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a b s t r a c t

Stable poly(N-vinyl-2-pyrrolidone)-stabilized Pt/Ru colloidal nanoparticles (PVP-Pt/Ru) were prepared
via ethanol reduction of H2PtCl6�6H2O and RuCl3�nH2O. The average diameters of the nanoparticles with
different molar ratio of Pt/Ru were in a range of 2.1–2.8 nm with narrow size distributions. X-ray photo-
electron spectroscopy verified that both Pt and Ru were in the metallic state and Ru was rich on the
surface. These nanoparticles were employed to selectively hydrogenate ortho-chloronitrobenzene
at 298 K and 0.1 MPa hydrogen pressure. They showed high activity [TOF was in the range of
0.8–5.3 � 10�2 molo-CNB/(molM,surface atom) s] and high selectivity (93–99%) to ortho-chloroaniline
(o-CAN) for the reaction, which were composition-dependent. The selectivity to o-CAN monotonously
increased, but the activity of the catalyst decreased with the increasing proportion of Ru in Pt/Ru colloidal
catalysts. PVP-1Pt/4Ru nanoparticles exhibited the highest selectivity of 99.0% to o-CAN at a complete
conversion.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Colloidal dispersions of metallic nanoparticles are of continuous
interest because of their fascinating catalytic [1], electronic [2], and
optical properties [3], which differ from both the single metal
atoms and the bulk metals. For catalytic applications, bimetallic
colloidal nanoparticles are important considering the formation
of new catalytic sites, the variation of the electronic structure,
and the synergistic effects induced by a second metal component
[4]. A bimetallic system of great interest is Pt/Ru, because of its
usefulness as a methanol oxidation catalyst in direct methanol fuel
cells (DMFC) [5,6], hydrogenation, and hydrogenolysis reactions
[7].

In general, a synthesis method can strongly influence the struc-
ture, dispersity, morphology, and eventually the performance of a
catalyst [8,9]. Supported high surface area catalysts are mostly pre-
pared by (co)precipitation. Nevertheless, the preparation of alloyed
particles with diameters less than 50 Å is by no means trivial, and
it is desirable to find alternate methods of producing small
bimetallic particles with defined particle sizes and narrow size
ll rights reserved.
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distribution. Colloidal metal particles prepared from molecular
precursors are usually small and exhibit a narrow size distribution.
Several strategies to make nanosized metal colloids with different
reductants, such as sodium borohydride [10], organoboride [11],
alcohols [12], and polyols [13,14], have been explored.

Pt precursors can be easily reduced to zero-valent metal
through low boiling point alcohol reduction, but the reduction of
Ru3+ by low boiling point alcohols (such as ethanol) does not work.
Liu et al. [15] reported the preparation of poly(N-vinyl-2-pyrroli-
dine) (PVP)-stabilized Pt/Ru bimetallic colloids (PVP-Pt/Ru) by
NaBH4 reduction. Tu and Liu [16] reported that PVP-Pt/Ru bimetal-
lic colloids with small and narrow size distributions could be syn-
thesized by polyol reduction with microwave irradiation at higher
temperatures. However, there is little research about the prepara-
tion of PVP-Pt/Ru colloidal nanoparticles with low boiling point
alcohols, such as ethanol. If there are metallic seeds, the reduction
in Ru3+ can take place on the seed surface to produce zero-valent
Ru metal nanoparticles autocatalytically. It would be deduced that
zero-valent PVP-Pt/Ru bimetallic colloids could be successfully
prepared by co-reducing the corresponding metal salts.

Aromatic chloroamines are important intermediates in the pro-
duction of herbicides, dyes, and drugs. Their traditional syntheses
through a metal–acid reduction in Bechamp’s reaction produce a
great amount of metal oxide waste and toxic by-products that
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are harmful to the environment. A suitable route is the selective
hydrogenation of the corresponding chloronitro compounds over
metal catalysts [17], but it is hard to avoid dehalogenation reac-
tions [18].

As is well known, Pt can undergo a fast reduction of the nitro
group but with low selectivities [18,19]. Ru is cheaper than the
other noble metals and is more selective for this reaction, but its
catalytic activity is generally low. So, efforts for the improvement
of the catalytic activity of Ru catalysts are expected [20,21]. Liu
et al. [21] investigated the selective hydrogenation of ortho-chloro-
nitrobenzene (o-CNB) to ortho-chloroaniline (o-CAN) over a PVP-
stabilized Ru colloid (PVP-Ru). Nearly 100% selectivity to o-CAN
was obtained at 100% conversion of o-CNB at 320 K and 4.0 MPa.
Zuo et al. [22] reported that Ru nanoparticles supported on SnO2

colloidal particles exhibited high selectivity to o-CAN at 333 K
and 4.0 MPa. But these works could not be accomplished at atmo-
spheric pressure and room temperature.

It has been reported that conventional supported Pt/Ru bimetal-
lic catalysts have quite different catalytic performances from sup-
ported Pt and Ru in selective hydrogenation of cinnamaldehye,
because of the synergistic effect of Pt/Ru bimetallic particles [23].
Giroir-Fendler et al. [23] found that the catalytic properties of
the Pt-Ru catalysts (in which Pt and Ru were homogeneous in par-
ticles) strongly depended on the composition of the catalyst and
the coincidence increase in selectivity and activity were well ac-
counted for by a mechanism of activation of the carbonyl bond
where both Pt and Ru atoms at the surface of the particle are in-
volved. They explained that Ru atoms, which are more electropos-
itive than Pt atoms, act as an adsorption site for the oxygen atom of
the carbonyl; thus, Pt atoms became more reactive toward hydro-
gen dissociated. Liu et al. [15] found that the PVP-Pt/Ru bimetallic
colloids prepared by NaBH4 reduction were more stable than Ru
colloids, and their activities were two orders of magnitude greater
than that of Ru colloids, but the selectivities were only a little bit
higher than that of Pt in selective hydrogenation of o-CNB at
303 K and 0.1 MPa of hydrogen.

In this work, PVP-Pt/Ru nanocatalysts were prepared by
co-reduction of the two metal precursors in a refluxing mixture
of water and ethanol. The selective hydrogenation of o-CNB to
o-CAN over a series of the as-prepared PVP-Pt/Ru colloidal
catalysts reached 99.0% selectivity to o-CAN at 100% conversion
of o-CNB at 298 K and atmospheric pressure; the catalytic activity
was much higher than published results.
2. Materials and methods

2.1. Materials

Hydrogen hexachloroplatinate(IV) hexahydrate (H2PtCl6�6H2O)
and ruthenium chloride hydrate (RuCl3�nH2O, Ru content P37.5%,
determined through a literature method [24]) of analytical grade
were supplied by Beijing Chemicals Co. Poly(N-vinyl-2-pyrroli-
done) (PVP, average molecular weight 10,000) was purchased from
Shanghai Chemicals Co. Hydrogen (H2) with a purity of 99.999% was
generated by an extra-pure hydrogen generator HA-300. o-CNB was
recrystallized in ethanol before use. Water was distilled and deion-
ized before use. Other reagents were of analytical grade purity and
were used as received.
2.2. Preparation of PVP-Pt/Ru colloidal nanoparticles

PVP (0.146 g, 1.31 � 10�3 mol, as monomeric unit), RuCl3�nH2O,
and H2PtCl6�6H2O with a total amount of 6.55 � 10�5 mol were dis-
solved in a mixed solvent of water and ethanol (the ration of vol-
ume was 9:1) in a 100 mL round-bottomed flask to form a dark
red homogeneous solution. The whole volume of solution was
56 mL. The solution was heated to boiling and kept refluxing in a
silicon oil bath. Vigorous stirring was maintained all the time. A
homogeneous dark brown solution of colloidal dispersion of PVP-
Pt/Ru was obtained after 3 h. A series of colloidal nanoparticles
with different compositions were synthesized by varying the molar
ratio of Pt/Ru. The colloidal solutions were evaporated to dryness
with a rotated evaporator under reduced pressure below 50 �C.

2.3. Instruments and characterization

Ultraviolet–Visible absorption spectra were recorded on a Var-
ian Cary 500 UV–Vis-NIR Spectrophotometer; One milliliter of
the colloidal solution was diluted to 5 mL with distilled water be-
fore measurement.

Transmission electron microscopy (TEM) photographs were ta-
ken by using a JEOL-2100 electron microscope. Specimens were
prepared by placing a drop of the colloidal dispersion on a copper
grid covered with a perforated carbon film and then evaporating
the solvent. The particle diameters were measured from the en-
larged TEM photographs. The particle size distribution histogram
was obtained on the basis of the measurements of about 300–
400 particles.

X-ray Photoelectron Spectroscopy (XPS) were obtained using an
Axis Ultra spectrometer (Kratos, UK). A mono Al Ka (1486.6 eV)
X-ray source was used at a power of 225 W (15 kV, 15 mA). To
compensate for surface charge effects, binding energies were cali-
brated using C1s hydrocarbon peak at 284.8 eV. The samples were
prepared by drying the Pt/Ru colloidal dispersion via rotatory
evaporation.

2.4. Catalytic hydrogenation of o-CNB

Hydrogenation of o-CNB was performed at 298 K and 0.1 MPa of
hydrogen pressure in a 250-mL three-neck round-bottomed flask.
The reaction temperature was kept constant by external circula-
tion of a thermostat within ±0.1 �C. The reaction was performed
at a stirring rate of 1400 rpm. The high stirring rate was to ensure
that the reaction was performed free of any significant mass trans-
port or diffusion limitation. Typically, 1.87 � 10�5 mol of the PVP-
Pt/Ru catalyst with 0.125 g decanol (as internal standard for gas
chromatography) and 13 mL methanol was activated under hydro-
gen with magnetic stirring at 298 K for 30 min. Air in the system
was removed by sweeping the system three times with hydrogen.
After activation, 2.0 mL of reactant solution (containing
1.00 � 10�3 mol o-CNB in methanol) was charged to the flask to
start the reaction. Hydrogenation products were analyzed on a
GC-1690 gas chromatography equipped with a FID detector and a
DC-710 packed column.
3. Results and discussion

3.1. Preparation of PVP-Pt/Ru colloidal nanoparticles

A series of PVP-Pt/Ru colloidal nanoparticles were prepared
with different ratios of the corresponding metal precursors; they
were found to be stable for more than a year.

The color change of these PVP-Pt/Ru nanoparticles in the prep-
aration process was similar to the reported results [12]. The solu-
tion of corresponding metal salts was heated quickly to boiling
(normally in 5 min) and kept refluxing for 3 h. During the course
of heating, we observed a succession of color changes for the reac-
tion solution; the final solution was dark brown (Table 1). The fol-
lowing color changes were observed in the cases of PVP-2Pt/1Ru
and PVP-1Pt/2Ru nanoparticles (Schemes 1 and 2).



Table 1
Formation of PVP-Pt/Ru colloidal nanoparticles.a

No. Pt/Ru Color changes Color changing
timeb (min)

Average diameter,
d (nm)

Standard deviation,
r (nm)

Relative standard
deviation, r/d

1 1/0 Dark red ? Light yellow ? Dark brown 11 3.1 0.44 0.14
2 4/1 Dark red ? Light yellow ? Dark brown 10 2.5 0.38 0.15
3 2/1 Dark red ? Light yellow ? Dark brown 12 2.8 0.37 0.13
4 1/1 Dark red ? Light yellow ? Brown ? Gray dark ? Dark brown 24 2.5 0.42 0.17
5 1/2 Dark red ? Light yellow ? Brown ? Deep blue ? Dark brown 28 2.5 0.47 0.19
6 1/4 Dark red ? Light yellow ? Brown ? Deep blue ? Dark brown 37 2.3 0.47 0.20
7c 1/4 Dark red ? Light yellow ? Brown ? Deep blue ? Dark brown 82 2.1 0.58 0.28

a Solvent: ethanol:water = 9:1 (v:v), the solvent start refluxing after heating 5 min, the molar ratio of PVP to metal precursors was 20:1.
b Color changing time: time counted from the beginning of the solution heated to the color of the solution changed to dark brown.
c The solvent start refluxing after heating 36 min, others were in 5 min.
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It can be seen that when the molar ratio of Pt to Ru was not
higher than 1/1 (Pt atom 650%), the color of the reaction solutions
changed gradually from dark red to light yellow to brown, then to
deep blue, and finally dark brown (Scheme 2). This process is sim-
ilar to those of PVP-Ru colloids prepared by n-propanol, n-butanol,
or polyol reduction [12,14]. However, when the molar ratios of Pt
to Ru were 4/1 and 2/1, the color change process tended to resem-
ble those of PVP-Pt colloids made by low boiling point alcohols
reduction (Scheme 1) [25–27]. So increasing Pt content could
shorten the time of the color change process; this indicated that
more Pt favorited the reduction of Ru.

The No. 7 PVP-Pt/Ru colloid (Table 1 and Scheme 3) was pre-
pared according to the heating procedure of the literature [12].
Noble metal salts were dissolved in a mixed solvent of water
and ethanol with stirring to form a dark red homogeneous solu-
tion. The solution was heated from room temperature to reflux,
and the heating was kept in the whole process (230 min) with
different heating rate by controlling the output power. After the
mixture was heated for 10 min, the temperature reached to
Scheme 1. Color changes of the reaction solution during the course

Scheme 2. Color changes of the reaction solution during the course

Scheme 3. Color changes of the reaction solution during the course
333 K with a heating rate of about 3.5 �C/min, and the solution
color was unchanged (dark red). The solution color changed from
dark red to orange at 17 min, and the temperature gradually
reached 339 K at a heating rate of about 1 �C/min. The solution
began to reflux at 36 min at a heating rate of approximate
0.7 �C/min, and the solution color then changed to brown. When
the mixture kept refluxing, the solution color changed from
brown to deep green (54 min) and finally to dark brown
(82 min). This solution was kept refluxing for another 150 min,
and a homogeneous PVP-Pt/Ru colloid dispersion was achieved
without precipitates (Scheme 3).

Comparing the colloids of Nos. 6 and 7 in Table 1, it can be seen
that they have the same color change process, but the time of the
color change process of No. 7 was longer. This illuminated that the
reduction rate increased with faster heating rate on the formation
of PVP-Pt/Ru colloids. It was also found that the size distribution
became narrower when increasing the heating rate; this is consis-
tent with the observation in the synthesis of noble metal colloidal
particles by microwave irradiation [13]. It was reported that the
of the PVP-2Pt/1Ru nanoparticles formation (No. 3 in Table 1).

of the PVP-1Pt/2Ru nanoparticles formation (No. 5 in Table 1).

of the PVP-1Pt/4Ru nanoparticles formation (No. 7 in Table 1).



Fig. 1. UV–vis absorption spectra of the reduction of H2PtCl6 and RuCl3 in an
ethanol–water system.
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microwave heating rate was about twenty times faster compared
with conventional oil-bath heating, and Pt colloidal nanoparticles
synthesized in methanol by microwave heating had narrower rel-
ative standard deviations (0.18) than those prepared by conven-
tional oil-bath heating (0.25).

Colloidal dispersion of metal particles has absorption bands
in the wavelength of 200–600 nm [28–30]. This is due to the
Fig. 2. TEM photographs (left) and the corresponding particle size distribution histogram
2Ru, (e) 1Pt/4Ru (No. 6 in Table 1), (f) 1Pt/4Ru (No. 7 in Table 1).
excitation of plasma resonances or interband transitions, and thus
a very characteristic property of the metallic nature of the parti-
cles. The formation process for PVP-Pt/Ru synthesized in the alco-
hol-water system was monitored by a UV–Vis spectrophotometer.
Fig. 1 shows the absorption spectra of a PVP-H2PtCl6–RuCl3 solu-
tion (Table 1 No. 6) in ethanol–water system heating with conven-
tional method at different times. Before heating, the solution had
three absorption peaks. The absorption peak at 260 nm was from
the Pt(IV) species, the absorption peaks at 380 and 510 nm repre-
sented the Ru(III) species [12]. The peak at 260 nm was no longer
visible when the colloid solution was heated for about 16 min, sug-
gesting that all Pt4+ ions were completely reduced. The absorption
peak at 510 nm disappeared immediately after heating. However,
the peak at 380 nm decreased slowly and gradually shifted to short
wavelength, which is similar to the literature result [12]. It implied
that the Ru(III) species was gradually reduced to the corresponding
zero-valent metal during this reduction process [12,14]. After
about 60 min, the absorption peak at 380 nm completely disap-
peared, indicating that Ru3+ was completely reduced to Ru0. The
spectrum of the fully reduced solution displayed strong scattering
absorption at wavelengths 200–600 nm, confirming the formation
of PVP-Pt/Ru colloidal nanoparticles.
3.2. Characterization of PVP-Pt/Ru colloidal nanoparticles

The dependence of particle size and morphology on the molar
ratio of Pt/Ru was examined by TEM. Table 1 lists the average
diameters (d) and standard deviations (r) of PVP-Pt/Ru colloids.
s (right) of PVP-Pt/Ru nanoparticles: (a) 4Pt/1Ru, (b) 2Pt/1Ru, (c) 1Pt/1Ru, (d) 1Pt/
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Representative TEM photographs and corresponding histograms
are given in Fig. 2. According to the molar ratios of Pt to Ru in
the preparation, the obtained colloidal nanoparticles were named
as 4Pt/1Ru, 2Pt/1Ru, 1Pt/1Ru, 1Pt/2Ru, and 1Pt/4Ru (the numbers
denote the molar ratios in the colloidal nanoparticles). The parti-
cles had small sizes about 2.1–2.8 nm in average, and no particle
bigger than 4.5 nm was observed. Their standard deviations were
0.35–0.47 nm except for No. 7. The average diameter tended to de-
crease, and the standard deviation tended to increase with an
increasing molar content of Ru in the PVP-Pt/Ru system, although
the tendency was not very obvious. It can be seen from Fig. 2 that
all bimetallic particles are well dispersed, and no aggregation of
the bimetallic particles can be observed. These results imply that
the PVP-Pt/Ru colloids have excellent stability, which is consistent
with the fact that no precipitate was observed in the colloidal dis-
persion over one year storage at room temperature.

With the same reduction time and the same reactant, the stan-
dard deviation increases on a slower heating rate (Table 1 Nos. 6
and 7). Chen et al. [31] prepared Ru particles in ethylene glycol.
They found that the reduction rate of Ru3+ ions (controlled by vary-
ing the reduction temperature) was important to control the parti-
cle size. Tu and Liu [13] reported that noble metal clusters
synthesized by microwave heating had smaller standard devia-
tions than those prepared by conventional oil-bath heating, be-
cause the microwave heating was much faster and more
homogeneous than conventional heating. It can be seen from Table
1 that the reduction rate increases with increasing heating rate. It
is therefore deduced that a faster reduction rate generally produces
smaller particles with a narrower size distribution.

To confirm the formation of metallic nanoparticles, XPS was
employed to determine the valence state of the obtained colloids.
XPS data of 2Pt/1Ru and 1Pt/4Ru colloids (Nos. 3 and 6 in Table
1) are given in Table 2, and XPS spectra of 1Pt/4Ru colloids are also
shown in Fig. 3. The binding energies of Ru 3d5/2, Ru 3p3/2, and
Pt4f7/2 in 2Pt/1Ru colloids were 279.9, 461.7, and 70.9 eV, respec-
tively. The binding energies of Ru 3d5/2, Ru 3p3/2, and Pt 4f7/2 in
Table 2
XPS analysis of PVP-Pt/Ru colloidal nanoparticles.

Compound Binding energya (eV)

Ru 3d5/2 Ru 3p3/2 Pt 4f7/2

PVP-2Pt/1Ru 279.9 461.7 70.9
PVP-1Pt/4Ru 280.0 461.8 71.0
Ru(metal)b 280.0
Pt(metal)b 70.9

a The Binding energy values are referred to C1s(284.8 eV).
b From Refs. [32–35].

Fig. 3. XPS spectra of PVP-1Pt/4Ru: (a) Ru 3d5/2 and Ru 3d
1Pt/4Ru colloids were found to be 280.0, 461.8, and 71.0 eV,
respectively. They were concordant with those values for bulk Pt
and Ru metals [32–35]. This demonstrated that both metal salts
(H2PtCl6�6H2O and RuCl3�nH2O) were reduced to zero-valence
metallic Pt and Ru, respectively.

For bulk materials, Pt and Ru can form alloys with Ru atomic
percentage as high as 70% [36] or 79% [37]. For nanoscale materi-
als, Pt and Ru can also form alloys [15]. Since Ru(0) cannot be ob-
tained by ethanol reduction, it should either alloy with Pt or attach
to Pt particle surface as a distinguished part. Here, HRTEM photo-
graphs are given to verify the alloy nature of the particles (inserted
photographs in Fig. 2c and e). It can be seen from these images that
each particle is a single crystal with all the crystal lattices through
the whole particle, indicating that the alloy form of Pt and Ru in the
Pt/Ru particles, rather than an attached two parts in one particle.

With respect to the surface composition of bimetallic alloy
particles, Toshima et al. performed a structural analysis of PVP-
Pd/Pt [30] and PVP-Pd/Au [38] colloidal nanoparticles by extended
X-ray absorption fine structure (EXAFS). XPS is also an effective
technique to analyze the chemical composition of particle surface
[15,39]. From our XPS data, the surface composition of PVP-1Pt/
4Ru was deduced to be 1:6 (atomic ratio). This indicated that Ru
was concentrated on the surface in the PVP-Pt/Ru colloidal
nanoparticles.

It is hypothesized that Pt precursor was reduced to zero-valent
metal first by ethanol, which then helped RuCl3 reduction as seeds.
The composition data from XPS imply that the PVP-Pt/Ru particles
have a quasi core–shell structure (core with more Pt atoms and
shell with more Ru atoms). This conclusion could also be deduced
through the color change and the absorption spectra during the
formation of the PVP-Pt/Ru colloids in which the absorption peak
at 260 nm (representing Pt4+ complex ion) disappeared quickly
whereas the peak at 380 nm (representing Ru3+ complex ion) de-
creased slowly.

It was reported that the PVP-Pt/Ru bimetallic colloids prepared
by NaBH4 reduction demonstrated to be a reversed core–shell
structure, with more Ru atoms in the core and more Pt atoms on
the surface [15]. A very strong reductant of NaBH4 made the reduc-
tion process much faster than a weak reductant of ethanol, where
the solution color changed from dark red-brown to gray-blue and
then to dark brown in just a few seconds, indicating that both Pt
and Ru precursors could be quickly reduced to their metallic state
simultaneously [15]. The surface tensions of Pt and Ru are 1865
and 2250 mN/m, respectively. According to the principle that a
component with a lower surface energy tends to be concentrated
on the surface, a quasi core–shell model with Ru enriched in cores,
would be likely formed in the Ru/Pt colloids. But in our case, based
on the color change process and the absorption spectra shown in
Fig. 1, it could be deduced that [PtCl4]2- disappeared quickly
3/2, (b) Ru 3p3/2 and Ru 3p1/2, (c) Pt 4f7/2 and Pt 4f5/2.



Table 3
Selective hydrogenation of o-CNB over PVP-Pt/Ru colloidal catalysts.a

No. Catalyst systemb Selectivityc (%) Conversion (%) (reaction time, min) Activity (molH2/(molM) s) TOF (molo-CNB/(molPt,surface atom) s)

o-CAN AN NB Others

1 Pt 83.1 11.0 3.9 1.9 100 (9.5) 0.28 0.26
2 4Pt/1Ru 93.1 6.8 0.1 0 99.5 (45) 0.059 4.9 � 10�2

3 2Pt/1Ru 93.2 6.5 0.3 0 100 (53) 0.050 5.3 � 10�2

4 1Pt/1Ru 95.4 4.4 0.2 0 100 (100) 0.027 2.2 � 10�2

5 1Pt/2Ru 97.1 2.4 0.5 0 99.4 (160) 0.017 1.3 � 10�2

6 1Pt/4Ru 99.0 0.2 0.8 0 100 (300) 0.009 0.8 � 10�2

a Reactions were conducted at 298 K and 0.1 MPa of H2 pressure. The overall experimental error (operation, reaction, analysis) for the component content was 5–15%, for
the total conversion was less than 5%.

b The colloids were synthesized in a mixed solvent of ethanol:water = 9:1 (v:v).
c AN: aniline; NB: nitrobenzene; Others: o-chloronitrosobenzene, dichloroazoxybenzene, 2,20-dichloroazobenzene, azobenzene.
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whereas Ru3+ ions diminished slowly and PVP-1Pt/4Ru colloids
formed after 37 min of heating. It is known that RuCl3 can not be
reduced to Ru(0) by ethanol solely [33]; only when H2PtCl6 is re-
duced to Pt(0) first by ethanol, the reduction in Ru3+ can take place
on the Pt(0) seed surface to produce zero-valent Ru metal nanopar-
ticles autocatalytically. Thus, a heterogeneously distributed parti-
cle structure of a quasi core–shell model nanoparticles with
more Pt atoms in the core and more Ru atoms on the shell can
be formed by ethanol reduction. The structure difference between
ours and the Liu et al.’s may be due to the different reducing
strengths of the reductants. The results of selective hydrogenation
of o-CNB (see Section 3.3) are consistent with such a model.

3.3. Selective hydrogenation of o-CNB

Selective hydrogenation of o-CNB to o-CAN was carried out over
the as-prepared PVP-Pt/Ru colloidal nanoparticles at 298 K and
0.1 MPa, and the results are listed in Table 3. It can be seen that
the conversion of o-CNB was�100% over all the PVP-Pt/Ru colloids,
and the selectivity to o-CAN was in the range of 93.1–99.0%, which
monotonously increased with the increased proportion of Ru in Pt/
Ru colloidal catalysts. This selectivity is comparable to the results
reported for a PVP-Ru colloidal catalyst [21,40,41] and tends to
resemble PVP-Ru in catalytic performance, indicating that Ru was
rich on the surface of the PVP-Pt/Ru nanoparticles. This selectivity
was much higher than those of the PVP-Pt/Ru colloidal nanoparti-
cles synthesized by NaBH4 reduction [15], in which the selectivity
to o-CAN was similar to that of PVP-Pt, in accord with their core–
shell structure with more Ru atoms in the core.

The activity of our PVP-Pt/Ru colloidal nanoparticles synthe-
sized in the ethanol–water system was in the range of 0.059–
0.009 (molH2)/(molM) s by changing the molar ratio of Pt to Ru.
Compared to PVP-Pt, the activity of the PVP-Pt/Ru colloidal nano-
particles was not high. However, the activity was much higher than
that of PVP-Ru colloid catalyst [0.00028 (molH2)/(molM) s] [21].
PVP-4Pt/1Ru was the most active catalyst of the examined nano-
particles, with a hydrogenation rate of 0.059 (molH2)/(molM) s. In
other words, the hydrogenation activity for nitro group was
remarkably enhanced, while the dechlorination activity was dis-
tinctly depressed through this bimetallic combination. It was re-
ported that the activities were 0.29 and 0.16 [(molH2)/(molM) s]
for PVP-4Pt/1Ru and PVP-1Pt/4Ru synthesized by NaBH4 reduction
[15], which were much higher than our PVP-Pt/Ru colloidal nano-
particles. There are two possible reasons for the difference. First,
the surface component was different. There was more Pt on nano-
particle surface synthesized by NaBH4 reduction. This increases the
activity. Second, there were boron species (the borates) presented
in the nanoparticles synthesized by NaBH4 reduction. This might
exhibit a remarkable promotion effect on the reaction rate [41].

The activity and selectivity of bimetallic nanocatalysts are
greatly influenced by their components and compositions [4]. As
shown in Table 3, the selectivity to o-CAN monotonously increased,
but the activity of the catalyst decreased with the increasing pro-
portion of Ru in Pt/Ru colloidal catalysts. It was known from the
XPS measurements of 1Pt/4Ru colloids that Ru atoms were en-
riched on the surface of the Pt/Ru bimetallic particles. More Ru
atoms on the surface lead to a higher selectivity. The high selectiv-
ity and activity of PVP-Pt/Ru colloidal nanoparticles may also
attribute to the electron transfer between these two metals.
Giroir-Fendler et al. [23] proposed that Ru atoms, which are more
electropositive than Pt atoms, acted as an adsorption site for the
oxygen atom of the carbonyl, gave the coincidence increase in
selectivity and activity of the hydrogenation of cinnamaldehyde
over homogeneous Pt-Ru bimetallic particles. Similar situation
may occur in our case for the HRTEM images tell us the alloy form
of Pt and Ru in the Pt/Ru particles. Therefore, Ru as the electron-
deficient species on the surface of the bimetallic catalysts may
act as electrophilic or Lewis acid sites for the polarization and acti-
vation of the N@O bond via the interaction with the lone electron
pair of the oxygen atom, favoring its hydrogenation [18]. As for the
selectivity to haloaniline, its enhancement was attributed to the
relative adsorption strength of halonitrobenzene on Ru increased,
whereas the relative adsorption strength of haloaniline was re-
duced, which resulting high selectivity to o-CAN.

Some supported catalysts (such as Ag/SiO2 [42], Au/SiO2 [43],
Au/ZrO2 [44], and Ru/SnO2 [22] are highly selective in the hydroge-
nation of haloaromatic nitro compounds. However, their activities
at higher reaction temperatures and higher hydrogen pressures are
obviously lower than that of our PVP-Pt/Ru nanocatalysts. A few
reactions over Pt/c-Fe2O3 [45–47] can be operated under ambient
conditions to hydrogenate chlorinated nitroarenes; their activities
are not high, whereas Ir/hydrous zirconia [48] exhibits comparable
selectivity with higher activity under ambient conditions. But Pt or
Ir are more expensive than Ru.

Cárdenas-Lizana et al. [49–52] reported that a continuous gas-
phase hydrogenation of p-chloronitrobenzene over Au/Al2O3 and
Au/TiO2 could achieve a selectivity of 100% to p-chloroaniline oper-
ating at 453 K. A continuous operation is generally good for high
throughput. However, these reported processes have to be oper-
ated at higher temperatures, which may bring in issues such
as the extra energy input, the protection and maintenance of
equipment, and the safety. Considering these factors, batch reac-
tions under room temperature may be a good alternate. Further-
more, though the work reported here is a batch operation, it is
possible to convert it to a continuous reaction once we solve the
catalyst separation from the products.
4. Conclusions

We reported for the first time the preparation of a series of PVP-
Pt/Ru nanoparticles in ethanol–water system. TEM results showed
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that the particle size could be controlled around 2–3 nm. XPS and
UV–Visible spectroscopy measurements proved the complete
reduction in Pt(IV) to Pt(0) and Ru(III) to Ru(0). XPS data also re-
vealed a quasi core–shell structure with Ru enriched in the shell
for these bimetallic nanoparticles. The catalytic performance of
these colloidal nanoparticles depended on their compositions;
the high selectivity to o-CAN was contributed by Ru component.
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