work.

¢ Data from the literature [24]; reaction was conducted at 320 K and
4.0 MPa of i pressure over a boride-modified PVP-Ru colloidal catalyst.

d A 0.2 g Ru/SnG-imp catalyst was charged into the reactor with
1.2 mmol substrate and 20 ml methanol.
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as low as 155 x 10~* mol-o-CAN/(mol-Rus) in the ab-
sence ofo-CNB, whereas the dehalogenation rate over the
PVP-Ru colloidal catalyst has a value 08 x 10~2 mol-
0-CAN/(mol-Rus). Therefore, the observed outstanding se-
lectivity at complete conversion ofCNB over the Ru/Sn®
catalystis not only due to a relatively strong adsorption abil-
ity of 0-CNB on the catalyst as observed on other metal
catalysts, but also to a remarkable decrease in the dehalo-
genation rate.

The catalytic activity over the present Ru/Sn@anocom-
posite catalyst is 8 times higher than that of the boride-
modified PVP—Ru colloid catalyst reported by Liu et al. [25],
and 6 times higher than that of the PVP—Ru nanoclusters
having the same Ru metal nanoparticles prepared in this
work, suggesting that Snhanoparticles in the nanocom-
posite catalyst have a promotion effect on the catalytic activ-
ity of the Ru nanoparticles. Moreover, the catalytic activity
of the Ru/SnG-imp catalyst prepared by the traditional im-
pregnation method was much lower than that of the RufSnO
nanocomposite catalyst.

The stability of the Ru/Sngcatalyst is also perfect. After
reusing it three times, the recovered catalyst maintained its
catalytic activity completely. In a series of experiments, the
catalytic activity for the new catalyst was2¥ x 102 mol-
substratedmol-Rus), and those for the three times recov-
ered catalysts were.30 x 1072, 4.33 x 1072, and 425 x
102 mol-substrate§mol-Rus), respectively. The selectiv-
ity for o-CAN stayed over 99.8% after a turnover number of
3 x 10* mol-o-CNB/mol-Ru was achieved.

Coq et al. compared the catalytic properties for the hydro-
genation ofp-CNB over Pt/TiQ and Pt/AbOs catalysts pre-
pared by classical methods [23], and proposed that suboxide
TiOx species migrating on the Pt particles could polarize the
=0 bond in p-CNB and were responsible for promoting
the Pt properties for the selective hydrogenatiope6ENB
to p-CAN. It was reported that the ratio of the hydrogena-
tion activity to hydrodechlorination activity over the Pt/TiO
catalyst (SMSI state) was 10-fold higher than that over the
Pt/Al,O3 catalyst. It should be noted that the absolute cat-
alytic activity for the hydrodechlorination over Pt/TiOs
also two times higher than that of the P8 catalyst,

i.e., the suboxide TiQ species accelerate not only the hy-
drogenation ofp-CNB but also the hydrodechlorination of
p-CAN in the absence gp-CNB. In the present Ru/SnO
nanocomposite catalyst, however, the catalytic activity of the
Ru nanoparticles for the hydrogenation®fCNB was re-
markably promoted, while that for the hydrodechlorination
was distinctly depressed.

SnQ is widely applied in the fabrication of chemical
sensors for the detection of reductive gases [28], whereas
it is seldom used as a support for hydrogenation catalysts.
The concentration of oxygen vacancies or coordinatively
unsaturated St or Sr¥+ species at the surface of SpO
will increase when the material is treated in reducing at-
mospheres such aspHr CO [28]. These surface species,
that in the present catalyst surround the Ru metal nanoclus-
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ters, may activate the polar N@roups ofo-CNB and co- Ru nanoparticles and an extremely low dehalogenation rate
ordinate with the NI groups of produced-CAN mole- of 0o-CAN over the Ru/Sn@catalyst were observed for the
cules, thereby promoting the hydrogenatiorve€ENB and first time, which may partly be derived from the coordination
depressing the dehalogenationre€AN in a manner simi- action between the NHgroups ino-CAN and coordina-

lar to, but more effectively than, that of metal cations in the tively unsaturated St or St species at the surface of
colloidal solution of PVP—Ru catalysts [25,26]. It is interest- SnQ, revealing a realistic way for further improving the cat-
ing to note that SA* added as Snglin the PVP-protected  alytic activity of the highly selective Ru metal catalyst for the
Ru colloid catalytic system has only a weak promotion effect hydrogenation of CNB by alternating the composition and
on the catalytic activity [25] (increasing the rate by 18%), structure of the metal-semiconductor nanocomposite cata-
while the catalytic activity of our Ru/SnQOcatalyst is six lysts. Studies on the details of the catalytic mechanism of
times higher than the PVP—Ru nanocluster catalyst havingthe promising Ru/Sn@catalyst and the catalytic properties
the same Ru particleBhe difference in the promotion ef-  of other assembled nanocomposite catalysts prepared via the
fects between the surface-fixed modifiers and those of metalstrategy proposed in this work are being continued.

cations such as $n in solution should not only be derived

from their chemical structures but also from their mobil-
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