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Abstract

We have investigated the effect of supporting rhodium on several different types of graphite nanofibers (GNFs) for the
ethylene hydroformylation reaction at temperatures over the range 180–300◦C. The performance of these systems was com-
pared with that of a catalyst where the same metal loading was dispersed on silica. It was found that in general, while the
activity of all the catalyst systems was similar, the GNF supported rhodium catalysts exhibited a higher selectivity for the
formation of propionaldehyde than the corresponding silica supported system. Furthermore, among the various rhodium/GNF
catalysts, the ribbon type nanofibers appeared to give the highest selectivity to the desired product. The optimum temperature
for the hydroformylation reaction was found to be 240◦C, since at this condition one was able to achieve the combination
of maximum activity with acceptable selectivity. Based on many experiments in which the ratio of gaseous reactants was
systematically varied it was evident that high partial pressures of CO and C2H4, and a concomitant low partial pressure
of H2 gave the optimum performance. It is believed that the morphological characteristics acquired by rhodium when dis-
persed on the GNF edges is a critical factor rather than the size of the individual crystallites. © 2001 Published by Elsevier
Science B.V.
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1. Introduction

Homogeneous ethylene hydroformylation catalyzed
by rhodium and cobalt carbonyls in an organic solvent
has been one of the largest chemical processes [1,2].
While the metal carbonyl catalysts exhibit high se-
lectivity for the conversion of ethylene to the desired
product, propionaldehyde, the system suffers from two
major disadvantages; the requirement of separation of
the products from the solvent, an operation which is
energy intensive, and the severe environmental prob-
lems associated with water pollution.

These problems may be overcome if one could con-
duct the reaction via a heterogeneous route, however,
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up to this point in time no practical catalyst system
has been developed. A number of workers have inves-
tigated the potential of supported rhodium catalysts
for olefin hydroformylation reactions [3–9] and while
some improvements in selectivity were observed in
the presence of certain promoters, the overall results
were still inferior to those achieved in the homo-
geneous reaction catalyzed by metal carbonyls and
complexes [3,6].

We have mounted an investigation designed to test
the potential of graphite nanofiber (GNF) supported
rhodium catalysts for the ethylene hydroformylation
reaction. The objectives of the current work were
twofold: (a) To compare the catalytic activity and
selectivity of GNF supported rhodium with that dis-
played by Rh/SiO2 under the same conditions, and
(b) To ascertain the variations in the performance of
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the metal particles when supported on different types
of GNF materials.

Previous studies of the hydrogenation of simple
olefins have demonstrated that dramatic increases
in both catalytic activity and selectivity were real-
ized when nickel was supported on highly graphitic
nanofibers compared to the performance obtained
when the metal was dispersed on more traditional sup-
port materials, such as active carbon andg-alumina
[10,11]. Extraordinary high selectivity to crotyl al-
cohol was also achieved when a Ni/GNF catalyst
was used for the gas phase hydrogenation of cro-
tonaldehyde [12]. Since both hydroformylation and
hydrogenation involve C=C bond rupture and C–H
bond formation [13], it was surmised that a GNF
supported metal catalyst may also give rise to high
product selectivity during such a reaction.

Graphite nanofibers are a newly developed ma-
terial produced from the decomposition of selected
carbon-containing gases over certain metallic surfaces
at temperatures ranging from 400 to 800◦C. The solid
consists of graphite sheets perfectly arranged in var-
ious orientations with respect to the fiber axis, where
the degree of crystalline character of the deposited
nanofiber is dictated by the chemical nature of the
catalyst particle, the composition of the reactant gas
and the temperature. One of the most outstanding
features is the presence of a large number of edges,
which in turn constitute sites that are readily available
for chemical reaction or physical interactions [14,15].

Many of the observed variations in the catalytic
behavior of nickel on the different types of nanofibers
have been attributed to differences in the morpholog-
ical characteristics of the particles that are dictated on
their location sites of the supports. The carbon atoms
in the graphite edge regions can adopt one of two ar-
rangements, the so-called “arm-chair” and “zig-zag”
conformations. In an attempt to establish whether
the active state of nickel is one that is preferentially
located on a particular set of edge faces a series of
experiments was undertaken in which the nanofibers
were pretreated with certain additives that are known
to chemically block selected graphite sites. Treat-
ment of graphite with certain phosphorus compounds
has been shown to preferentially block “arm-chair”
faces, whereas boron selectively substitutes into the
“zig-zag” faces [16,17]. When nickel was introduced
onto these respective chemically modified nanofibers

the phosphorus containing materials were found to
exhibit a similar reactivity pattern to that of the pris-
tine samples. In contrast, incorporation of boron into
the GNFs rendered the supported metal system vir-
tually inactive for hydrogenation of olefins. Based
on these results, it was tentatively concluded that the
active state of nickel was one where the particles
were preferentially located on the “zig-zag” faces of
the nanofiber structures [18].

2. Experimental

2.1. Materials

Three types of GNFs were selected for this study
classified as a “platelet” (P), structure in which the
graphite sheets were aligned perpendicular to the fiber
axis; a “ribbon-like” (R) form where the sheets were
arranged parallel to the fiber axis; and “herring-bone”
(H), where the sheets are oriented at an angle to the
fiber axis. The GNF-P structures were prepared from
the Fe catalyzed decomposition of CO/H2 at 600◦C
[19], GNF-R materials were generated from the Fe-Ni
catalyzed decomposition of CO/H2 at 600◦C [20] and
GNF-H samples from the Fe-Cu catalyzed decompo-
sition of C2H4/H2 at 600◦C [21]. The resulting GNFs
were demineralized in 1 M hydrochloric acid for a pe-
riod of 7 days to remove any of the associated metal
catalyst particles. The nanofibers were then thoroughly
washed in deionized water, dried overnight in air at
110◦C and stored until required for use.

The 4 wt.% rhodium supported catalysts used in
this investigation were prepared by a standard incip-
ient wetness technique using an alcohol solution of
RhCl3·3H2O. The catalyst precursor was firstly cal-
cined in air at 250◦C for 2 h to convert the metal nitrate
to oxide and then reduced in 10%H2/He at 400◦C for
8 h. In the case of the Rh/SiO2 system, the reduction
step was allowed to proceed for 48 h in order to en-
sure complete transformation of the crystallites to the
metallic state. The reduced catalysts were cooled in he-
lium, passivated at room temperature in a 2%CO2/He
mixture for 1 h prior to removal from the reactor.

The gases used in this work, ethylene (99.999%),
carbon monoxide (99.99%), hydrogen (99.999%) and
helium (99.99%) were obtained from Medical Techni-
cal Gases and used without further purification. Silica
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(99.5%, surface area 300 m2/g) was purchased from
Strem Chemicals and reagent grade rhodium chloride
[RhCl3·3H2O] was supplied by Alfa Products.

2.2. Apparatus and procedures

The catalysis unit used in this investigation was
comprised of a quartz flow reactor, fitted with a quartz
frit located in the central region of the reactor tube,
which was heated with a split vertical tube furnace.
The gas flow to the reactor was precisely regulated
by the use of MKS mass flow controllers allowing
a constant composition of a desired reactant feed to
be delivered. Catalyst samples (100 mg) were placed
on the quartz frit and the tube was positioned in such
a manner that the frit was always in approximately
the same point in the reactor. After reduction in a
20%H2/He mixture for 1 h at 350◦C, the system was
cooled to the desired reaction temperature whilst
maintaining this gas flow. Once the desired reaction
temperature was attained, the reactant mixture, such
as CO/H2/C2H4/He (1:1:1:1) was introduced to the
reduced catalyst sample at a flow rate of 120 cm3/min
and the reaction allowed to proceed at temperatures
ranging from 180 to 300◦C for periods of up to 2 h.
The reaction was followed as a function of time by
sampling the inlet and outlet gas streams at regular
intervals and analyzing the reactants and products by
gas chromatography using a 30 m megabore (GS-Q)
capillary column in a Varian 3400 GC unit.

The BET surface areas of the various support me-
dia were obtained from nitrogen adsorption experi-
ments performed at−196◦C with a Coulter Omnisorp
100CX unit. Transmission electron microscopy ex-
aminations of the catalyst samples were performed in
a JEOL 2000 EXII microscope (point-to-point reso-
lution of this instrument was 0.18 nm. Transmission
specimens were prepared by ultrasonic dispersion of
a small quantity of a given catalyst iniso-butanol and

Table 1
BET N2 surface areas of the various pristine supports and corresponding catalysts

Type of support Surface area (m2/g) Catalyst system Surface area (m2/g)

GNF-R 51.5 Rh/GNF-R 55.9
GNF-P 94.3 Rh/GNF-P 139.5
GNF-H 214.8 Rh/GNF-H 212.4
SiO2 234.4 Rh/SiO2 220.2

then applying a drop of the supernate to a holey car-
bon film. Electron micrographs were taken of several
regions of each specimen and the size distribution
profiles constructed from measurements of over 250
particles in each system.

3. Results

3.1. Catalyst characterization studies

The N2 BET surface areas of demineralized samples
of each catalyst support material, measured at−196◦C
are presented in Table 1. Also included in this table are
the data for the corresponding supported metal cata-
lysts. It is evident that the surface areas of the diminer-
alized GNFs change as a function of the arrangement
of the graphite sheets constituting the various confor-
mations, however, in all cases, these materials exhibit
values that are considerably higher than a conventional
graphite sample, which is typically<1.0 m2/g. It is
also apparent that, within experimental error, there
are no major modifications in the respective surface
areas following the introduction of the metallic phase
onto the support media. This finding indicates that the
various treatment steps required to generate the dis-
persed rhodium crystallites do not exert any adverse
effects on the structural integrity of the GNF samples.

Examination of the catalyst samples by transmis-
sion electron microscopy (TEM) revealed that in all
the GNF supported systems, the metal particles tended
to accumulate at the edge regions. Close inspection
of these specimens showed that the rhodium adopted
a thin, hexagonal-shaped morphology. In contrast,
when silica was used as the support medium the par-
ticles tended to have a more globular appearance. It
was apparent from particle size measurements, pre-
sented in Fig. 1, that the distribution was significantly
broader on the GNF supports than on silica. From
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Fig. 1. Particle size distribution of rhodium crystallites dispersed on the four support media prior to reaction in CO/C2H4/H2.

Fig. 2. High resolution transmission electron micrograph showing the hexagonal-shaped appearance of rhodium crystallites located on the
edges of a GNF-H support.
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these profiles it has been possible to compute the av-
erage particle sizes on the various support media as
follows: Rh/SiO2 = 2.6 nm; Rh/GNF-P= 22.6 nm;
Rh/GNF-H = 19.1 nm; and Rh/GNF-R= 15.1 nm.
Fig. 2 is a high resolution micrograph showing
the details of rhodium crystallites located on the
edge of a GNF-H support. The highly crystalline
hexagonal-shaped particles are thin enough to allow
one to distinguish the presence of the lattice fringe
images, characteristics that are consistent with the es-
tablishment of a strong metal-support interaction. The
d-spacing of the metal particles as measured from the
negative of this micrograph was 0.222 nm, which can
be compared with the literature value of 0.220 nm for
Rh(1 1 1).

These metal particle characteristics also observed
on the other GNF supports, however, it was not possi-
ble to establish with any degree of certainty whether
the formation of such morphological structures was
more prevalent one particular type of material than an-
other. Examination of specimens after reaction with a
C2H4/CO/H2/He reactant at temperatures up to 300◦C
revealed that there was no major change in either the
average size or shape of the metal particles, indicating
that loss of rhodium via carbonyl formation was not
occurring to any significant extent.

Fig. 3. Percentage conversion of ethylene achieved after 30 min reaction as a function of temperature over rhodium dispersed on the four
support media.

3.2. Flow reactor studies

The reaction of C2H4/CO/H2/He (1:1:1:1) mix-
tures with the various supported rhodium catalysts
systems was performed at temperatures over the
range 180–300◦C and analysis of the major prod-
ucts, propionaldehyde (ethylene hydroformylation)
and ethane (ethylene hydrogenation) was performed
at regular intervals over a 2 h period. In most cases,
the reaction reached a steady state after about 10 min
on stream. The conversion levels of ethylene were
found to be strongly dependent upon the nature of
the support material and the reaction temperature as
shown in Fig. 3. Inspection of these data indicates
that the Rh/SiO2 system exhibits the highest activity
with respect to conversion of the olefin and that the
Rh/GNF-P system is the most active of the graphite
supported catalysts. It was interesting to find that
whilst the activity of the Rh/SiO2 system exhibited
a steady increase as the temperature was raised from
180 to 300◦C, that of the corresponding GNF sup-
ported metal catalysts remained relatively constant
over this temperature range.

It is intriguing to find that while the activity of the
GNF supported Rh catalysts are lower than that re-
alized with the Rh/SiO2 system, the former type of
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Table 2
Percent product distribution from the reaction of CO/C2H4/H2

(1:1:1) over various supported rhodium catalysts after 1 h at 240◦C

Catalyst system CH4 C2H6 C2H5CHO

Rh/GNF-R – 2.40 2.31
Rh/GNF-P – 8.91 6.15
Rh/GNF-H – 6.35 2.53
Rh/SiO2 0.08 21.38 1.42

support materials exert a significant effect on the se-
lectivity pattern. This aspect is highlighted in Table 2,
which shows the percent product distribution from a
CO/C2H4/H2/He (1:1:1:1) mixture and Fig. 4, a plot
showing the percent selectivity towards the desired
product propionaldehyde for the various supported Rh
catalysts as a function of time at 240◦C. The percent-
age selectivity was calculated from the relationship:
propionaldehyde/(ethane+propionaldehyde) The vari-
ation in this parameter as a function of reaction tem-
perature is presented in Fig. 5 where it is apparent that
the optimum conditions are achieved for all catalyst
systems at 240◦C with the best performance being ex-
hibited by the Rh/GNF-R catalyst, reaching a level of
about 50% selectivity to propionaldehyde.

In a further set of experiments, the reaction temper-
ature was maintained at 240◦C while the ratio of the

Fig. 4. Percentage selectivity towards propionaldehyde from the interaction of a CO/C2H4/H2/He (1:1:1:1) mixture as a function of time
with various supported rhodium catalysts at 240◦C.

Table 3
Percent product distribution from the reaction of CO/C2H4/H2

(1:1.5:1) over various supported rhodium catalysts after 1 h at
240◦C

Catalyst system CH4 C2H6 C2H5CHO

Rh/GNF-R – 4.36 3.30
Rh/GNF-P – 10.54 6.49
Rh/GNF-H – 5.57 3.00
Rh/SiO2 0.04 16.06 2.24

reactants was systematically changed. The effect of
increasing the concentration of ethylene in the reac-
tant so that ratio of the CO/C2H4/H2/He mixture was
(1:1.5:1:0.5) on the selectivity towards propionalde-
hyde formation is shown as a function of time in Fig.
6 and the percent product distribution from the various
catalyst systems is given in Table 3. With the excep-
tion of the Rh/GNF-R system, it is apparent that there
is a general increase in this parameter.

Fig. 7 and Table 4 show the results of conduct-
ing the same set of experiments in the presence of a
CO/C2H4/H2/He (1.5:1:1:0.5) reactant mixture where
the concentration of CO was increased relative to the
other components. In this case the selectivity towards
propionaldehyde increased for all the GNF supported
rhodium systems, relative to that obtained with an
equimolar mixture. On the other hand, the Rh/SiO2



R. Gao et al. / Catalysis Today 65 (2001) 19–29 25

Fig. 5. Selectivity towards propionaldehyde from the interaction of a CO/C2H4/H2/He (1:1:1:1) mixture over various supported rhodium
catalysts as a function of reaction temperature.

catalyst did not appear to be sensitive to the change in
reaction conditions.

Finally, the suite of catalysts were exposed to
a CO/C2H4/H2/He (1:1:1.5:0.5) reactant mixture
in which hydrogen was the major component and
the data obtained from these experiments is given

Fig. 6. Percentage selectivity towards propionaldehyde from the interaction of a CO/C2H4/H2/He (1:1.5:1:0.5) mixture as a function of
time with various supported rhodium catalysts at 240◦C.

in Fig. 8 and Table 5. Under these circumstances,
it was found that all the GNF supported rhodium
samples exhibited lower selectivity values, whereas
once again the Rh/SiO2 system did not appear
to be affected by this modification in reactant
composition.
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Fig. 7. Percentage selectivity towards propionaldehyde from the interaction of a CO/C2H4/H2/He (1.5:1:1:0.5) mixture as a function of
time with various supported rhodium catalysts at 240◦C.

Table 4
Percent product distribution from the reaction of CO/C2H4/H2

(1.5:1:1) over various supported rhodium catalysts after 1 h at
240◦C

Catalyst system CH4 C2H6 C2H5CHO

Rh/GNF-R – 2.25 2.25
Rh/GNF-P – 3.47 3.42
Rh/GNF-H – 2.67 1.81
Rh/SiO2 0.10 18.25 1.44

4. Discussion

Before attempting to rationalize the effect of the
support media on the observed catalytic behavior of
rhodium, it is important to review the pertinent liter-
ature in this area. While there is still conjecture about
the precise reaction mechanism, a very plausible ex-
planation for the formation of the major products has
been presented by Balakos and Chuang [22]. These
workers used a combination of transient isotopic
methods and in situ infrared spectroscopy to demon-
strate that in the CO/C2H4/H2 reaction with Rh/SiO2,
a C2H5 adsorbed species was an intermediate for the
formation of both propionaldehyde (hydroformyla-
tion) and ethane (hydrogenation). It was claimed that
the former product originated from the interaction of

Table 5
Percent product distribution from the reaction of CO/C2H4/H2

(1:1:1.5) over various supported rhodium catalysts after 1 h at
240◦C

Catalyst system CH4 C2H6 C2H5CHO

Rh/GNF-R – 4.95 2.48
Rh/GNF-P – 10.65 4.32
Rh/GNF-H – 7.40 2.71
Rh/SiO2 0.10 18.78 1.82

the acyl intermediate with a linear CO molecule, fol-
lowed by hydrogenation to generate the aldehyde [8].

The current investigation has revealed that when
rhodium was dispersed on GNF supports, major dif-
ferences in the catalytic performance for the ethylene
hydroformylation reaction was observed compared to
that displayed when the same metal loading was sup-
ported on silica. While the catalytic activity, as deter-
mined by the percent conversion of ethylene in a given
time period, was lower on the Rh/GNF systems than
that achieved with the oxide supported catalyst, the
selectivity towards the desired product, propionalde-
hyde, was superior on the former support materials.
Furthermore, it was evident that the specific nanofiber
structure exerted an impact on the catalytic behavior of
the supported rhodium particles with the Rh/GNF-R
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Fig. 8. Percentage selectivity towards propionaldehyde from the interaction of a CO/C2H4/H2/He (1:1:1.5:0.5) mixture as a function of
time with various supported rhodium catalysts at 240◦C.

system exhibiting the highest selectivity towards pro-
pionaldehyde formation under all the conditions used
in this investigation.

In order to gain an insight into the factors control-
ling the influence of these unique types of carbona-
ceous supports it is necessary to examine the details
of their structural architecture. The exposed surfaces
of the materials consist of graphite edges where each
layer is separated from the next in a uniform man-
ner by a distance of 0.335 nm. The arrangement of
carbon atoms at the edges of graphite can be either
in a “zig-zag”{1 0 1 0} or “arm-chair”{1 1 2 0} form
as shown in the schematic diagram (Fig. 9). Both the
GNF-P and GNF-H types of materials have surfaces
that consist of an equivalent number of “zig-zag”
and “arm-chair” sites, thus, giving rise to major dif-
ferences in the morphological characteristics of the
deposited rhodium particles. On the other hand, the
surface carbon atom arrangement of the GNF-R ma-
terial has not been established. Further work using the
concept of chemical blocking agents, a method that
has been demonstrated to be a very effective means
of probing the nature of the exposed edges of GNFs
[18] is in progress and will allow us to identity which
type of carbon atom arrangements exist in the GNF-R
material.

High resolution transmission electron microscopy
examinations of the supported rhodium catalysts
showed that the particles in contact with the nanofiber
edges adopted a set of morphological characteris-
tics that were consistent with the establishment of
a strong metal-support interaction. Measurements of
the d-spacing of the lattice fringe images of the metal
particles indicated that the Rh(1 1 1) was the predom-
inant crystallographic face. It was significant that
these features were not observed when the metal was
dispersed on silica.

Fig. 9. Schematic representation showing the arrangement of car-
bon atoms in the “arm-chair” and “zig-zag” prismatic faces of
graphite.
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While the overriding factor in the attainment of the
desired selectivity may be geometric arrangement of
rhodium atoms, one must not overlook the possibil-
ity that since the GNF are electrically conductive in
nature, a property that is directly related to the pres-
ence of delocalizedp-electrons associated with the
basal plane regions of the graphite, it is not unrea-
sonable to expect that electronic perturbations in the
metal could be operative. The existence of a significant
palladium–carbon interaction was reported by Mojet
and co-workers [23] from their studies of noble met-
als dispersed on carbon fibrils (a material that can be
classified as carbon nanofibers). These workers used a
X-ray absorption fine structure (XAFS) spectroscopy
to examine the state of the catalyst and concluded that
palladium species were stabilized on the support by
carboxylic groups and thep-electron system of the
carbonaceous material.

There are a number of reports demonstrating that the
electronic state of surface rhodium atoms is a critical
factor in determining catalytic activity and selectivity
in reactions involving CO insertion steps into hydro-
carbon species [24–27]. Mate and coworkers [28] have
demonstrated that during the co-adsorption of CO and
ethylene on the Rh(1 1 1) face, the olefin functions as an
electron donor whereas CO has the ability to withdraw
electrons from the metal surface and this co-operative
behavior results in the establishment of a unique inter-
action between the two types of adsorbed molecules.
Other workers [7] have reported that the addition of
sodium ions to rhodium was found to exert a major
impact on the electronic state of the metal, which was
manifested by a increase in the catalytic activity for
both hydrogenation and hydroformylation reactions.

When the supported rhodium catalysts were treated
in reactant mixtures in the partial pressures of the
constituents were systematically changed with respect
to each other significant changes in the selectivity
towards propionaldehyde were found. Comparison of
the data presented in Figs. 4 and 6–8, and Tables 2–5
shows a number of interesting trends. In reactions
where ethylene is the major gaseous component
(Fig. 6), there is a perceptible increase in the selectiv-
ity of Rh/GNF-H, Rh/GNF-P and Rh/SiO2 towards
propionaldehyde formation, whereas the performance
of the Rh/GNF-R system appears to be unaffected by
this modification in reaction conditions. When the re-
action was conducted in a mixture containing excess

CO (Fig. 7), all the Rh/GNF systems exhibited an
enhancement in selectivity towards propionaldehyde,
whereas the Rh/SiO2 did show any change in perfor-
mance from that observed in the equimolar mixture.
Finally, when the partial pressure of hydrogen was
increased relative to the other reactants, then in this
case the selectivity of all the Rh/GNF systems to
the desired product decreased, while once again the
Rh/SiO2 catalyst remained insensitive to the change
(Fig. 8). A consistent feature in all these experiments
is that methane was only found from reactions in-
volving the Rh/SiO2 catalyst. Furthermore, under the
conditions followed in this study, hydrogenation of
the adsorbed species to produce ethane is the favored
reaction step with all the catalyst systems. These data
are to be compared with those obtained by Balakos
and Chuang [22] who reported that when the total
gas pressure was increased while maintaining the
ratios of the various components constant, the rate
of hydrogenation was increased and that leading to
propionaldehyde decreased.

5. Summary

While the current investigation does not provide
any major new insights into the mechanistic aspects
of the heterogeneous hydroformylation of ethylene, it
has generated some very important information with
regard to the impact of the support on the selectivity
of this reaction. It has been demonstrated that when
rhodium was dispersed on micro-engineered electri-
cally conductive GNF support media the selectivity
towards propionaldehyde was significantly enhanced
over that achieved with a Rh/SiO2 catalyst containing
the same metal loading. The optimum temperature
for the hydroformylation reaction was found to be
240◦C, since at this condition one was able to achieve
the combination of maximum activity with accept-
able selectivity. High resolution transmission electron
microscopy examinations the Rh/GNF catalysts re-
vealed that the metal crystallites adopted a distinct
faceted morphology in which the (1 1 1) faces were
preferentially exposed to the gas phase. It is claimed
that the nanofibers function as a template for the
metal particles which in turn acquire crystallographic
characteristics that are not generally encountered with
other less ordered support materials. This aspect is
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believed to be one of the critical factors in determining
the performance of the supported rhodium particles.
One must also be aware that since the GNF support
is an electrical conductor, there is also the distinct
possibility that the metal-support interaction results in
the electronic perturbation of the rhodium crystallites
and this phenomenon could exert an impact on the
catalytic behavior of the system.
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