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Abstract

Bimetallic systems of Co with Sn, Pd, Ru, Fe, Ni, W and Pt were studied for the metal-mediated synthesis of
single-walled carbon nanotubes (SWT), and compared with Co alone. The materials were characterized by TEM, XRD and
H, chemisorption. Sn, Ru, Fe and Pd decrease the catalytic effect of Co, whereas W or Ni have little effect on Co. By
contrast, a synergy exists between Co and Pt for the SWT formation. The highest SWT yield was obtained with
Co/Pt=3/1 (at/at), but the selective cataytic phase is actually the definite CoPt compound identified by XRD. After
activation at 673 K under hydrogen, 1/3 to 1/2 of the bimetallic surface becomes accessible for hydrogen. The
CoPt(3/1)/SWT composite is active and selective for the liquid-phase hydrogenation of cinnamaldehyde to cinnamyl

alcohal.
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1. Introduction

Multi-walled carbon nanotubes since their
discovery [1] and large scale synthesis [2], have
given rise to numerous basic and applied re-
searches. Among the theoretical predictions,
those promising original electronic properties
are particularly interesting [3—5], which claim
that depending on the layers number and diam-
eter, the electronic structure could look like that
of metal, narrow gap semiconductor or semi-
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conductor. Moreover, it was recently shown that
good selectivity for single-walled carbon nan-
otubes (SWT) can be obtained by introducing
various metals within one graphite electrode
[6—13]. In particular, cobalt was claimed to give
the best results, pure [7] or associated with Ni
[9] or Pt [11]. Moreover, it should be pointed
out that PtCo is a commercial catalyst claimed
to be active for the catalytic chemical vapor
deposition (CCVD) carbon fibre production [14].
On the other hand, in the field of heterogeneous
catalysis, carbon materials have been widely
used to disperse and stabilize metallic particles
of nanometric size [15]. Catalytic properties of
these solids are known to be dependent upon the
metal—carbon interaction. One might hope that
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with the nanotubes, the metal—carbon interac-
tion will be different, as suggested by a first
study about the catalytic behavior of
Ru /carbon-nanotubes for the hydrogenation of
cinnamaldehyde [16].

Due to the importance of alloy effects in
heterogeneous catalysis and considering the key
role of Co in the single-shell carbon nanotubes
synthesis, the am of this study was to investi-
gate the effect of associating Co with Sn, Pd,
Ru, Fe, Ni, W and Pt in the carbon nanotubes
synthesis; specia attention was paid to the
bimetallic PtCo couple. The properties of a
PtCo/SWT composite were evaluated for the
hydrogenation of cinnamaldehyde.

2. Experimental

The synthesis of carbon nanotubes was car-
ried out according to the general procedure
described by Ebbessen and Ajayan [2], using a
horizontal vessel and composite anodes in a
stainless steel chamber under a 500 kPa static
pressure of helium. The cathode was a pure
graphite rod 16 mm in diameter and 5 cm in
length. The anode, 6 mm diameter and 20 cm
length, was drilled to obtain a 3.5 mm diameter
and 14 cm length core cylindrical cavity. The
bore was filled with a metal /graphite powder
mixture in order to have a total metal percent-
age of 10%. The composite anodes were then
vaporized in an arc-discharge with a 100 A
current and a voltage of 27-29 V. In their
macroscopic form, the synthesized carbon mate-
rials are soot, deposit and sometimes webs.
These collected materials were characterized by
elemental analysis, transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD) and
hydrogen chemisorption. For TEM, a drop of
sonicated solution of solid in ethanol was put on
carbon films supported on copper grids and
examinations were performed using a JEOL
200CX TEM micrograph with accelerating volt-
age of 100 keV. XRD patterns were obtained

with a Philips theta 60 automated powder
diffractometer using Cu K « radiation. Hydro-
gen chemisorption was carried out in a static
volumetric apparatus. After activation of the
solid at 673 K under H, overnight, the sample
was evacuated under 10~ * Pa at the same tem-
perature. The adsorption isotherm was then de-
termined at room temperature in the 0-3.3 kPa
pressure range. The hydrogen uptake at mono-
layer of the metal particle was caculated by
extrapolation to zero pressure. Considering a
stoichiometry of unity for hydrogen adsorption,
the metal dispersion is given by D =H/Me
(Me= Pt, Co).

The experimental procedure to carry out hy-
drogenation of cinnamaldehyde has been de-
scribed in detail previously [17]. In short, the
reaction was carried out in a 100 cm® batch
reactor. The pre-reduced PtCo/SWT sample
(0.26 g) was reactivated in-situ in i-propanol
(40 cm®) a 383 K and under 45 MPa H,
pressure for 2 h. After cooling to room tempera-
ture, the cinnamaldehyde was charged and the
reaction started at 383 K under 45 MPa H,
pressure with a reactant concentration of 7.9 X
107* mol cm™3. Micro-samples were with-
drawn and analyzed on a gas chromatograph
(Varian 3300 equipped with FID detector) using
a DB wax capillary column (30 m X 0.32 mm
i.d.). The calibration was done by using syn-
thetic mixtures of pure components.

3. Results and discussion

High SWT vyields are associated with the
existence in the reactor of rubbery soots and
particularly with ‘spider webs joining the
chamber walls. In our syntheses, those which
did not lead to monotubes or few, always gave
crumbly soot. We noted that the crumbly soot
on the lower part of the reactor is formed in a
very small quantity and that it is more fibrous
than the soot in the upper part. In several sys-
tems, the metal contents are higher in the soot
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than in the fibres, but the differences are partic-
ularly important between the soot and the de-
posit core.

In the absence of any method which gives a
bulk quantification of the single-walled nan-
otubes content, it is not obvious to compare our
carbon materials with previous reported studies.
Taking as an example the sample prepared with
pure cobalt, the soot contains SWT materials
but it seems that with our experimental set up,
the SWT vyield is lower than that reported by
Bethune et a. [7] for a similar preparation.
Notwithstanding these reserves, we have classi-
fied our samples on a comparative basis accord-
ing to TEM examinations. We used XRD pat-
terns in order to identify the metallic phase
formed during the synthesis. Table 1 summa-
rizes the main characteristics of the materials
and the SWT contents.

When Co is associated with Sn, Ru or Pd,
there is no formation of SWT. XRD shows that
for these three associations, unknown metallic
phases have been formed. In these cases the
presence of a second metal inhibits the catalytic
effect of Co.

The composite anode of Co with W and Ni
respectively, led to monotubes containing soots
and few webs, with a comparable yield as with
pure Co. The XRD pattern of the soot obtained
with the Co/W system shows the (111) peak of
fcc Co, but no peak of W. Instead, the patterns
of the deposit core powder show that the Co,W
compound is formed during the process. This is
in agreement with the elemental anaysis data:
8% Co and less than 1% W in the soot, 3% W
and 3.5% Co in the deposit. The identification
of the metallic phases formed with the Co/Ni
association is difficult due to the very close
diffraction peaks of Co, Ni, and CoNi, phases.
With these bimetallic systems, we can conclude
that the presence of a second metal does not
really improve the catalytic role of cobalt.

The CoPt bimetallic couple gives by far the
most interesting results. When the CoPt ratio is
varied from 9/1 to 1/3 (at/at), the composi-
tion which gives the highest SWT vyield is

Co/Pt=3/1 (Fig. 1). In the soots and webs
prepared from Co/Pt=1/1and 9/1, the SWT
yield is dlightly higher than in the material
prepared with pure Co. By contrast, a Co/Pt
1/3 ratio gives only fibrous soot, no webs and
SWT are very scarse. In the webs obtained from
the Co/Pt 3/1 mixture, the (101), (110) and
(111) reflections of tetragonal CoPt and the
(111) reflection of fcc Co appeared. On the
other hand, the CoPt aloy is not formed with
Co/Pt=1/1 and 9/1 containing anodes. The
soots we found in the reactor with these molar
ratios give the (111) reflection of both hc and
fcc Co. When we covaporized the Co/Pt:1/3
mixture, the (111), (200), (220) and (311) re-
flections of the CoPt; compound were found
but no peak of single Co.

It appears clearly that the highest SWT yield
corresponds to the occurrence of the CoPt com-
pound in the carbon materials. When platinum
and cobalt do not form this alloy and remain
separated, the cobalt effect is only dightly en-
hanced by platinum. When they form the CoPt,
aloy the catalytic effect of Co for SWT forma-
tion is suppressed.

The role of metal during the SWT formation
is still obscure and remains controversial. Lin et
al. [8] proposed that the metal (Cu) modifies the
temperature gradient during the arc-discharge
and prevents the formation of multilayers buck-
ytubes. By contrast, other authors privilege a
catalytic role of the metals in the SWT growth
[6,7,9,10]. From our results, we could put for-
ward some hypotheses about the metal action. It
is very likely that Co and Pt are atomicaly
dispersed and not associated during the vapor-
ization process in the plasma. In the less hot
region of the plasma, the aggregation between
Pt and Co atoms can start and the synergistic
bimetallic effect can operate. It should be men-
tioned that SWT are collected in the relatively
cold region of the reacting chamber. Thereupon,
we privilege a catalytic role of the metals, which
will act not at the atomic level where both
metals are separated (‘ homogeneous catalysis'),
but at the cluster level where they are associated
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Fig. 1. Transmission electron micrographs, at different magnifications, of the rubbery soots synthesized with the bimetallic powder Co/Pt
(3/1, at/ab).
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(‘ heterogeneous catalysis'). It can be pointed
out that with the PtCo bimetallic system, the
size of the metalic particles ranged from 2 to
20 nm, that is in good agreement with findings
of Bethune et al. [7] for the synthesis with pure
Co.

Now a second question could be asked about
the reactivity of the metal particles with respect
to their sizes. It is well known in catalysis by
metals that the size of particles affects the reac-
tivity of breaking and formation of C—C bonds
[18]. Two hypotheses can be then formulated:

(1) Small metal particles (= 1-3 nm) are the
most active. The formation rate of SWT goes
through a maximum upon coalescence of parti-
cles, then decreases with the appearance of large
clusters. A similar model was suggested by
Kiang et al. [10], where SWT tubules nucleate
and grow very rapidly, in a region of high
carbon density, on the small metallic particles
as soon as they reach a critica size. Lower
fullerenes (Cg,—C,yo) are formed concurrently
in the plasma through a non-catalytic parallel
pathway [7]. When the metallic surface becomes
less reactive, these fullerenes adsorb on their
surface and on some part of formed SWT.

Table 1
Main characteristics of the collected carbon materials

Thereby, the SWT synthesis process becomes
strongly inhibited. However, it should be pointed
out that some parts of the metal particles remain
free since hydrogen adsorption can occur (Table
1). By applying the empirica relationship be-
tween diameter of particle and metal dispersion,
d,~1/D (d, in nm) it scems that 1/2to 1/3
of the metal surface remains accessible.

(2) Large metal particles are the most active.
Thereby, fullerenes, which are formed from the
beginning of the synthesis, accumulated till the
appearance of large metal clusters. During this
induction period, the fullerene soot can agglom-
erate around the small metal clusters, slowing
down the coalescence process and the particle
growth. Such a behavior would not favor the
SWT formation.

At present, we would be inclined to privilege
the first hypothesis. The promoting role of Pt
will be then (i) either to Slow down the growth
of metal particles, (ii) or to modify the elec-
tronic properties of Co in the CoPt compound.
The importance of electronic effects in * metal-
assisted’ synthesis of nanotubes has indeed been
pointed out recently [19]. However, by studying
the CO adsorption on supported PtCo catalysts

Metal composition Collected carbon materials

Metallic phases in the collected carbon materials

in the synthesis

) aspect SWT metal content (Wt%) phases H, uptake metal particle

medium content * (DRX) size (nm)
H/(Pt + Co) TEM XRD

Co/Sn(2/1) crumbly soot 0 Co(7.8)/Sn(8.2) — — 9 15
Co/Ru crumbly soot 0 Co(0.2)%,/Ru(0.4%) — — — —
Co/Pd(2/1) crumbly soot 0 Co(8.39) /Pd(7.62) — — — —
Co/Ni (1/3) crumbly soot + + Co(4.1) /Ni(11.6) Co+ Ni — — —
Co/W (3/1) crumbly soot ++ Co(8.05) /W(0.9) Co — 8 —
Pd crumbly soot 0 Pd — — —
Ni crumbly soot 0 Ni(15.9) Ni — — —
Fe crumbly soot 0 Fe — — —
Co rubbery soot ++ Co(9.9) Co — 8 —
Co/Pt(9/1) rubbery soot +++ Co(18.3) /Pi(1.8) Co — 7 —
Co/Pt(3/1) rubbery soot ++++ Co(6.9)/Pt(5.4) CoPt 0.05 8 20
Co/Pt(1/1) rubbery soot R Co(3.4)/Pi(10.3) Co — 9 —
Co/Pt(3/1) 1% rubbery soot +++ Co(1.5)/Pt(1.2) 0.09 — —
Co/Pt(1/3) crumbly sopot = Co(1.7)/Pt(2.8) CoPt, 0.09 10 9
Pt crumbly soot 0 Pt(3.6) Pt — 7 14

* According to the TEM observations.
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Fig. 2. Scheme of cinnamal dehyde hydrogenation.

by infra-red spectroscopy, Dees et al. [20] con-
cluded that the effect of the added metal can be
mainly regarded as a geometric effect (dilution
of the Co or Pt layers) without any clear elec-
tronic modification of both metals.

On the other hand, a speculative mechanism
of SWT growth from metal particles can tenta-
tively be suggested. SWT will be formed start-
ing from lower fullerenes (Cz,—C,,,) adsorbed
on the bimetallic particles, which will suffer
sequences of breaking /formation of C—C bonds,
Co being known to favor these processes in
akane hydrogenolysis and Fischer—Tropsch
synthesis[21]. Fullerenes, which appeared at the
beginning of the arc-discharge synthesis, would
thus play the role of a parent phase.

The catalytic properties of one of these new
materials, the CoPt(3/1) /SWT sample, were
evaluated for the liquid-phase hydrogenation of
cinnamaldehyde. Hydrogenation of cinnamalde-
hyde occurs through the classical pathway illus-
trated in Fig. 2. Fig. 3 shows the product selec-
tivity as a function of cinnamaldehyde conver-
sion. A high selectivity (80-85 mol%) in cin-
namyl alcohol was obtained. Moreover, the ini-
tial cinnamyl alcohol selectivity close to 100%,
not reported in the case of PtCo/charcoal [22],
might indicate that some specific influence of
SWT on the properties of PtCo for cinnamalde-
hyde hydrogenation is occurring. However, this

influence is very likely small since the cinnamyl
alcohol selectivity obtained at higher conversion
is very close to that reported by Fouilloux [22]
on a PtCo/charcoal with similar Co/Pt atomic
ratio.

In conclusion, when powdered Co is associ-
ated with other metals for the synthesis of SWT,
a synergistic effect is only occurring for the
PtCo association. The optima Co/Pt atomic
ratio is 3 which yields the higher SWT amount.
High SWT yields are always associated with the
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Cinnamaldehyde conversion (mol%)
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Fig. 3. Selectivity to cinnamyl alcohol (<) and hydrocinnamalde-
hyde (O) for the hydrogenation of cinnamaldehyde over a
CoPt(3/1)/SWT catalyst as a function of cinnamaldehyde con-
version. Tp =383 K, Cynmamadenyde = 7-9%107* mol cm~3,
Pryarogen = 45 MPa, catalyst weight = 0.26 g.
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occurrence of the CoPt crystallographic phase.
After hydrogen trestment at 673 K, 1/3t01/2
of the bimetallic surface is accessible and active
for the hydrogenation of cinnamaldehyde.
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