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Carbon nanofiber supported palladium catalyst for
liquid-phase reactions

An active and selective catalyst for hydrogenation of
cinnamaldehyde into hydrocinnamaldehyde
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Abstract

Carbon nanofibers (CNFs) prepared by decomposition of ethane over a Ni/alumina catalyst, are used as support for palladium
clusters. The carbon support displays a mean diameter of 40–50 nm, lengths up to several tens of micrometers, as highlighted by
transmission electron microscopy (TEM) observations and a specific surface area of about 50 m2/g. The spheroidal palladium
particles have a relatively homogeneous and sharp size distribution, centered at around 4 nm. This novel Pd/carbon nanofiber
catalyst displays unusual catalytic properties and is successfully used in the selective hydrogenation of the C=C bond in
cinnamaldehyde at a reaction temperature of around 80◦C, under continuous hydrogen flowing at atmospheric pressure. The
high performances of this novel catalyst in terms of efficiency and selectivity are, respectively, related to the inhibition of
the mass-transfer processes over this non-porous material and to peculiar palladium–carbon interactions. It is concluded that
the absence of microporosity in the carbon nanofibers favours both the high activity and selectivity which is confirmed by
comparison with the commercially available high surface area charcoal supported palladium catalyst. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Since their discovery at the beginning of the last
decade [1], carbon nanotubes and nanofibers have re-
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ceived an increasing interest both from a fundamen-
tal point of view and for potential industrial appli-
cations [2–11]. Such applications may include their
use as magnetic or sensoring materials, for gas sep-
aration and storage, but the most promising seems
to be as catalyst supports [12–14]. Such structures
can display unusual behaviors compared to classi-
cal supports, especially for liquid-phase reactions, in
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which diffusion of reactants into the solid matrix and
back-diffusion of the products outside the support are
significantly influenced by the external size of the
particles [15–18]. Furthermore, grain-shaped catalysts
can replace homogeneous catalysts, because of their
advantages in terms of catalyst and product separation,
catalyst recovery and reduction of waste water con-
taining the catalyst. Nanofibers supported catalysts can
exhibit the same properties. Finally, it is worth point-
ing out that the literature data on such materials, for
liquid-phase reactions, has been relatively scarce up to
now.

Geus et al. [19] have reported that carbon nanofib-
ril material, after suitable treatment, can be a good
candidate as a support carrier for Pd in liquid-phase
media. However, a conventional catalyst supported
on activated charcoal exhibits a catalytic activity for
hydrogenation of nitrobenzene as high as that ob-
tained on a carbon nanofibril-based catalyst, show-
ing the weak influence of the solid support on the
catalytic performance. On the other hand, Baker and
co-workers [13,14] have reported that nickel decorat-
ing carbon nanofibers (CNFs) exhibits a high catalytic
activity when compared to classical supported cata-
lysts, for light hydrocarbon hydrogenation reactions
in the gas-phase, at atmospheric pressure. It was sug-
gested by the authors that when nickel is supported
on graphite nanofibers, the metal crystallites adopt a
different morphology, i.e. hexagonal thin morphology,
compared to those observed when the nickel is dis-
persed on classical support carriers such as alumina or
silica. Such a peculiar metal morphology observed on
the carbon nanofiber carrier was considered to be due
to a strong metal–support interaction between nickel
crystallites and exposed graphite planes.

Additionally, the hydrogenation of �-, �-unsaturated
aldehydes to give selectively saturated aldehydes or
saturated alcohols, as well as unsaturated alcohols,
could be achieved by choosing suitable metal complex
catalysts [20–24]. Much interest has been focused on
the use of water-soluble homogeneous catalysts, de-
spite the critical drawbacks related to such catalysts.
On the other hand, several studies have been devoted
to the use of heterogeneous catalysts for the obten-
tion of relatively selective C=O bond hydrogenation
[25–29].

The aim of the present work is to report the prepara-
tion and the characterization of a palladium-decorated

carbon nanofiber catalyst and its implication in hydro-
genation reactions. The catalytic activity was investi-
gated for the liquid-phase selective hydrogenation of
cinnamaldehyde into the corresponding saturated alde-
hyde (hydrocinnamaldehyde) in mild reaction condi-
tions, i.e. temperature = 100◦C and atmospheric pres-
sure of hydrogen. Comparison was made with a com-
mercially available activated charcoal supported pal-
ladium catalyst in term of activity, expressed as con-
version, and selectivity towards C=C and C=O bond
hydrogenation. The microstructure of the support and
of the catalyst was studied using high-resolution trans-
mission electron microscopy, and its influence on cat-
alytic performance is discussed.

2. Experimental

2.1. Carbon nanofibers

The CNF support was synthesized by catalytic hy-
drocarbon decomposition over a high surface area alu-
mina supported nickel catalyst. The nickel catalyst was
prepared by incipient wetness impregnation of the alu-
mina support with an aqueous solution of nickel ni-
trate containing 20 vol.% of glycerol as a visqueous
agent which allows the obtention of a highly dispersed
metallic-phase [30]. The solid was dried in an oven at
200◦C for 2 h in order to decompose the nitrate salt
and the glycerol. The nickel loading measured by the
inducted coupled plasma technique was 20 wt.%. The
catalyst was reduced in situ under flowing hydrogen at
600◦C for 0.5 h, and the reaction temperature was then
increased from 600 to 750◦C under a mixture of ethane
and hydrogen (70:40 ml/min). After 12 h at this tem-
perature, the reactor was cooled down to room temper-
ature and the solid was discharged. The resulting solid
was dispersed in a water:ethanol:n-hexane (1:1:1) mix-
ture. Carbon nanofiber separation was performed by
sonication and filtration (36 �m). The as-prepared car-
bon nanofibers were subsequently purified by acid
treatment at 80◦C for 2 h in order to dissolve the resid-
ual nickel catalyst which could be contained in their
structure. The residual alumina was removed by con-
centrated soda treatment at 80◦C for 4 h. The solid was
filtered and washed several times with hot distilled
water until the pH reached 7 and then dried overnight
at 200◦C.
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2.2. Deposition mode

The palladium deposition (5 wt.%) was carried out
by the incipient wetness impregnation technique with
an aqueous solution containing the palladium nitrate
salt. The wet solid was dried under vacuum at 60◦C
and the resulting dry solid was subsequently reduced
under flowing hydrogen at 350◦C for 2 h. The reactor
was then cooled down under helium to room temper-
ature and discharged without passivation. TEM char-
acterization performed on the non-passivated and the
passivated material with an oxygen flow (O2 1 vol.%
in helium) at room temperature showed no significant
differences between the two samples. The reduced cat-
alyst was stored under an argon atmosphere in order
to avoid any surface oxidation of the palladium crys-
tallites at room temperature.

2.3. Characterization techniques

The surface area and pore size measurement of
the material were carried out on a Coulter SA-3100
porosimeter using N2 as adsorbant at LN2. Before the
N2 adsorption, the material was outgased at 200◦C for
1 h in order to desorb impurities or moisture adsorbed
from its surface.

The microstructure of the carbon nanofiber sup-
ported palladium material was observed by TEM (Top-
con 200B working under 200 kV with a point-to-point
resolution of 0.17 nm). The samples were prepared by
grinding the catalysts following dispersion in ethanol
and bringing the powder into contact with a holey
carbon-coated copper grid. Great care was taken dur-
ing the TEM experiments in order to avoid heating
effects from the incident beam.

2.4. Selective hydrogenation of cinnamaldehyde

The hydrogenation of cinnamaldehyde was carried
out at atmospheric pressure and low temperature, i.e.
<100◦C, in a microreactor. The solution contained
40 ml of dioxane, 0.260 g of reactant and the catalyst,
corresponding to 1.05×10−3 g of Pd. Dioxane was
used instead of alcohol in order to avoid any homo-
geneous reactions which could lead to the formation
of heavier by-products [31–35]. Argon at room tem-
perature bubbled through the liquid-phase which was
stirred for 1 h in order to remove traces of dissolved

oxygen in the medium, before introducing the catalyst
and switching to the hydrogen flow. This hydrogen
flow was continuously fed through the liquid-phase
(10 cm3/min), kept under vigorous stirring (500 rpm)
for 1 h at room temperature before increasing the re-
action temperature. The hydrogen stream was regu-
lated by a Brooks 5850 TR mass flowmeter linked to
a Brooks 5876 control unit. The cinnamaldehyde con-
centration and the product distribution were followed
as a function of time on stream by gas chromatogra-
phy analyses of microsamples periodically withdrawn
and diluted with dioxane.

The analysis of the reaction products was per-
formed on a Varian 3400-CX gas chromatograph
(GC) equipped with a PONA capillary column coated
with methyl siloxane (Hewlett-Packard, length 50 m,
0.2 mm i.d., film thickness 0.5 mm) and a flame
ionization detector (FID). The products were cali-
brated by using pure components, i.e. cinnamalde-
hyde, cinnamyl alcohol, 3-phenylpropyl alcohol and
3-phenylpropionaldehyde (ACROS, purity > 98%)
diluted in a dioxane solution. The analytical error cal-
culated from the GC was within 2%. The conversion
and product distribution were calculated from the GC
analysis.

Cinnamaldehyde (ACROS) was used as received.
GC analysis indicated a purity of 98.8%, the ma-
jor organic impurities being cinnamyl alcohol (0.1%),
3-phenylpropyl alcohol (0.2%). H2 (Air Liquide, grade
U) was used as-received.

3. Results and discussion

3.1. Carbon nanofiber characterization

TEM micrographs of the starting carbon nanofibers
are presented in Fig. 1. The low-magnification TEM
micrograph (Fig. 1a) shows that the carbon nanofibers
had a mean diameter centered at around 40–50 nm and
lengths up to several tens of micrometers. Almost no
traces of other carbon species (<10% from statisti-
cal TEM measurements) were detected on the sam-
ple, evidencing the high selectivity of the synthesis
method. This contrasted with the presence in a sig-
nificant amount up to several tens of percent of other
forms of carbon, i.e. amorphous carbon and carbon
nanoparticles, along with carbon nanofibers, observed
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Fig. 1. (a) Transmission electron microscopy image of carbon
nanofibers obtained by reaction at 750◦C of an ethane/H2 mixture
on an alumina supported nickel catalyst; (b) high resolution TEM
image of a carbon nanofiber.

for other methods of synthesis such as carbon-arc pro-
duction or plasma decomposition [37–40]. One could
note the absence of any nickel or alumina particles in
the sample evidencing the high efficiency of the pu-
rification treatments.

The material consisted of graphite planes (separated
by a distance of 0.32–0.34 nm) oriented at an angle
of 75◦ in a fishbone stacking arrangement (Fig. 1b).
This was consistent with the carbon nanostructures
obtained over nickel-based catalysts reported by other
authors [3,19,36]. The high-resolution TEM micro-
graph showed that the microstructure of the nanofibers
was highly disorganized and only short crystalized pe-
riods were observed along the fiber axis.

The specific surface area of these carbon nanofibers
was around 50 m2/g with no microporosity. Such a
surface area was relatively low compared to those
reported in the literature for similar materials, i.e.
>100 m2/g [41]. This difference could be due to the
synthesis parameters used for generation of the car-
bon nanostructured compounds, i.e. reaction temper-
ature, nature of the gaseous reactants and catalysts. It
has been recently reported by Teunissen [42] that de-
pending on the synthesis conditions, significant differ-
ences were observed on the final carbon structure and
the resulting properties. In some cases, the presence
of amorphous carbon on the sample also induced an
increase of the specific surface area.

3.2. Carbon nanofiber supported palladium

The HRTEM micrograph of the carbon nanofiber
supported palladium material (Fig. 2) evidenced the
high and homogeneous dispersion of spheroidal pal-
ladium metal particles on the outer surface of the car-
bon nanofibers, with a sharp particle size distribution
centered at around 3–5 nm of diameter (Fig. 3). One
could attribute this homogeneous dispersion to a rel-
atively strong metal–support interaction between the
metal salt precursor and the graphite edges of the
carbon nanofibers, thus, increasing resistance to the
growth of the palladium particles. It has been ob-
served in our laboratory that the degree of dispersion
of the metallic-phase was significantly modified de-
pending on the carbon nanostructure conformations,
i.e. nanotubes or nanofibers. Similar results have been
reported by Kumbhar et al. during their work on car-
bon nanotube supported ruthenium [43]. The authors
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Fig. 2. TEM image of the carbon nanofiber supported palladium catalyst.

Fig. 3. Particle distribution in terms of diameter measured for 400
particles on a statistical sample of TEM micrographs.

showed by HRTEM: (i) the homogeneous distribution
of metallic clusters on the nanotubes (particle range
in diameter from 3 to 7 nm); and (ii) that ruthenium
clusters were deposited on the external surface of the
tubes.

A similar observation has also been reported by
Baker and co-workers for a graphite nanofiber sup-
ported nickel catalyst [12–14]. However, the distri-
bution profile of the particles deposited on graphite
nanofibers was relatively broad, ranging in size from
1.5 to 43.5 nm, with an average size of ca. 7–10 nm.
Nickel located on the nanofiber surface adopted a
peculiar thin hexagonal morphology and almost no
spheroidal particles were observed. From these re-
sults, it should be noted that depending on the na-
ture of the metal, the morphology of the cluster could
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vary or be modified during the drying and reduction
steps over the carbon nanofiber support. The discrep-
ancy between the present work and that of Baker and
co-workers could be attributed to the difference be-
tween the nanofiber crystallinity which could influ-
ence the formation of the final metal morphology.

It is significant to note that after reduction some car-
bon nodules were observed on the nanofibers (Fig. 2).
Such a phenomenon has never been reported in the
literature and we have no clear explanation about its
origin for the moment. It could possibly be due to an
interaction between carbon and an intermediate of the
exothermic decomposition of the nitrate counter ion
or with the solvent used during the TEM preparation.
However, similar catalytic results have been obtained
on other forms of carbon nanostructure such as nan-
otubes which were exempt from such nodules which
led us to conclude that they have no influence on the
catalytic performance observed in the present work.

The catalyst surface area was slightly decreased
from 50 to 45 m2/g during the preparation. Such result
could be attributed to some pore blockade of the sup-
port by palladium particles or to a slight modification
of the carbon nanofibers during the reduction step in
the presence of palladium catalyst at 400◦C, i.e. car-
bon nodule formation as mentioned above. However,
it was important to note that the palladium deposition
did not create any microporosity in the material.

3.3. Hydrogenation of cinnamaldehyde in
liquid-phase

Hydrogenation of cinnamaldehyde can be repre-
sented by the reaction pathway shown in Fig. 4.
Cinnamaldehyde conversion and yield toward hydro-
genated compounds obtained as a function of time
on stream over the carbon nanofiber supported pal-
ladium catalyst, are presented in Fig. 5. At reaction
temperatures up to 80◦C, the C=C bond hydrogena-
tion was exclusive (98%) whatever the conversion of
cinnamaldehyde, and only traces of the correspond-
ing saturated alcohol were detected in the reaction
products (i.e. no unsaturated alcohol). It is gener-
ally well-known that palladium-based catalysts are
efficient for the hydrogenation of the C=C double
bond, but poor catalysts for the hydrogenation of
aldehyde functions [44]. However, the use of pal-
ladium metal or a palladium complex usually leads

Fig. 4. Reaction pathway of the hydrogenation of cinnamaldehyde.

to a mixture of hydrocinnamaldehyde, cinnamyl al-
cohol and phenylpropanol [24,44]. Among various
attempts to develop suitable palladium catalytic sys-
tems, it has been recently reported by Tin et al. [24]
that palladium-complex-based catalysts could be effi-
ciently employed to perform the selective hydrogena-
tion of cinnamaldehyde into hydrocinnamaldehyde
with an isolated yield of 91%. The C=O bond hydro-
genation function of the catalyst was inhibited by the
addition of Na2CO3 solution at pH 12.2.

For comparison, the catalytic test was also per-
formed over the commercially available activated
charcoal supported palladium catalyst (5 wt.% of pal-
ladium metal, supplied by Aldrich) under the same

Fig. 5. Cinnamaldehyde conversion and product distribution as
a function of time on stream obtained at 80◦C over the carbon
nanofiber supported palladium catalyst.
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Fig. 6. Cinnamaldehyde conversion and product distribution as a
function of time on stream obtained at 80◦C over the commercially
available activated charcoal supported palladium catalyst (5 wt.%).

reaction conditions. A mixture of saturated aldehyde
and alcohol (corresponding to the hydrogenation of
both C=C and C=O bonds) was detected whatever the
conversion over the catalyst (Fig. 6).

Such results were in good agreement with those al-
ready published in the literature: Salman et al. [14]
have reported that extensive hydrogenation was ob-
served during the hydrogenation of crotonaldehyde
over a graphite nanofiber supported nickel catalyst in
a gas-phase reaction. Indeed, the extrastability of the
C=O bond, conjugated via the C=C bond with the
benzene ring in the cinnamaldehyde, was probably
weakened after the hydrogenation of the C=C bond
and may have been responsible for the non-selective
reaction.

Our results show the superiority of the nanofiber-
based catalyst (45 m2/g) compared to the high sur-
face area activated charcoal supported Pd (1000 m2/g)
for liquid-phase reactions. Such a phenomenon has
already been reported by Baker et al., with nickel
catalysts supported on graphite nanofibers and alu-
mina [14]. High performances were quite surpris-
ing as the literature reported that a relatively low
surface area creates a major drawback for such an
application [3,6,14,41]. The high catalytic activity
observed was attributed to the high external surface
area (high surface-to-volume ratio) of the carbon
nanofibers compared to the charcoal grains (grains
size ca. 50–100 �m). The small diameter of the car-
bon nanofibers also allowed the decrease in the mass

transfer phenomenon during the reaction which is
predominant in liquid-phase reactions. In some cases,
such a phenomenon can totally hinder the effective-
ness of the catalyst itself. Furthermore, the presence
of a large fraction of micropores (>60% of the total
surface area) in the commercial catalyst can partially
block the accessibility of the reactants to the palla-
dium sites. The total absence of any microporosity in
the nanofibers avoids such a drawback.

The higher degree of crystallinity of the car-
bon nanofibers compared to the activated charcoal
could also explain the high activity obtained over
the nanofiber-based catalyst. Rodriguez et al. have
reported that Fe–Cu particles supported on graphite
nanofibers exhibited a significantly higher activity
for the conversion of hydrocarbons than when the
same loading of bimetallic-phases was supported on
either activated carbon or �-alumina [45]. Studies
performed by Chambers et al. showed that the perfor-
mances of nickel particles supported on carbonaceous
materials were extremely sensitive to the degree of
crystalline perfection of the substrate, the highest
hydrogenative activity being displayed by a system
in which the metal was dispersed on nanofibers pos-
sessing a high graphitic content [13]. Such results
were in close agreement with those reported earlier
by Brownlie et al. using palladium decorated graphite
catalysts [46]; the authors observed that the use of
a well-ordered carbon support resulted in higher
activities for the hydrogenation of selected hydro-
carbons.

A peculiar metal–support interaction between the
palladium metal crystallites and the support could also
have an influence on product selectivity compared
to the activated charcoal catalyst. Such an hypoth-
esis has been proposed in the literature in order to
explain specific selectivity obtained over nanofiber-
or nanotube-based catalysts: strong improvements in
the selectivity along with the use of nanostructures
have been reported by Planeix and co-workers using
ruthenium on various supports during the hydrogena-
tion of cinnamaldehyde in liquid-phase [35,43] and by
Salman et al. [14] during the hydrogenation of croton-
aldehyde in a gas-phase. The hypothesis proposed by
Baker and co-workers [13,47] involving a peculiar mi-
crostructure adopted by the palladium particles, which
could allow selective adsorption of C=C bonds versus
C=O bonds, should not be rejected.
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The high selectivity obtained over the nanofiber-
based catalyst could also be attributed to the ab-
sence of microporosity, generally very detrimental to
the selectivity, by artificially increasing the contact
time and also leading to successive hydrogenations.
Indeed, the hydrocinnamaldehyde formed could be
re-adsorbed in the microporosity of the activated
charcoal support via the C=O bond, which was
weakened after the C=C bond hydrogenation, thus,
leading to the formation of the saturated alcohol.
On the carbon nanofiber supported catalyst, the ab-
sence of microporosity favoured the rapid release of
the primary reduction product from the catalyst sur-
face into the liquid-phase. The re-adsorption of the
hydrocinnamaldehyde was disadvantaged by compet-
itive adsorption with (i) the starting product or (ii) the
solvent itself. In addition, it should be stressed that
the presence of some residual acidity on the activated
charcoal surface could have favoured the hydrogena-
tion of C=O bond in a consecutive reaction pathway
[14,31].

4. Conclusion

Carbon nanofibers with a mean diameter centered
at ca. 30–50 nm could be prepared by hydrocarbon
decomposition over an alumina supported nickel cat-
alyst with a relatively high yield and a gram-scale
production. Palladium particles were homogeneously
deposited on the outer surface of the carbon nanofibers
by the classical incipient wetness impregnation
method and displayed a spheroidal shape with a
mean particle size centered at ca. 3–5 nm. The exis-
tence of a strong metal–support interaction between
the metallic-phase and the graphite edges of the
nanofibers was advanced to explain the observations.
The use of carbon nanofibers as support resulted in a
significant improvement in the cinnamaldehyde con-
version rate in the liquid-phase reaction, compared
to the commercially available palladium supported
on activated charcoal. The high external surface area
and the absence of any awkward microporosity in the
Pd/CNF catalyst meant that the mass transfer limita-
tion of the reactant to the active sites was inhibited
and the apparent contact time of the products in the
catalyst was diminished, leading to the obtention of
an active and selective catalyst.
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