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a b s t r a c t

Carbon nanotubes (CNTs), �-alumina (�-Al2O3) and silica (SiO2) supported Pt and Pd catalysts were
produced by laser vaporization deposition of respective bulk metals. The catalysts were characterized
by inductive coupled plasma emission spectrometer (ICP), X-ray photoelectron spectroscopy (XPS) and
transmission electron microscopy (TEM). The catalytic properties of the catalysts were investigated in
the liquid phase hydrogenation of o-chloronitrobenzene (o-CNB) to o-chloroaniline (o-CAN) under 333 K
and 1.0 MPa hydrogen pressure. The results show that the catalytic properties are greatly affected by the
supports. Pt/CNTs catalyst exhibits the best catalytic performance among the Pt-based catalysts, pro-
alladium
aser vaporization deposition
-Chloronitrobenzene
iquid phase hydrogenation

ducing o-CAN with 99.6% selectivity at complete conversion. Pd/CNTs catalyst exhibits the best catalytic
performance among the Pd-based catalysts, giving o-CAN with 95.2% selectivity at complete conversion.
For Pt-based catalysts, geometric effect and the textures and properties of the supports play important
roles on catalytic properties. On the other hand, geometric effect, electronic effect and the textures and
properties of the supports simultaneously influence the catalytic properties of the Pd-based catalysts.
In addition, hydrogenolysis of the C–Cl bond can be well inhibited over all catalysts prepared by laser

vaporization deposition.

. Introduction

Aromatic haloamines are important intermediates in the chem-
stry of dyes, drugs, herbicides and pesticides. The traditional
ynthesis routes are usually harmful to the environment. “Green”
yntheses based on catalytic hydrogenation of the corresponding
alogenated nitro compounds are the most common method used
urrently [1–4]. However, hydrogenation is often companied by
ydrodehalogenation, resulting in low selectivity to haloamines.
pecial catalyst has been proposed as a method for reducing
ydrodehalogenation [5,6]. The catalysts generally employed in
uch reactions are supported Pd [7,8] and supported Pt [9–11] cata-
ysts. Over the last decades, many studies focused on preparation of
upported noble metal catalysts. Supported Pt and Pd catalysts were

sually prepared by chemical methods [9,12,13], such as impreg-
ation, chemical reduction and so on. Chemical methods were
omplicated and there are so many factors affecting the catalytic
roperties during preparation process. In recent years, laser tech-

∗ Corresponding author. Tel.: +86 571 88320791; fax: +86 571 88320791.
E-mail address: xinhuanyan139@hotmail.com (X. Yan).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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© 2009 Elsevier B.V. All rights reserved.

nology was gradually applied in preparation of supported catalysts
(physical method). Rousset et al. [14,15] have prepared �-Al2O3 sup-
ported Pt, Pd and Pt–Pd catalysts by laser vaporization of respective
bulk metals, used for the hydrogenation of toluene and tetralin, and
obtained good results.

A number of parameters have been shown [16,17] to influence
the activity and selectivity for the hydrogenation of halogenated
nitrobenzene in liquid phase, such as noble metal particles size and
loading, solvent and the incorporation of a second metal. One more
important consideration is the catalyst support. The primary roles
of support are to finely disperse and stabilize small metallic par-
ticles and thus provide access to a lager number of catalytically
active atoms than the corresponding bulk metal [18]. In this paper,
a promising support (CNTs) and classical supports (�-Al2O3 and
SiO2) are selected, and supported Pt and Pd catalysts were pro-
duced by laser vaporization deposition of bulk metals. Herein the
electronic structure and microstructure of the catalysts were exten-
sively investigated by means of high-resolution X-ray photoelectron

spectrometer and transmission electron microscope, respectively,
while their catalytic performance was evaluated using selective
hydrogenation of o-chloronitrobenzene under 333 K and 1.0 MPa
hydrogen pressure as a probe reaction. We found that the sup-
ports have a significant influence on the metal dispersion and the

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:xinhuanyan139@hotmail.com
dx.doi.org/10.1016/j.molcata.2009.06.009
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Table 1
BET surface area and metal loading of the Pt-based and the Pd-based catalysts.

Catalysts BET area (m2 g−1) Metal loading (wt%)

Pt/CNTs 129 0.50
Pt/�-Al2O3 230 0.47
Pt/SiO2 186 0.51

tively, are gathered in Table 1. The BET surface areas of the supports
were slightly decreased after deposition with Pt and Pd for all the
Pt-based and Pd-based catalysts. These results above suggest that
Pt and Pd have been located on the outer surfaces of the sup-
ports. The metal loading of Pt/CNTs, Pt/�-Al2O3, Pt/SiO2, Pd/CNTs,

Table 2
Binding energies (BE) of Pt 4f7/2 and Pd 3d5/2 for the Pt-based and the Pd-based
catalysts, respectively, measured by XPS.

Catalysts Binding energy (eV)

Pt 4f7/2 Pd 3d5/2

Bulk Pt 71.0
Pt/CNTs 71.4
Pt/�-Al2O3 71.4
ig. 1. The system of laser vaporization deposition. (1) Laser; (2) chamber; (3) N2

ylinder; (4) vacuum pump; (5) stirrer; (6) vacuum meter; (7) metallic rod; (8)
lasma; (9) support; (10) quartz dish; (11) strip heater; (12) magnetic stirrer.

articles size, and the catalytic properties of the hydrogenation of
-chloronitrobenzene.

. Experimental

.1. Preparation of catalysts

Carbon nanotubes (CNTs, SA = 132 m2/g, Fe 0.004 wt% before
reated with concentrated nitric acid, Zhejiang university), �-
lumina (�-Al2O3, SA = 238 m2/g, Zhejiang Zhoushan Mingri Tech-
ology Co., Ltd.) and silica (SiO2, SA = 200 m2/g, Zhejiang Zhoushan
ingri Technology Co., Ltd.) were used as the catalyst supports.
Pt/CNTs catalyst was prepared by laser vaporization deposition

f bulk Pt metal. The deposition system designed by us, is shown in
ig. 1 [19]. A quantity of CNTs pretreated with concentrated nitric
cid for overnight (Fe not detectable analyzed by ICP) was placed
n the quartz dish at the bottom of the chamber, and agitated by
he magnetic stirrer. After N2 purging to replace air in the cham-
er for 6 times, the quartz dish was heated to 873 K, and pumped
o 300 Pa. Afterwards, a pulsed Nd:YAG (LYD-MC8B, Beijing North
hine Photoelectric Technology Co., Ltd.) laser of 250 V was focused
n a rolling rod of bulk Pt (99.5% purity, Shanghai Jiushan Chemical
o., Ltd.) and a plasma was formed. The plasma was oriented and
eposited onto the surface of CNTs and nucleated to form metallic
lusters. Thus, the Pt/CNTs (0.5 g per batch) catalyst was obtained.

The preparation of Pt/�-Al2O3 (1.2 g per batch), Pt/SiO2 (1.2 g
er batch), Pd/CNTs (0.5 g per batch), Pd/�-Al2O3 (1.2 g per batch)
nd Pd/SiO2 (1.2 g per batch) catalysts are similar to that of Pt/CNTs
atalyst (bulk Pd metal, 99.5% purity, Shanghai Jiushan Chemical
o., Ltd.).

.2. Catalyst characterization

BET surface area was measured by nitrogen volumetric adsorp-
ion (BET, Micromeritics ASAP 2010) at 78 K. Prior to measurement,
he samples were degassed to 0.1 Pa at 100◦ for 5–8 h. The surface

reas were calculated in a relative pressure range 0.05 < p/p0 < 0.2.

The metal loading of the catalysts were analyzed by induc-
ive coupled plasma emission spectrometer (ICP, Thermo Jarrell
RIS-Intrepid). In general, the weighted samples were dissolved in
hloroazotic acid to extract the metal from the supports, filtrated,
Pd/CNTs 127 0.52
Pd/�-Al2O3 228 0.50
Pd/SiO2 183 0.49

and diluted with distilled water and then the resulting solution was
analyzed by the ICP method.

XPS measurements were performed on a Thermo ESCALAB 250
Axis Ultra spectrometer using a monochromatic Al K� radiation
(h� = 1486.6 eV). Slight Ar+ sputtering was employed to remove sur-
face impurities. All binding energy (BE) values were calibrated by
using the value of contaminant carbon (C 1s = 284.6 eV) as a refer-
ence.

Metal particles size and shape were assessed by transmission
electron microscopy analysis. The experiments were performed on
a JEOL JEM-200CX transmission electron microscope. In order to
obtain samples for TEM characterization, the as-obtained powders
were dispersed in ethanol by ultrasonication. A drop of the solution
was then deposited onto a thin holey-carbon film supported on a
copper microscopy grid and left to dry.

2.3. Catalytic hydrogenation and analysis [20]

Hydrogenation of o-CNB was carried out in a 500-mL stainless
steel autoclave with a thermocouple and a magnetic stirring bar. A
predetermined quantity of o-CNB (5 g), ethanol (100 mL) and cat-
alyst were taken. The autoclave was purged with pure hydrogen 5
times to replace air and then was pressurized to 1.0 MPa. The auto-
clave was heated, stirring started and the reaction time accounted.
At the end of the reaction, the autoclave was cooled by flowing water
to quench the reaction. The reaction products were analyzed by GC-
9790 equipped with a FID detector and an SE-30 capillary column.
The oven temperature was 433 K, injector temperature 493 K and
detector temperature 533 K.

3. Results and discussions

3.1. BET surface area and metal loading

The BET surface area and the metal loading of the supported Pt
and Pd catalysts obtained from BET and ICP measurements, respec-
Pt/SiO2 71.4
Bulk Pd 335.0
Pd/CNTs 336.1
Pd/�-Al2O3 335.9
Pd/SiO2 335.8
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d/�-Al2O3 and Pd/SiO2 catalysts are 0.50 wt%, 0.47 wt%, 0.51 wt%,
.52 wt%, 0.50 wt% and 0.49 wt%, respectively.

.2. Electronic structure investigation

The XPS results of the Pt-based and the Pd-based catalysts are

athered in Table 2. It shows that the valence state of Pt and Pd are
ero. The core level binding energies for Pt/CNTs, Pt/�-Al2O3 and
t/SiO2 catalysts and bulk Pt metal are compared. Shift of the Pt
f7/2 level to higher binding energy than bulk Pt metal is observed
or the Pt-based catalysts. More interestingly, the positive shift of

Fig. 2. TEM images of the catalysts. (a) Pt/CNTs, (b) Pt/�-Al2O3
sis A: Chemical 310 (2009) 144–149

about 0.4 eV is observed for all the Pt-based catalysts. As pointed
out by Dicenzo and Wertheim [21], the binding energy is, without
exception, higher in clusters than in the bulk. The observed core
level shift for Pt clusters agrees with the result reported by Zhao
et al. [22], who measured positive shifts on Pt clusters, having a
size similar to our clusters. Therefore, we can speculate that the

positive shift of binding energies is attributed to the size effect,
and the metal–support interaction is negligible for the Pt-based
catalysts. The core level binding energies for Pd/CNTs, Pd/�-Al2O3
and Pd/SiO2 catalysts and Pd bulk are also compared in Table 2.
The positive shift of binding energies for Pd 3d5/2 is in the order

, (c) Pt/SiO2, (d) Pd/CNTs, (e) Pd/�-Al2O3 and (f) Pd/SiO2.
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d/CNTs > Pd/SiO2 > Pd/�-Al2O3. We can speculate that the positive
hift of binding energies is attributed to the size effect and the
etal–support interaction for the Pd-based catalysts. The results

iscussed above show that the metal–support interaction is depen-
ent on the metal type. The ionization potential of Pd metal (8.3 eV)

s smaller than that of Pt metal (9.0 eV) [23], making the electron
ransfer of Pd metal more easy.

.3. Microstrcture investigation

The TEM images of the Pt-based and the Pd-based catalysts
re presented in Fig. 2. The TEM images clearly show that Pt
nd Pd particles are located on the outer surface of the sup-
orts. The representative TEM images of Pt/CNTs, Pt/Al2O3 and
t/SiO2 catalysts shown in Fig. 2a–c reveal pseudo-spherical
articles evenly distributed over the outer surface of the sup-
orts. It is apparently shown that Pt particles deposited on the
uter surface of CNTs are smaller and that the variation in par-
icles size is narrower than those deposited on �-Al2O3 and
iO2. The respective values of the size range are as follows:
t/CNTs, 3–12 nm; Pt/�-Al2O3, 4–15 nm; Pt/SiO2, 6–20 nm. TEM
mages of Pd/CNTs, Pd/Al2O3 and Pd/SiO2 catalysts are given in
ig. 2d–f. Inspection of wide regions of CNTs supported Pd cat-
lyst shows that Pd metal is evenly dispersed on the entire
uter surface of CNTs, and in this case the Pd particles are sig-
ificantly smaller on average than those deposited on �-Al2O3
nd SiO2. The size of Pd particles increases sharply in the order
d/CNTs < Pd/�-Al2O3 < Pd/SiO2, and large aggregates are observed
n �-Al2O3 and SiO2. These results above indicate that the metal
ispersion and the particles size are greatly influenced by the sup-
orts.

It is clear that the surface area is in the order �-
l2O3 > SiO2 > CNTs. However, the external surface of CNTs is
omparable to that of �-Al2O3 and SiO2 where a large part of the sur-
ace area is attributed to micropores. Large external surface area of
upports is favorable for improving metal dispersion. Metal disper-
ion is not only associated with external surface area of the supports
ut also connected with their textures and properties, and the
etal–support interaction. Supports �-Al2O3 and SiO2 possess dis-

rdered porous network structure, while CNTs [24] have graphitic
tructure with basal planes exposed. The shortcoming of disor-
ered porous network structure is obvious. Active phase hardly
ccessed the pores when the supported catalysts were obtained
y laser vaporization deposition. The exposed graphitic planes of
NTs make outer surface accessible for the active phase. Metal par-
icles crystallize and the size is controlled by the nuclei number
nd growth rate. Metal particles obtained by laser vaporization
eposition moved more easily on the outer surface of CNTs, which
ave homogeneous properties. However, �-Al2O3 and SiO2 have a
umber of acid centers on the outer surface. Therefore, metal par-
icles are homogeneously and separately dispersed on the outer
urface of CNTs, while those deposited on the outer surface of �-
l2O3 and SiO2 are inhomogeneous. Metal particles on CNTs are
maller than those on �-Al2O3 and SiO2. A peculiar metal–support
nteraction could significantly modify metal dispersion, leading to

possible positive influence on the final metal particles disper-
ion. The Pt–support interaction is negligible, but the Pd–support
nteraction is in the order Pd/CNTs > Pd/�-Al2O3 > Pd/SiO2 (Table 2).
uch a relatively strong interaction between Pd clusters and CNTs
ould give rise to the relatively high Pd dispersion on the surface
f CNTs leading to high final Pd particles dispersion [12]. The Pd

ispersion on the outer surface of �-Al2O3 and SiO2 are inhomo-
eneous due to lower Pd–support interaction and homogeneous
roperties of the support leading to Pd particles aggregated. Baker
nd co-workers [25,26] have reported that Ni particles supported
n carbon nanofibers (CNFs) adopt dramatically different sizes and
Scheme 1. The process of the hydrogenation of o-CNB.

morphological properties compared to those observed on classical
supports such as alumina and silica due to a strong metal–support
interaction between Ni particles and CNFs.

3.4. Catalyst activity/selectivity

3.4.1. Pt-based catalysts
The hydrogenation of o-CNB was used to test the catalytic prop-

erties of the Pt-based and Pd-based catalysts. The hydrogenation of
o-CNB to give o-chloroaniline (o-CAN) as the main product is shown
in Scheme 1. Aniline (AN) is the main by-product. Other detectable
by-products include nitrobenzene (NB), o-chloronitrosobenzene
(o-CNSB) and azobenzene. The effect of the supports on the hydro-
genation of o-CNB over Pt-based catalysts has been investigated,
and the results are listed in Table 3. It can be seen that the supports
have an obvious influence on the catalytic activity of the Pt-based
catalysts on the hydrogenation of o-CNB. Pt/CNTs catalyst exhibits
the best catalytic activity. The catalytic activity decreases sharply
in the order Pt/CNTs > Pt/�-Al2O3 > Pt/SiO2. It is well known that
the catalytic activity is influenced by geometric and/or electronic
effect. The Pt particles of Pt/CNTs catalyst are smaller than those
of Pt/�-Al2O3 and Pt/SiO2 catalysts (Fig. 2a–c). The electronic inter-
action between Pt clusters and the supports is negligible (Table 2).
Thus, we can speculate that geometric effect on the catalytic activ-
ity is considerable. It is well known [27] that the rate-determining
step of heterogeneously catalytic reaction is a nucleophilic attack
of hydride ion, produced by dissociated adsorption of hydrogen
molecules on the metal (Pt) surface, on the N O bond of the nitro
group. Higher Pt dispersion and smaller Pt particles of Pt/CNTs cata-
lyst promote the contact of the nitro group of o-CNB with the active
sites. The diffusion of reactants towards the active sites located on
the outer surface of CNTs is easier than that on �-Al2O3 and SiO2
because of the exposed basal planes of CNTs. Thus, the N O bond
is favorably attacked by hydride ion adsorbed on the active sites of
Pt/CNTs catalyst, resulting in higher catalytic activity.

However, a more significant difference was observed for Pt-
based catalysts in terms of the selectivity to o-CAN in Table 3. The
selectivity to o-CAN is almost equivalent over all Pt-based catalysts.
The supports have no distinct effect on the selectivity to o-CAN. This
is inconsistent with the results obtained by Coq et al. [28], who have
reported that the supports have obvious effect on the selectivity to
p-CAN over the Pt-based catalysts obtained by chemical ways. Coq
et al. [11] also have reported that higher Pt dispersion and smaller Pt
particles exhibit higher selectivity to o-CAN. The rate-determining
step of the hydrodechlorination of o-CNB is a nucleophilic attack of
hydride ion on the C–Cl bond. The properties of hydrogen chemisor-
ped on Pt particles are linked to the electronic state of the Pt
active sites. Therefore, we can speculate that the invariant selec-

tivity to o-CAN over all Pt-based catalysts is linked to the negligible
metal–support interaction. The invariant selectivity to o-CAN may
also be linked to the textures and properties of the supports. The
complete absence of any microporosity was found on CNTs, which
could modify residence time of the reactant and product and their
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Table 3
Comparison between reaction data of the Pt-based and Pd-based catalysts on the hydrogenation of o-CNB.

Catalysts Average ratea (molo-CNB molmetal
−1 min−1) Conversion (%) (time, min) Selectivity (%)

AN o-CAN

Pt/CNTs 131.0 100 (105) 0.4 99.6
Pt/�-Al2O3 58.1 97.3 (120) 0.6 99.4
Pt/SiO2 35.7 79.5 (180) 0.4 99.6
Pd/CNTs 141.2 100 (92) 4.3 95.2
Pd/�-Al2O3 59.5 95.2 (120) 9.4 89.1
Pd/SiO2 36.5 85.8 (180) 7.9 91.2

R emperature = 333 K; m (Pt/CNTs) = 0.09 g; m (Pt/�-Al2O3) = 0.15 g; m (Pt/SiO2) = 0.15 g; m
(

t of o-CNB consumption.

a
s
s
t
s
N
w
i

3

P
i
s
c
e
o
t
T
A
t
m
A
p
a
e
a
i
a
C
o
c
t
m
P
r
C
f
i
m
t
A
t
P
o
h
t

3

t
t

eaction condition: m (o-CNB) = 5 g; V (EtOH) = 150 mL; P (H2) = 1.0 MPa; reaction t
Pd/CNTs) = 0.05 g; m (Pd/�-Al2O3) = 0.09 g; m (Pd/SiO2) = 0.12 g.

a The average reaction rate, molo-CNB molmetal
−1 min−1, calculated from the amoun

dsorption. The lower concentration of oxygenated groups on CNTs
urface compared to their high concentration on �-Al2O3 and SiO2
urface could also influence in a significant manner the selectivity
o o-CAN by modifying the adsorption mode of reactant. Finally, it
hould be noted that an interaction would be possible between the

O bond of o-CNB and the exposed graphite planes associated
ith a cloud of delocalized �-electrons of CNTs, which also could

mprove the selectivity to o-CAN.

.4.2. Pd-based catalysts
The effect of the supports on the hydrogenation of o-CNB over

d-based catalysts has been investigated, and the results are listed
n Table 3. The results clearly pointed out the superiority of CNTs
upported Pd catalysts versus �-Al2O3 and SiO2 in terms of the
atalytic activity and the selectivity to o-CAN. Pd/CNTs catalyst
xhibits the best catalytic activity and the highest selectivity to
-CAN (95.2%). The catalytic activity and selectivity to o-CAN simul-
aneously decrease in the order Pd/CNTs > Pd/�-Al2O3 > Pd/SiO2.
he Pd particles of Pd/CNTs catalyst are smaller than those of Pd/�-
l2O3 and Pd/SiO2 catalysts, and large aggregates are observed on

he surface of Pd/�-Al2O3 and Pd/SiO2 catalysts (Fig. 2d–f). The
etal–support interaction is in the order Pd/CNTs > Pd/SiO2 > Pd/�-

l2O3 (Table 2). Thus, we can speculate that the excellent catalytic
roperties of the Pd/CNTs catalysts are explained by the geometric
nd electronic effects and the textures and properties of CNTs. The
ffect of the supports on the catalytic activity of the Pd-based cat-
lysts is similar to that on the Pt-based catalysts. Different results
n terms of the effect of the supports on the selectivity to o-CAN
re observed compared to the Pt-based catalysts (Table 3). The o-
AN selectivity results over Pd-based catalysts are similar to those
btained by Planeix et al. [29], who have reported that Ru/CNTs
atalyst has higher cinnamyl alcohol selectivity in the hydrogena-
ion of cinnamaldehyde than Ru/Al2O3 and Ru/C catalysts. This

ay be attributed to the higher dispersion of Pd and stronger
d–support interaction for Pd/CNTs catalyst. Coq et al. [30] have
eported that the dispersion of Pd affects the hydrogenolysis of
–Cl bond in chlorobenzene, larger Pd particles being more active

or hydrodechlorination. The existence of a peculiar metal–support
nteraction between Pd particles and the supports, i.e. electronic

odification through the electron transfer between Pd metal and
he supports modifies the adsorption and selectivity of the product.

lower electronic density at the Pd sites of Pd/CNTs catalyst due
o the electron transfer between the graphite structure of CNTs and
d particles lowers the negative charge of hydrogen chemisorped
n the active sites of Pd/CNTs catalyst [31]. Generally, this inhibits
ydrogenolysis of the C–Cl bond in o-CNB and o-CAN, resulting in
he highest selectivity to o-CAN over Pd/CNTs catalyst.
.4.3. Hydrogenolysis of the C–Cl bond in o-CAN inhibited
The effect of time on the conversion of o-CNB and the selec-

ivity to o-CAN is shown in Fig. 3. It can be seen from Fig. 3 that
he selectivity to o-CAN is constant with time going over Pt-based

Fig. 3. Effect of reaction time on the conversion and the selectivity to o-CAN.
(a) Pd/CNTs (0.05 g) and Pt/CNTs (0.09 g); (b) Pd/�-Al2O3 (0.09 g) and Pt/�-
Al2O3 (0.15 g); (c) Pd/SiO2 (0.15 g) and Pt/SiO2 (0.21 g). Reaction condition: m
(o-CNB) = 5 g; V (EtOH) = 150 mL; P (H2) = 1.0 MPa; reaction temperature = 333 K;
reaction time = 180 min.
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atalysts, and that the selectivity to o-CAN slightly decreases with
ime over Pd-based catalysts. It is well known that there are two
athways for hydrodechlorination during the hydrogenation of o-
NB, hydrogenolysis of C–Cl bond in o-CNB and hydrogenolysis of
–Cl bond in o-CAN, respectively (Scheme 1). The results obtained

n the laboratory have shown that active phase located on the outer
urface of the supports exhibits an extremely high ability to inhibit
he further hydrogenation of o-CAN, namely hydrogenolysis of the
–Cl bond in o-CAN. This could be attributed to several factors: (i)
etal clusters were deposited on the outer surface of the supports,

ccording to the laser vaporization deposition process, BET results
Table 1) and TEM results (Fig. 2), which modifies the adsorption of
-CAN. The N O hydrogenation product (o-CAN) was rapidly des-
rbed from the active sits on the outer surface of the catalysts. The
e-adsorption of o-CAN may not occur on the active sites regard-
ess of support. Thus, the residence time of o-CAN on the surface of
atalyst is shortened. (ii) The electron-deficient state of the metal
articles may inhibit the C–Cl bond in the contact of o-CAN with
he active sites. (iii) For Pd-based catalysts, the size effect and the

etal–support interaction induce the electron-deficient state of the
d particles, which lowers negative charge of the hydrogen. Gener-
lly, this inhibited the C–Cl bond in o-CAN attracted by hydride ion,
nd hydrogenolysis of the C–Cl bond in o-CAN is inhibited.

. Conclusions

It is clear that laser vaporization deposition is a simple
pproach to preparation of supported Pt and Pd catalysts. The
etal–support interaction for the Pt-based catalysts is negligible,

ut the metal–support interaction for the Pd-based interaction is
n the order Pd/CNTs > Pd/�-Al2O3 > Pd/SiO2. The supports have a
ignificant influence on the metal dispersion and the particles size.
he hydrogenation results show the superiority of CNTs over �-
l2O3 and SiO2 in terms of the catalytic activity and the selectivity

o o-CAN. The effect of the supports may be interpreted by geo-
etric effect and the textures and properties of the supports for

he Pt-based catalysts. However, the effect of the supports may be
nterpreted by geometric effect, electronic effect and the textures
nd properties of the supports for the Pd-based catalysts. In addi-
ion, hydrogenolysis of the C–Cl bond in o-CAN is well inhibited

ver supported Pt and Pd catalysts obtained by laser vaporization
eposition due to the metal particles deposited on the outer surface
f the supports. Such catalysts can be potentially applied in several
eactions, and will probably open a new era in the field of nanosized
atalytic materials with high selectivity, especially in liquid-phase

[
[

[
[
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medium where the metal particles deposited on the outer surface
of support can lower mass transfer limitation.
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