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Abstract

The pyrolysis of organometallic precursors followed by a catalyst-assisted transformation of carbon into graphite is one successful route
toward the high-yield production of aligned carbon nanotubes (CNTs) with well-defined dimensions and structure. In this work we have
studied the particular growth mechanisms of multiwalled CNTs synthesized from FePc ang &e@cursors in the pyrolysis process.

TEM investigations including in situ heating experiments enabled us to directly observe the surface segregation of graphite at the expens
of the encapsulated catalyst material. The observations suggest that the structural growth process is determined by the dissolution of carb
in the quasi-liquid catalyst particle, its diffusion through the particle, and its segregation in the form of graphene layers in the case of
supersaturation. These processes were proved to occur via the formation of an intermediate iron carbide phase. The results also demonstra
how the increasing expulsory forces may cause the gradual displacement of the fluid catalyst during nanotube growth.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction and the tip growth mechanism of carbon filaments and nan-
otubes [10]. In case of iron, irrespective of the well-known

The catalytic approach (see review by de Jong and Geusiron/carbon phase diagram for the macroscopic bulk material
[1]) has been recognized as a promising way toward the [11], the amount of carbon that can generally be incorpo-
large-scale production of multiwalled and single-walled car- rated into the high-temperature quasi-liquid nanoparticle is
bon nanotubes (MWCNTs, SWCNTS) and, even more im- Not well known. About 50 at.% carbon were measured in
portantly, toward a better control of the anisotropic dimen- Meltéd iron particles by Krivoruchko and Zaikovskii [12],
sions, the helicity, and the alignment of the tubes. The main @nd recently Jourdain et al. [13] estimated from their com-
routes pursued of the catalytic CNT synthesis are: (i) de- PUter image analysis of transmission electron microscope
composition and chemical vapor deposition (CVD) of lower (TEM) images a carbon atomic ratio of eveg ~ 0.68 in
hydrocarbons on preformed catalytically active substrates Ni/F€ metal particles. ,

[2—4] and its plasma-enhanced variant [5], (ii) pyrolysis of There are se;veral reports about the occurrence qf iron and
an organometallic precursor on a transition metal salt along other carbides in the C'_\IT products from'the pyronS|§ of dif-
with a reactant hydrocarbon as additional or as the only car- ferent precursor materials as well as using the arc discharge

bon source [6-8], (iii) synthesis from polymer precursors in method [14._21]' Howeyer, the role metal carbides play in
the presence of a metallic catalyst [9]. the synthesis of the various forms of carbon nanotubes and

The diffusion of carbon through the catalyst particle and nanoparticles is a matter of debate. While, e.g., the catalytic

its segregation in the form of ordered graphene layers haveac'['vIty of pure FgC in the decomposition and pyrolysis of

been suggested as key processes in both the base gromﬁcgtylene hgs bgen proved negl|g|ble [22], its function as
an intermediate in the transformation of amorphous carbon

into graphite is still controversial [13,23,24]. Recently, evi-
* Corresponding author. dence of the iron carbide phase (cementite) participating in
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by Pérez-Cabero et al. [25] using X-ray diffraction investi-
gations, and by Sinclair et al. [26] in an electron microscopy
and diffraction analysis.

In the present study we have performed in situ TEM ob-
servations of MWCNTSs prepared from iron(ll)—phthalocy-
anine, and from ferrocene/anthracene mixtures as catalyst
precursors. Even if the true mechanisms of the nanotube
growth regime cannot actually be simulated in the micro-
scope, heating experiments have provided us with valuable
information about the initiation and growth of carbon nan-

otubes. The new experiments convincingly evidence the role
of an iron carbide intermediate phase in the formation of
graphite layers constituting MWCNTS.
2. Experimental

A dual high-temperature furnace, equipped with a two-

stage tubular quartz reactor and independent temperature
controllers, was used for the experiments. Multiwalled car- Fig. 1. In situ HVTEM of the structural changes of an encapsulated catalyst
bon nanotubes were synthesized using (i) the iron-containingparticle at the tip of a CNT, and of the surrounding CNT walls at a temper-
precursor iron (||) phthalocyanine (FePc)3(£|16FeN3, ca. ature o_f ca. 875C. (@ ar_'nd (p) Micrographs qf the rear part of the particle
90% dye content; Aldrich) which served as the carbon and _shown in the_ inset e_lt a time interval of 3.5 min, along with the correspond-
catalyst sourceinone, and (ii) ferrocene (F@HﬁloHloFE; ing schematic drawings of the changes observed.

98%; Acros Organics) as catalyst precursor along with an-
thracene (@4H10; 98%; Aldrich) as an additional carbon
source [27]. The FePc, 0.3 g in a quartz boat at the lower
temperature part in the tubular quartz reactor, was vaporized
at 550°C, the vapor was then carried by an/Af; (volume

ratio 1/1) nominal flow of 430 ml/min into the higher tem-
perature region of the reactor, where the pyrolytic decompo-

sition of the vapor occurred at about 9UD. (Because of the CNT the metal particle is found that has initiated the tube

temperature gradients present in the reactor tUb?’ the giVer]‘ormation. Depending on the growth and deposition condi-
temperatures are average values.) The pyrolysis productsﬁonsy the tube tip is either open (Figs. 1 and 2), or even

were deposited on a silicon substrate, Iocate;d at the h|gherCompletely closed by curved graphene layers (Fig. 3), and
temperature part of the reactor. For comparison, lower va-

= . there is a variation in the extent of internal transverse car-
porization and pyrolysis temperatures of ca. 160 and@0 |, bridging (bamboo structure). The two photographs in

respectively, were su.itable in case ofnanotube'gr'ovvth from aFigs. 1a and 1b are from an in situ heating sequence in the
FeCp/anthracene mixture. The gas flow was similar in both actron microscope showing, in greater detail, the changes
cases. _ of the core particle and the surrounding graphitic sheath of
For TEM, about 2-3 mg of the mat-like nanotube ma- he tybe tip displayed in the inset. The micrographs were
terial, collected from the silicon substrate, was dispersed in tgken at a specimen temperature of approximately’&74t
10 ml ethanol (99%, Aldrich) by sonication. The CNTs were 5 time interval of 3.5 min. The relevant observations depicted
picked up from the suspension using copper grids coveredin the corresponding schematic drawings are the formation
with hOley carbon film. The minOSCOpiC investigations were of a new ca. 10-nm-thick transverse carbon br|dge by segre-
performed in a Jeol JEM 3010 high-resolution transmis- gation of graphene layers at the rear surface of the filling par-
sion electron microscope (HRTEM) operated at 300 kV and ticle, and the inward directed thickness growth of the CNT
equipped with a 2k 2k slow scan CCD camera (Gatan). In - walls by graphitic segregation at the particle side surfaces. It
situ structural studies at elevated temperatures were carrieds important to note that during these structural transforma-
out using the Jeol high-voltage transmission electron micro- tions the outer CNT diameter remained almost constant; i.e.,
scope (HVTEM) ARM 1250 at the Max Planck Institute of the thickening of the graphitic tube wall occurred entirely
Metal Research in Stuttgart, Germany, which is equipped at the expense of the encapsulated material. Hence, because
with a side-entry heating stage and a drift-compensatedthere is no other carbon source due to the high vacuum, the
video-recording system [28]. conclusion can be drawn that the carbon segregating in the

% - RN

3. Results
3.1. In situ observations
Applying FePc as the precursor, we typically obtained

rather straight nanotubes with a high degree of graphitic or-
dering in the tube walls [29]. Usually, at the top end of each
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Fig. 3. (a) TEM micrograph of a tip of a FePc-synthesized MWCNT capped

by graphite layers continuously enclosing the encapsulated catalyst mater-

ial; (b) close-up of the area marked in (a) exhibiting different lattice fringes;
(c) SAED pattern that includes the characteristic graphite scattering of the

Fig. 2. (a) to (d) Displacement of the core material through the CNT capil- nanotube overlapped by the [131] zone axis diffraction pattern of the ce-

lary and neck formation as a result of the buildup of expulsory forces due mentite core.

to graphite segregation at the catalyst surface in an in situ HYTEM image

sequence. Time interval between (a) and (d) ca. 25 s at@80

containing foreign material. The nanotube tip is perfectly
covered and closed by continuously curved graphene lay-
form of graphite at the outer particle surface undoubtedly grg. A higher magnification view of the inner core region
stems from the bulk of the particle. Furthermore, it must marked in Fig. 3a is provided in Fig. 3b. The image reveals
be concluded that this amount of carbon must have beengjfferent sets of lattice planes within the enclosed material
contained in the as-grown original particle already at room ith one prominent fringe spacing of about 3.2 A aligned
temperature before the beginning of the in situ microscopy almost parallel to the graphitic layering and thus to the tube
experiments. axis. Fig. 3c represents a selected area electron diffraction
Beyond a temperature of about 88D, under the high-  (SAED) pattern that covers the corresponding area of the en-
energy electron irradiation, a point is reached where the corecapsulated material shown in Fig. 3b together with parts of
material melts and rapldly moves along the tube axis as dOC'the graphmc tube. Therefore’ with the We"-deﬁnedpac-
umented in the time-resolved picture series in Fig. 2. Starting ing of graphite, we have a precise standard for the Bragg
at Fig. 2a, after atime interval of ca. 9 s the core has reachedreflections to be identified. The graphite scattering including
the capillary open end (Fig. 2c) and some material is ex- the characteristic equatori€dl) reflections as well as the
pulsed. Fig. 2d shows the situation another 17 s later whenstreak-like (100) scattering of the graphite layers, along with
the remaining part of the core is sucked back into the tube the Corresponding fa”r(hkO) ring pattern, is over|apped by
accompanied by a pronounced neck formation in the liquid quite a sharp spot pattern of a highly crystalline phase. Eval-
particle. We could observe several repeats of this displace-yation of this pattern shows that it closely agrees with the
ment process until the core material was Completely eJeCtEd[lsl] zone axis diffraction of the iron carbide §& phase
(cementite), severalk0/) and (k1l) reflections of which
3.2. Structure determination of the core material are indexed in Fig. 3b. However, presupposing a reason-
able (002) graphitic layer spacing of 3.45 A, a discrepancy
If it is true that, at least, a portion of the carbon dissolved of about 0.35 A exists between the (101) lattice spacing of
in the metal particle is stored there even during cooling the 3.383 A obtained from the results of X-ray scattering mea-
deposited pyrolysis product to room temperature, the ques-surements in the literature [30], and the value of 3.74 A de-
tion arises as to the nature of the low-temperature carbon-in-termined here. Increasing lattice parameters are compatible
metal phase. An answer will be possible on the basis of the with a lattice expansion due to a carbon content exceeding
electron microscope and diffraction investigations described that of the pure F£C phase, thus indicating supersatura-
in the following. tion.
The electron micrograph in Fig. 3a shows the tip of a In a previous paper, the occurrence of an iron carbide
FePc-pyrolyzed MWCNT formed by nearly 20 graphene phase has been identified also in CNTs catalytically grown
layers, and neatly filled over a larger distance with iron- from iron(lll)chloride at temperatures in the range 750-
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_ 215 g 4. Discussion

111345 A 0y § ¢— 201,

AT LA : : The electron microscope in situ heating experiments pre-
Y g :Oog_g,OOflu sented in this paper could not mimic, of course, the CNT
i N e g

010,030, | growth process in its true nature because of the lack of con-
s tinued carbon supply from decomposition of a precursor.

SRy Nevertheless, the observed structural phase changes under
heat have revealed a number of particular aspects of the
growth mechanism of carbon nanotubes.

S aoa ™S First, the images of graphite segregation at the surface of
Y Zagh ?‘}"! r‘\ ; "

: A\’%/%é\ﬁg&%g_ thg catalyst particle undgr vacuum COhdItIOf?S supportthe va-
l"'\\"!\‘\\ :*%i.\\_@’,,‘?'r@_ lidity of the concept of dissolution of carbpn in the metal cat-
A . ’:‘@@;?%‘ﬁ‘. alyst and of the carbon-through-metal diffusion. The thick-

@’\Qﬁ” ?: ness growth of the nanotube walls during heating is clear ev-
_}%ﬁ:&?@@ﬁ% idence of a considerable amount of carbon contained in the
A@A\i%l‘ﬁﬁ metallic nanoparticle. This carbon amount serves, in the in
* '6’ ‘ - situ experiment, as the only reservoir for the creation of new
Wi i "‘_I graphene layers. (The “new layers” probably represent parts
Y of one and the same scrolled graphene layer forming the

CNT [29].) With this reservoir getting used up, the graphitic
Fig. 4. Lattice fringe image of the interface region between the graphitic segregation stops and the remaining core material gets stuck
wall and the encapsulated materi'al in a MWCNT prepared_ from fer- in the inner part of the tube. In the real growth process, peri-
rocene/anthracene precursor showing the (002) and (010) lattice planes of _ . . - .
graphite and cementite, respectively. The power spectrum clearly reveals odic fluctuations Of_ the carbon Concentr?tlon in the catalyst
the diffraction of FgC down [102] overlapped by the graphitic tube scatter- ar€ made responsible for the bamboo-like growth of MW-
ing; the corresponding structure model of cementite illustrates the preferred CNTS with its characteristic axial structure periodicity [13].
alignment of the two phases. Tube growth takes place when the carbon concentration in
the particle exceeds supersaturation. Repeated decreases of
the amount of carbon due to its consumption for the graphite
segregation should be associated with increasing surface ten-
1100°C [31]. Another proof comes from the pyrolysis of sion at the tube/catalyst interface [13,34]. These surface ten-
ferrocene/anthracene precursor material [27]. The micro- Sional forces as well as the compressive stress accumulated
graph in Fig. 4 shows a close-up lattice fringe image of in the graphitic sheath in consequence of the growth of new
the interface region between the multilayer tube wall and 9raphene layers at the inside of the tube cause the observed
the enclosed filling material. While the characteristic (002) Progressive ejection as well as the neck formation of the lig-
graphitec-layer spacing of 3.45 A is seen on the left-hand Uid particle (compare [13,34,35]). The competition between
side, on the right a fringe pattern with a spacing of about the expu!sary forces and the mterfamgl capillary forges has
twice that value is revealed. The latter very closely cor- a strong influence on the growth rate in the length direction

responds to the 6.741 A of the X-rayaxis lattice pa- and also the bamboo'shapi.ng (?f the MWCNTS. )
rameter of cementite [30]. In the power spectrum of the Second, the clear identification of the cementite phase

image that includes both structures one can clearly distin- suggests the participation of iron carbide intermediates in

guish between the graphite (002) and (004) reflections andthe tra nsformauo_n_ of carbon into graph!te. The in situ Seg-
the (010) (I = 1. 2. 3) reflections of the carbide phase. (The regation of graphitic layers from cementite can be explained

tra off torial ¢ detected the (004 tori Iby its decomposition into metal and carbon as proved pos-
extra ofi-equatorial Spot detected near the ( o ) equa Olalsible even at temperatures around 3Q0by Podgurski et
reflection is due to the upper part of the graphitic wall devi-

) X o . , , al. [33]. The high-energy irradiation has probably an accel-
ating slightly in orientation). Besides the equatorial scatter- erating effect on the decomposition. Whether onlyEer

ing, there are additional reflections relating {@1} (k = even the more carbon-rich phases€and FeC are involved
+0,1,2,...) lattice planes of the orthorhombic unit cell i, the tube growth remains open. Our observations concern
when locking down the [102] direction. Accordingly, in this  the frozen-in situation of the particle, and there is no pre-
particular case a well-defined crystal orientational relation- cise information about the original carbon concentration at
ship[010jcarbidell [002lgraphiteeXists between the two phases  high temperatures. A hot liquid-like metal particle possesses
which appears quite favorable from the structure model of an enormous capacity of carbon uptake which inevitably de-
cementite in Fig. 4. There are indications that the growth creases when the particle is cooled down [32]. Considering
of the carbon nanotube, i.e., the growth of curved graphenean estimated amount of 50 at.% of carbon and more [12,13],
layers, originates from such a straight parallel alignment be- carbon-rich carbides are rather likely to exist at elevated
tween both lattices along a low index plane. temperatures. The carbon nanotubes reported here were ob-



254

AK. Schaper et al. / Journal of Catalysis 222 (2004) 250-254

viously grown via a supersaturated carbide phase mediating [4] N. Grobert, M. Terrones, S. Trasobares, K. Kordatos, H. Terrones, J.

the carbon-through-metal transmission. The new graphene
layers were preferentially segregated parallel to low-index
lattice planes of the carbide which seems to be one reason

for the rather frequent formation of polygonized MWCNT
cross sections. On the other hand, the detection of aubic
iron particles within CNTs after a low-temperature growth
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