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Abstract

Carbon nanotube (CNT)-supported Pt catalysts have been prepared by impregnation and reduction—precipitation method using chloroplatinic
acid as metal precursor. The structure of the catalysts has been characterised using TEM, BET and XPS. The catalytic performance for
nitrobenzene hydrogenation was evaluated under atmospheric pressure and ambient temperature. The results show that the catalysts, both
low and higher Pt loading, show high activity for nitrobenzene directly hydrogenating to aniline under mild conditions. The highly dispersed
Pt and mesoporosity structure of acid-oxidized CNT-supported Pt catalyst are responsible for the extraordinary activity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction reaction condition, substrates are often used. Carbon nan-
otubes (CNTSs), as a kind of carbon materials, have been used
Aniline as an important chemical raw material is mainly as supports for depositing metal nanoparticles. Many kinds
used for production of methylene diphenyl diisocyanate of methods of depositing nanosized metal particles on CNTs
(MDI), and also used as additive for rubber process, have been developed. For example, Dai and co-workers
intermediates dyes and pigments, pesticides and herbicidesdecorate Ti, Ni, Pd, Au, Al and Fe on single-walled CNTs
About 85% of global aniline is produced by catalytic through electron-beam depositigi]. Rh nanoparticles
hydrogenation of nitrobenzene. Both liquid phase and (1.5-2.5nm) are loaded on CNTs by surface-mediated
vapor phase hydrogenation methods are employed, but theorganometallic reactiorf2]. The metal nanoparticles on
common question is that severe reaction conditions are CNTs substrates perform some unusual catalytic properties.
required, i.e., higher reaction temperature and pressure. SdNi and Pd particles supported by CNTs show excellent
it is more interesting to ameliorate the reaction condition selective hydrogenation capacity for crotonaldehjgjeand
under mild reaction condition maintaining the high catalytic cinnamaldehydé4]. Rh nanoparticles on CNTs are highly
activity. active in the liquid-phase hydrogenation of cyclohexene
It is noted that metal nanoclusters are attractive catalysts[5].
and show high activity and selectivity due to the surface  In this contribution, CNT-supported Pt nanoclusters (des-
effect. To keep the dispersion of active component under ignated as Pt/CNT hereafter) are produced by impregnation
with 1% Pt loading (LPt/CNT) and reduction method with
3% Pt loading (3Pt/CNTSs) and their catalytic activities are
msponding author. Tel.: +86 10 6277 2292; fax: +86 10 6277 0190. investigated for nitrobenzene hydragenation under ambient
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2. Experimental procedure photoelectron spectra (XPS) are obtained by using KRATOS
spectrometer fitted with an Alé&source. The binding energy
2.1. Preparation of catalysts (BE) is calibrated by setting the Au 4f spectra at 84.0 eV.

The CNTs used as catalyst support are prepared by py-
rolyzing propylene and hydrogen over diatomite-supported 3. Results and discussion
Ni catalyst. The as-grown CNTs are 20—40 nm in diameter,
several microns in length. CNTs are first pre-oxidized. They 3.1. Characterisation of Pt/CNT catalysts
are doused in hydrofluoric acid to remove diatomite, followed
by HNOz—H>S0; refluxing to create surface complexes on 3.1.1. Transmission electron microscopy
CNTs surfaces to improve the surface hydrophilicity. At the The TEM images of 1Pt/CNT, 3Pt/CNT and 3Pt/AC af-
same time, the Ni catalysts are almost excluded except thatier calcination are shown iRig. 1 Pt particles located on
the Ni particles enwrapped by graphite lattice remain intact. CNTs by impregnation have a wide range size of 5-10 nm,
The residue Ni detected by X-ray fluorescence spectroscopyand some have congregated into large particles; the distribu-
is about 0.8 wt%. tion on the outer surfaces of CNT is not so homogeneous.
Two kinds of methods are used to prepare the CNTs- But Pt clusters produced by reduction method extensively
supported Pt catalysts: one with 1 wt% Ptloading is prepared cover CNTs, and the average particle diameter is generally
by incipient wetness method, the other with 3wt% Ptloading about 3 nm. Different preparing methods result in different
by reduction—precipitation method. Pre-oxidized CNTs are dispersion of Pt over CNT, since different surface property of
dispersed in the solution of hexachloroplatinic acid, and then oxidized CNT is resulted. It is reported that HyOxidized
the suspension is sonicated for 30 min and dried at’C10  CNT is negative net surface charfjg, which decides that
overnight. Before use, the catalyst is calcinated at’&Dfor
3 h under nitrogen. 3Pt/CNTs catalyst is produced by reduc-
tion hexachloroplatinic acid (0.02 M) with sodium hydrosul-
fite (N&S;04) solution (0.32 M) under some pH val(ig].
CNTs are first dispersed in the hexachloroplatinic acid solu-
tion, and then sodium hydrosulfite solution is dropped under
strong stirring. The pH value of the solution is adjusted by
adding some drops of aqueous concentrated Biblution.
The Pt loading is related with the pH value of the slurry. The
as-made precipitate is watered, filtered, dried at'TLO'hen,
calcination is conducted at 50Q for 1 h under nitrogen gas.
AC-supported Pt catalyst is prepared according to the
reduction—precipitation method for comparison. The same
pretreatment of AC is made. The Pt loading is 3 wt%.

2.2. Nitrobenzene hydrogenation

The nitrobenzene hydrogenation is operated at ambient
temperature and atmospheric pressure. Before reaction, the
catalyst is in situ reduced at 5Q for 3 h. 0.25 ml nitroben-
zene and 25 ml alcohol are injected into a three-necked bottle
with 0.025 g catalyst. Hydrogen flow is set 50 ml/min. Sam-
ples are withdrawn intermittently.

2.3. Characterisation

The dissolved Pt by enough aqua regia is analyzed by In-
ductively Coupled Plasma-Atomic Emission Spectrometry
using ICP-AES LEEMAN PRODIGY. The chemical anal-
ysis of the products is performed by gas chromatography
(GC/GC-MS TURBOMASS HP5973). The specific surface
area and pore distribution are carried out by physical adsorp-
tion of nitrogen at 77 K by using a Sorptomatic 1990 appara-

tus. The transmission electron microscopy (TEM) of a JEOL Fig. 1. TEMimages of calcinated (a) 1PYCNT, (b) 3PYCNT and (c) 3PYAC
200CX is used to characterise the prepared catalysts. X-raycatalyst.




0.04
0.03 . 0.03-
20 / \ . L0
"‘"E / PR "‘E
o .
Som{ W Som; :
Q S / e \
g [ VA S g \ ‘
| v ‘
= =) i \
0014 P S 001 .
J
, . 0.00 , .
10 100 I 10 100
(a) Pore diameter (nm) (b) Pore diameter (nm)

C.-H. Li et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 101-105

0.04

103

Fig. 2. The pore distributions of (a) support CNTs and (b) Pt/CNT catalyst.

CNTs will adsorb cations in the solution. WhenPiCk is The pore distribution curve of support CNTBig. 2)
used as precursor, adsorption of PtChnions is weak, lead-  shows that the pore size mainly ranges from 2 nm to 100 nm,
ing to a very poor dispersion. Moreover, upon calcination, Pt which is formed by entangling of CNTE1]. The meso-
will further agglomerate into fewer larger particlgy. But porous structure of Pt/CNT catalyst favors all active sites ac-
for loading Pt by reduction—deposition method, PtClons cessible for catalyst precursor during preparing process and
are reduced to ions with low valence or metallic state by re- decreases the diffusion limit of reactant and product during
ducing agent; Pt with positive or zero charge will nucleate reaction. When Pt particles are densely coated on CNT, Pt
and grow at acidic sites under electrostatic attractgdnA particles occlude a fraction of micropores with width less
great many of adsorption sites homogeneously disperse orthan 2 nm; at the same time, some pores with 100-300 nm
the surfaces of the oxidized-CNT supports, to which transi- have been formed. The modification is advantageous to the
tion metal nanoparticles atta§h0], so Pt particles decrease decrease of the steric hindrance during reaction.
their sizes even though Pt loading increases.

Pt clusters on AC are larger than those on CNT. They 3.1.3. X-ray photoelectron spectroscopy (XPS)
are 8—10nm in size. Most of Pt particles are located on the  According to the XPS spectra as showrkig. 3, the peak
outer surfaces and aggregate larger particles. Because A®f Pt in the 4f binding energy region can be curve fitted with
has a developed microporous structure, Pt first aggregatesioublet peaks: one atabout 71.5 eV can be attributed to metal-
on the outer surfaces of micropores, causing blocking of the lic Pt, and the other at about 73.6 eV can be assigned?to Pt
mouth of micropores, so Pt particles on AC are denser andspecie$12]. The slightly higher BE of metallic Ptis probably
larger. due to its small particle size. The peak sites give an inconsid-

erable shift after the catalyst is reduced, but the ratio of area

3.1.2. Volumetric adsorption apparatus of metallic Pt and oxidized Pt appreciably increases prior to

Specific surface area of IPt/CNT and 3Pt/CNTis 15fm  the calcinated sample. PYCNT can be further reduced at such
and 170 m/g, respectively. The increase of SSA of 3Pt/CNT low temperature, and the easiness of reducibility is related
is due to the decrease of Pt particle size and increase of Pto the concentration of surface groups and the presence of
particle number in comparison with 1Pt/CNT. ultrafine Pt particles. According to the study on Pt supported
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Fig. 3. The XPS spectra of Pt for (a) calcinated catalyst and (b) reduced catalyst.
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by carbon black, chemical groups hinder reduction process
[13]. CNTs have turbostratic graphite structure that is inert.

Oxidization treatment introduces a certain amount of groups
that is necessary for preparing catalyst, and the amount is
not so large that reduction is prohibited. Pt particles have

larger surface energy due to size effect, leading to their easy
reducibility.

3.2. Catalytic activity

The distribution of reactant and products is showrig 4.

Activated carbon (AC) or activated carbon cloth (ACC)-
supported Pt catalysts are ever reported for nitrobenzene hy-
drogenation14,15] The activities and reaction conditions
are compared iffable 1

The home-made AC-supported catalyst shows no activ-
ity in the nitrobenzene hydrogenation process under mild
reaction condition. It should be attributed to the hetero-
geneously distribution and the larger size of Pt particles
(seeFig. 1c).

The distinction between activity and intermediate type
for CNT- and AC-supported Pt catalysts can be drawn from
Table 1 The activity of 1Pt/CNTSs catalyst increases by two
times than that of Pt/AC and Pt/ACC under similar reaction
condition, and the activity of 3Pt/CNT is about three times
that of 1Pt/CNTs. The intermediates are different, leading to
different conversion rates to aniline.

The excellent activity of Pt/CNT catalyst is mainly re-
lated to the homogeneous distribution of ultrafine metallic
platinum particles over CNT, and the structure characteris-
tics of the support are also favorable. It has been reported

Conversion (%)

Conversion (%)

Conversion (%)

(c)
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that Pt with 3nm diameter shows the highest mass activity Fig. 4. Catalytic behaviors of (a) 1PUCNT, (b) 3PYCNT and (c) 3PUAC
or specific activity{16]. Hence, CNT-supported Pt catalysts catalyst.

exhibit extraordinary activity even under mild reaction con-

dition. The aggregated pores between entangled CNTs with

radius of 2—100 nm take the most fraction of the pores, which  For Pt/AC or Pt/ACC catalysts, nitrobenzene {R©O,)
would not prevent reactant diffusing to the surface of active first swiftly hydrate into phenylhydroxylamine (PNHOH),
component, so almost all Pt particles are accessible for reac-and then the intermediate slowly transforms into aniline. But
tant. The combination of support structure and the distribu- for PUYCNT catalyst, neither nitrosobenzene nor phenylhy-
tion and the size of the active phase are responsible for thedroxylamine is detected, azoxybenzene occurs as the only
catalytic behavior. detected intermediate. This excludes that azoxybenzene is

Table 1
Comparison of catalytic activities
Reaction conditions Activity Note
Loading (%) Tredtred °C/h)  Treact(°C)  Fh, (SCCM)  Mcat(9)  Veh—no, (M) 1@ (min) toP (min)  Intermediate
PUCNT 1 50/1 AT 50 0.025  0.25 180 180 ph_g:N_Ph This work
PYCNT 3 50/1 AT 50 0.025 0.25 40 40 ph_g:N_ph This work
Pt/AC 3 50/1 AT. 50 0.025 0.25 - - - This work
Pt/AC 1 100/3 25 50 0.025 0.25 300 600 -MHOH [14]
PY/ACC 1 50/1 0 50 0.1 0.49 100 600 PNHOH [15]

a Conversion time of nitrobenzene.
b Time for 90% aniline.
¢ Ambient temperature.
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the product of reaction between nitrosobenzene and phenyl-and the product during the reaction, resulting in excellent
hydroxylamine. We believe that azoxybenzene is the outcomeactivity.

of nitrobenzene condensation with aniline as shown in for-
mula (1-1).

0, H, NH,
- om @*I:*@H@ (1-1)

Nitrobenzene is directly hydrogenated to aniline due
to the unusual catalytic property of Pt/CNT, and then
nitrobenzene condenses with the product aniline to pro-
duce azoxybenzene, which will convert into aniline rapidly.

The different mechanisms of nitrobenzene hydrogena-  thq work is support by “985” Research Foundation of

tion are resulted from the high activity of PUCNTs Tsinghua University. We greatly appreciate the help of Ms.

catalyst. o ) ) Chen Peirong and Ms. Ye Xiaoyan in Analysis Center of
Generally, the liquid-phase catalytic hydrogenation Tsinghua University.
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