
Carbon 41 (2003) 539–547

S ynthesis of carbon nanotubes over Fe catalyst on aluminium
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Abstract

Carbon nanotubes (CNTs) have been grown by the decomposition of C H over a thin catalyst film in order to investigate2 2

the growth mechanism of CNTs by chemical vapour deposition (CVD). The catalyst was prepared from an iron nitrate
22precursor solution that was spin-coated on an aluminium substrate. The density (mg cm ) and the length of the CNTs were

greatly influenced by the precursor concentration, the time of deposition, the temperature and the ratio of C H :N . Scanning2 2 2

and transmission electron microscopy, X-ray photoelectron spectroscopy and X-ray diffraction measurements have been
carried out in order to investigate the behaviour of the catalyst before and during the growth process. The iron nitrate film
formed an amorphous iron oxide layer that transformed to crystalline Fe O , which was reduced to Fe O and FeO in2 3 3 4

contact with the C H : N reaction atmosphere. The CNTs synthesis took place on small iron carbide (Fe C) particles that2 2 2 3

were formed from the FeO.
   2002 Elsevier Science Ltd. All rights reserved.
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1 . Introduction as electrode materials for electrochemical double layer
capacitors (ECDL) [18,19], also called supercapacitor

Since the original work of Iijima [1] in 1991, carbon electrodes [20]. These supercapacitors require a large
nanotubes (CNTs) have been recognised to possess prom- specific surface area, one of the main attributes of CNTs.
ising properties [2], in particular for applications in Many techniques for the producing CNTs have been
chemistry, physics and the area of nanotechnology. Indeed, developed, using a variety of conditions, but relatively few
CNTs have been used to build field-effect transistors [3], studies have systematically investigated the growth mecha-
as one-dimensional quantum wires [4], as a hydrogen nism of CNTs [21–23] or carbon fibres [24,25].
storage material [5–8] or as electron field emitters [9–11] Our aim in the present work is to investigate the large-
for flat panel displays [12–14]. Due to their inherent scale synthesis of CNTs produced by chemical vapour
stiffness, CNTs are mechanically resistant and can be used deposition (CVD) processes [26,27]. The effects of in-
as probe tips for atomic force microscopy [15] and fluential parameters such as temperature, iron nitrate
scanning tunnelling microscopy [16,17]. Another potential concentration, the deposition time and hydrocarbon flow
application that is currently under investigation is their use rate were studied. Electron microscopy observations as

well as X-Ray photoelectron spectroscopy and X-Ray
diffraction measurements allow us to propose a growth*Corresponding author. Tel.:141-26-300-9101; fax:141-26-
model. Finally it is shown that the final CNT film300-9747.
morphology depends strongly on the method used toE-mail address: christophe.emmenegger@unifr.ch(C. Em-

menegger). terminate the deposition process—either a high yield of

0008-6223/02/$ – see front matter   2002 Elsevier Science Ltd. All rights reserved.
PI I : S0008-6223( 02 )00362-7

mailto:christophe.emmenegger@unifr.ch


540 C. Emmenegger et al. / Carbon 41 (2003) 539–547

randomly entangled CNTs [28] or well-aligned CNTs with 3 . Results and discussion
an amorphous carbon (a-C) cover layer [29] may be
produced. 3 .1. Produced carbon nanostructures

We examine in this section the range of parameters
2 . Experimental which allows to obtain CNTs. SEM observations show at

6008C (Fig. 1a) an abundance of impurities like a-C that
2The aluminium substrates (20 cm area) are coated with forms a rough surface without any CNTs. Indeed, this

an ethanolic solution of iron nitrate (Fe(NO )?9H O) by temperature is not high enough to modify the morphology3 3 2

spin coating, which leads to a very homogeneous Fe- [30] and the chemistry of the catalyst and hence to favour
containing film. The coated aluminium substrate is then the synthesis of graphitic elements. Increasing the tempera-
mounted on a stainless steel support and inserted into a ture to 6258C produces randomly aligned nanotubes, as in
quartz tube furnace. The furnace is purged with 1000 sccm Fig. 1b, and the CNTs yield becomes much higher at
N for 5 min before heating up to the deposition tempera- 6508C (Fig. 1c). At 6508C, randomly entangled CNTs are2

ture. Subsequently, a mixture of 2–6 sccm (0.4–1.2%) obtained for 60 and 120 mM, while the measured amount
C H and 500 sccm N is introduced at 1 bar for 15–180 of CNTs is four times as large with on 120 mM as2 2 2

min. The temperature of the substrate is varied between compared with 60 mM (see also Eq. (1)). The length of the
600 and 6508C, the upper limit being determined by the CNTs also increases with the temperature between 625 and
melting point of the aluminium at 6608C. Deposition was 6508C, reaching a maximum value between 20 and 30
terminated in one of two ways: the furnace was either mm.
purged with 500 sccm N for 5 min and then evacuated, or SEM observations reveal also that a sufficient flow of2

simply evacuated immediately without prior purging. C H (1.2%, Fig. 1c) has to be introduced in our reactor to2 2

Unless stated otherwise, the reference conditions are 65 maximise the yield of CNTs, as shown on Fig. 2 for
min of growth in 1.2% of C H at 6508C. hydrocarbon flows between 0.4 to 1.2%. With 0.4% of2 2

In a first phase (Section 3.1), we consider the impor- C H , only impurities like a-C mixed with iron carbide are2 2

tance of the temperature (600–6508C) on the CNT growth grown (Fig. 2a), whereas with 0.8% of C H carbon2 2

with 60 and 120 mM of iron nitrate and by stopping the filaments with a-C and few CNTs are synthesised (Fig.
deposition by directly pumping the reaction atmosphere. 2b). This shows the importance to have a precise ratio

In a second phase (Sections 3.2 and 3.3), we study the between the inert (98.8%) and the hydrocarbon (1.2%)
yield of CNTs at 6508C as a function of iron nitrate gases in order to synthesise a large amount of CNTs
concentration (1–240 mM) and time of deposition (65– without impurities (Fig. 2c). Similar behaviour is observed

22270 min). The real density (mg cm ) of the films is at precursor concentrations of 60 and 150 mM.
estimated by weighting the substrate before and after the The CNTs produced with iron concentration between 20
deposition. This allows us to assess the influence of and 240 mM are principally MWNTs, as shown in the
deposition time and the iron nitrate concentration on the TEM micrograph of Fig. 3. For each catalyst concentration
growth rate, as this parameter is directly related to the the size of the CNTs is rather uniform. Their diameter
amount of synthesised CNTs. measured with SEM varies between 10 and 40 nm with the

Morphological analysis is performed with a Jeol 6300 F smaller diameter corresponding to the smallest efficient
scanning electron microscope (SEM) operating at 5 kV, as iron nitrate concentration (20 mM). The length of the
well as with a Philips EM 430 high-resolution transmission CNTs as measured by SEM varies between 2.5 and 30mm
electron microscope (TEM) operating at 300 kV. X-ray depending on the precursor concentration (from 2.5 to 5
photoelectron spectroscopy (XPS), excited with Mg Ka mm with 20–30 mM and up to 30mm with 120 mM of
(hn51253.6 eV) radiation in a UHV chamber at a low iron nitrate).

28pressure (,2310 mbar), is used to study and character- SEM observations carried out on the substrate surfaces
ise the surface composition of the substrate. To character- coated with different iron nitrate concentrations do not
ise the initial phase of the growth with the different reveal any formation of clusters. No cluster or metal
chemical transformations of the catalyst, SEM and XPS is particles are found for low concentrations (1–20 mM) but
carried out on aluminium substrates coated with different a rough film of iron oxide (Fig. 4a,b) forms without any
iron nitrate concentrations from 1 to 240 mM and heated at distinguishable features. However, the surface roughness
6508C during 20 min in the CVD system under a pure N becomes more significant and homogeneous for the iron2

atmosphere. Finally, in situ X-ray diffraction measure- nitrate concentrations higher than 30 mM as small hills and
ments are performed at the growth temperature under cracks form on the surface. XPS measurements show that
C H atmosphere follow the transformations of the cata- an iron oxide layer completely coats the surface from 302 2

lyst layer. The measurements and experiments details will mM up, whereas the iron oxide layer covers only partly the
be given in a forthcoming paper [30]. surface with smaller catalyst concentrations (Fig. 5).
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Fig. 1. SEM micrographs of CNTs grown at temperatures of (a) Fig. 2. SEM micrographs of CNTs grown with (a) 0.4, (b) 0.8,
600, (b) 625, and (c) 6508C with 120 mM of iron nitrate during and (c) 1.2% of C H with 120 mM of iron nitrate during 65 min.2 2

65 min. The growth has been terminated by direct pumping. The growth has been terminated by direct pumping. Micrographs
Micrographs a–c have been taken at the same magnification. a–c have been taken at the same magnification.
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rmax212 ]]]]]]]]]r(conc) [mg cm ]5
conc 2 93 mM
]]]]11 expF2S DG

21 mM

(1)

whereconc is the iron nitrate concentration applied on the
22substrate,r 50.28 mg cm is the maximal averagemax

CNT density measured on the sample, and 21 and 93 mM
are the calculated concentration of the precursor corre-
sponding to the minimum needed to measure a CNT
density and to half the maximal density of synthesised
CNTs, respectively.

3 .3. Rate of nanotube growth

A large amount of impurities like a-C forms during the
first 15 min and with iron nitrate concentrations below 60
mM, whereas carbon filaments mixed with a-C are syn-
thesised with 120 and 150 mM. Randomly entangled

Fig. 3. TEM micrograph of a MWNT produced at 6508C with CNTs are observed only from 30 min on for iron con-
120 mM of iron nitrate during 65 min. centrations between 30 and 60 mM, and above 60 mM

aligned CNTs coated with an a-C layer are synthesised.
The CNT density begins to increase significantly only afterIndeed, Fig. 5 shows clearly that from 30 mM the Al(2p–
30 min of deposition and reaches the maximum valuermax2s) peaks intensity decreases strongly whereas the iron and
after 65 min. The length increased also from 30 min ofiron oxide peaks intensity increase significantly.
deposition on and reaches a maximum value of 30mm
after 65 min.3 .2. Yield of CNT growth

The experimental dependence of the CNT density on the
iron nitrate concentration influence (previous section) andSEM observations and CNT yield measurements show
on the deposition time, can be expressed by Eq. (2), whichthat deposition time longer than 65 min and iron nitrate
was used to draw the three dimensional plot presented inconcentrations higher than 120 mM do not influence

22 Fig. 2:significantly the CNT density (mg cm ). These first
results allow us to focus our investigations on smaller iron 22

r(conc) [mg cm ]5 0.28nitrate concentrations and shorter times of deposition. For
1all depositions carried out during 65 min with concen-

]]]]]]]]]?trations below 20 mM (Fig. 4a,b), the homogeneous conc 2 93 mM
]]]]11 expF2S DGcatalyst film transforms into an irregular rough surface 21 mM

where no CNTs are synthesised. The CNT growth is very 1
]]]]]]]? (2)sparse at 20 mM (Fig. 4c,d) and a very small density of (t 2 37 min)

]]]randomly aligned CNTs is obtained from 30 mM up to 60 11 expF2 G
10 min

mM. On the order hand, a very homogeneous growth of
well-aligned CNTs (Fig. 4e,f) is achieved from 60 mM up The highest density is obtained with very compact films of
to 240 mM with an a-C layer that caps the top of the CNTs well-aligned CNTs that grow preferentially perpendicular
from 120 mM on (Fig. 4e,f). A method to remove this to the substrate (Fig. 4f). A compact a-C layer (Fig. 4e,f)
impurity layer will be discussed in Section 3.2. forms at the top of the well-aligned CNTs when the reactor

22The CNT density (mg cm ) (shown in Fig. 6 as a is purged with 500 sccm of N at the end of the deposition.2

function of iron nitrate concentration and time of deposi- In this case, the residual C H volume in the reactor2 2

tion) is measurable only at iron nitrate concentrations diminishes exponentially with time, depending on the
larger than 20 mM. The CNT amount increases linearly reaction velocity of residual CNT synthesis or of graphite
from 20 mM up to 120 mM and reaches after 65 min the activity (Fig. 2b). This implies that CNTs are still syn-

22maximum value of 0.28 mg cm . The amount of syn- thesised at the beginning of the purging. Impurities like
thesised CNTs does not increase and saturates at iron a-C are produced when the C H concentration decreases2 2

nitrate concentrations larger than of 120 mM. The ex- below the value necessary to sustain CNT growth (Section
perimental behaviour of the CNT density can be repre- 3.3) (Fig. 2a), which produces a compact layer on the
sented with Eq. (1): synthesised CNTs (Fig. 4f).
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Fig. 4. SEM micrographs of CNTs grown with iron nitrate concentrations of (a) 1, (b) 5, (c) 20, (d) 60, (e) 150, and (f) 240 mM at 6508C
for 65 min. The growth has been terminated by purging the reactor with N . Micrographs a–c and d–f have been taken at the same2

magnification.

We can proceed in two different ways to avoid the N during the last 5 min. This process allows us to produce2

formation of this a-C layer that caps the CNTs at con- high yield of randomly entangled CNTs (Fig. 2c).
centrations higher than 120 mM. Firstly, we use an oxygen

21plasma treatment (400 W during 15 min with 5 ml min 3 .4. Growth mechanism
of O at a pressure of 0.003 mbar) in order to remove to a2

great extent the contaminating a-C layer. Secondly, we Many parameters, including the catalyst concentration,
evacuate directly the reaction atmosphere at the end of the the temperature, the growth time, the gas composition and
deposition instead of purging the furnace with 500 sccm of flow rate affect the nature of the carbon species in the final
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Fig. 5. XPS survey spectra acquired on Al substrates coated with 15, 30 and 60 mM of iron nitrate and heated at 6508C during 30 min.

material [31]. The shape and size of the catalyst appears to Boehm et al. [34] assumed that the carbon layers might
play a key role. Oberlin et al. [32] observed that growth of only nucleate on a specific face of the carbide crystals.
thin primary fibres was due to a catalytic mechanism Baker et al. [35] reported that nanofibres are obtained from
initiated by very small iron oxide particles that were large Fe particles (.20 nm) similar to liquid droplets.
reduced in pure iron by the presence of hydrogen in the They suggested that acetylene decomposes on the exposed
furnace. Some authors claim that the active catalyst could front surface of the metal particles in order to release
be an iron carbide such as Fe C [33], FeC [32] or Fe C hydrogen and carbon, which dissolves in the particle. The7 3 3

[34]. In order to explain the central cavity in the fibres, carbon then diffuses through the particle to form the body
of the filament on the rear face of the metallic droplet.
Recently Baker et al. [36] observed that CNTs were
formed with the aid of smaller particles (,20 nm).

However, in the present study it was found that the iron
nitrate solution deposited on the aluminium substrate
formed a continuous layer and not individual particles, as
shown on Fig. 8a where the suggested growth mechanism
is schematised. XPS and XRD measurements show that for
concentrations above 30 mM the iron nitrate decomposes
completely to a continuous amorphous iron oxide film,
whereas for lower concentrations some residual iron nitrate
precursor is still detected (Fig. 5).

In situ high temperature X-ray measurements (Fig. 8)
[30] reveal that the iron oxide layer transforms to a
crystalline Fe O (6Fe O ) film during heating under2 3 3 4

nitrogen (Fig. 7a,b). Fragmentation of the film and the
formation of smaller particles occurred after acetylene was
introduced into the reaction chamber (Fig. 7b, see Figs. 4c
and 6a,b). The hematite crystals are reduced to inter-
mediate oxides (magnetite Fe O , wuestite FeO) by theFig. 6. Measured (circles) and calculated (Eq. (2)) CNT density as 3 4

a function of iron nitrate concentration and time of deposition. hydrogen released from the pyrolysis of the acetylene (Fig.
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Fig. 7. Suggested CNT growth mechanism (see text, Section 3.4).

8, lower trace). Wuestite is finally transformed to (meta- time. There are also enough particles formed away from
stable) Fe C. The reduction process is accompanied by a the surface, which can serve for the promotion of the3

large volume decrease of the solids inducing fragmentation acetylene pyrolysis. The asymptotic behaviour of the CNT
of the catalyst layer. The delay of 30 min between the density for solution concentrations above 150 mM (Fig. 2),
introduction of the hydrocarbon gas and the onset of e.g. the very slow growth for tubes longer than 30mm,
growth can be explained by the kinetics of the reduction may be due to the increase of the diffusion path for
process [30]. Particles with diameters under 20 nm occur acetylene molecules across the CNT layer down to the iron
only several min after the onset of the reduction process. carbide layer. The CNTs already produced form a diffusion
CNTs growth is, therefore, slow at the beginning. Graphite barrier between the gas stream and the catalyst layer. The
layers encapsulate some of the carbide particles before importance of having enough active surfaces for catalysing
they reach the critical dimension and they are inactivated the pyrolysis has been shown in low temperature CVD
as possible nucleation sites. experiments (500–5508C) using Co–Ni particles as nu-

The increase in the iron nitrate concentration results in a cleation sites. Without adding platinoids, which do not act
thicker layer. The fragmentation of such a layer produces a as nucleation sites but are strongly catalysing the acetylene
larger number of potential nucleation sites however CNTs breakdown, no CNTs are observed [37]. Similar observa-
formation is restricted to particles formed close to the tions are made in pyrolysis reactors, where periodic
surface. Therefore, the number of nucleation sites can decoking and regeneration of the catalyst is necessary [38].
therefore not be the only parameter responsible for the A second transformation within the catalyst layer has
observed increase in CNT density with increasing nitrate been observed in situ X-ray experiments. After 20–30 min
concentration. The increase in density is also the result of of exposure to the acetylene–nitrogen atmosphere, the iron
increasing tube length with increasing nitrate concentra- carbide starts to decompose into metallic iron and graphite
tion. In order to explain this, one has to remember that the [30], a process known as dusting in steel making industry
catalyst does not only serve as nucleation sites, but also [39] (Fig. 1, upper trace). This reaction is also accom-
promotes the pyrolysis of acetylene. The surface of the panied by a decrease in solid volume and contributes to the
particles that are encapsulated or taken up as nucleation reduction in grain size. The onset of dusting observed in
sites for CNTs, are not accessible to the acetylene mole- the in situ XRD experiments coincides with the steep
cules and are not available for the pyrolysis reaction. In a increase in CNT production observed in the present CVD
thicker layer, the reduction process takes longer thus experiments.
producing new surfaces, which are available for a longer The parallel growth of the tubes only observed in
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Fig. 8. In situ powder X-ray diffraction patterns acquired at 6508C after 5 min (lower trace) and 60 min (upper trace) exposure to C H on a2 2

glass substrate with 60 mM of iron nitrate. Both samples still contain some oxide remnants [30].

experiments with high concentrations may be explained by tion conditions. But the largest CNT density can be
steric hindrance. A high number of nucleation sites leads to obtained only by controlling precisely parameters such as
a high density of simultaneously growing CNTs, with the the time of deposition, the temperature and the iron nitrate
only unimpeded growth direction for the latter being concentration. Furthermore, the observations of the catalyst
perpendicular to the substrate. behaviour carried out with SEM, XPS and X-ray diffrac-

Iron carbide clusters can be observed at the base as well tion allow us to suggest a growth mechanism. It turns out
as at the tip of the CNTs. The nucleation of the CNTs that the catalyst did not form distinct clusters but a rough
appears to occur at both the free surface of the particles film of Fe O , coating uniformly the surface of the2 3

(base growth) as well as at the interface between particles substrate for concentrations higher than 30 mM, that
and substrate or between particles (top growth) (Fig. 7c,d). transformed into Fe O , FeO and Fe C following the3 4 3

The alignment of the CNTs is only maintained when introduction of C H . After 20 to 30 min of exposure to2 2

nitrogen is introduced into the chamber at the end of the the acetylene–nitrogen atmosphere, the iron carbide started
synthesis runs. The nitrogen dilutes the concentration of to decompose into Fe and graphite, this process coinciding
acetylene and produces an amorphous deposit similar to with the onset of CNT growth. TEM and SEM observa-
those obtained using low acetylene concentrations during tions allowed to conclude that the CNTs were synthesised
the full duration of the synthesis (see Fig. 2a). Under these on iron carbide clusters.
conditions carbon is deposited as an amorphous layer onto
the substrate, similar to the layer observed on top of the
aligned CNTs after the nitrogen treatment. The amorphous A cknowledgements
deposit stabilises the previously deposited CNT ‘garden’—
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