
t

red by

f acetylene
and the

(TPR),
roscopy
on on the

after acid
sence of
Journal of Catalysis 215 (2003) 305–316
www.elsevier.com/locate/jca

Characterization of carbon nanotubes and carbon nanofibers prepa
catalytic decomposition of acetylene in a fluidized bed reactor

M. Pérez-Cabero,a I. Rodríguez-Ramos,a and A. Guerrero-Ruízb,∗

a Instituto de Catálisis y Petroleoquímica, CSIC, Campus de Cantoblanco, 28049 Madrid, Spain
b Departamento de Química Inorgánica y Técnica, Facultad de Ciencias, UNED, c/senda del rey, no 9, 28040 Madrid, Spain

Received 1 October 2002; revised 6 January 2003; accepted 6 January 2003

Abstract

This article describes the synthesis of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) by the catalytic decomposition o
at 973 K over several Fe/silica catalysts (sol–gel method prepared) in a fluidized bed reactor. Characterization of the catalysts
products was performed by chemical analyses, N2 adsorption isotherms (BET surface area), temperature-programmed reduction
CO volumetric chemisorption, X-ray diffraction (XRD), temperature-programmed oxidation (TPO), and transmission electron mic
(TEM). An apparent relationship was found to exist between the metallic iron content of the catalysts, metal particle size distributi
surface of the silica support, and final characteristics of the carbon products obtained. High-purity CNTs and CNFs were achieved
treatment of the catalytically produced carbon deposits. Difficulties in exact quantitative characterization of pure CNTs in the pre
other carbon species (CNFs, capsules of carbon, amorphous carbon, etc.) are also reported and discussed.
 2003 Elsevier Science (USA). All rights reserved.

Keywords: Carbon nanotubes; Carbon nanofibers; Fluidized bed reactor; Acetylene decomposition; Iron catalysts
bes
ide.
the
ical,
d to
vel
o-
th
er
en

ge-

tric
por
ytic
the

arge
als.

od
er
elow
be

alyst
gy
9].
ons
, and
-
ina

ct of
the

bes.
cat-
he
ap-
ay

ady-
i et
et-
d
tu-
1. Introduction

In the decade since the discovery of carbon nanotu
they have captured the attention of researchers worldw
A significant amount of work has been done to reveal
unique structural, electrical, mechanical, electromechan
and chemical properties of carbon nanotubes (CNTs) an
explore what might be the key applications of these no
materials [1–4]. However, the full potential of carbon nan
tubes for applications will not be realized until their grow
can be further optimized and controlled. Among oth
factors, their future use strongly depends on the developm
of simple, efficient, and inexpensive technologies for lar
scale production.

Typically, carbon nanotubes are prepared by elec
arc discharge [5], laser ablation [6], and chemical va
deposition (CVD) of hydrocarbon gases over a catal
material [7]. The CVD method has been reported to be
most selective in carbon nanotube formation; arc disch
and laser ablation lead to mixtures of carbon materi
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t

In addition to the purity of the product, the CVD meth
allows the growth of large amounts of CNTs at low
cost because it proceeds at moderate temperatures (b
1273 K). Moreover, the control of nanotube structure can
realized by regulating the reaction parameters and cat
composition as well as by modifying the nanomorpholo
of the catalysts with dispersion of metals on supports [8,

Fe-, Ni-, and Co-supported catalysts and hydrocarb
such as methane, ethene, acetylene, carbon monoxide
synthesis gas (CO/H2) were employed in the CVD synthe
sis of carbon nanotubes [2,3,8–18]. Supports like alum
and silica have been investigated to determine the effe
the support on the size of the metal nanoparticles and
diameter and structural characteristics of carbon nanotu
The growth of CNTs was reported to be easier over Fe
alysts than over Co or Ni [10,13]. With iron catalysts t
interaction between formed carbon and metal particles is
parently less structure sensitive than with Ni or Co. This m
be related to higher carbon concentration during the ste
state growth for iron catalysts [3]. The results of Hernad
al. [13] and Dai and co-workers [14] agree with this theor
ical statement, concluding that Fe/silica catalysts presente
the highest activity in the decomposition of different unsa
eserved.

http://www.elsevier.com/locate/jcat
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rated compounds. Among all the hydrocarbon gases, a
lene was reported to have the highest reactivity over the
alysts for growing better-quality CNTs [10,13]. The sol–
synthesis method was reported to ensure a highly hom
neous distribution of transition metal ions in the silica ma
on which the nanotubes grow outward perpendicularly
form an aligned nanotube array [9,19–21].

For large-scale production the use of a fluidized bed r
tor has been proposed as an alternative to avoid obstru
of the carbon materials deposited and damage to fixed
reactor walls [22], but this kind of reactor has rarely be
reported in the bibliography on carbon nanotube forma
[10–12].

The syntheses of CNTs by CVD runs by a not we
defined mechanism. A first step is assumed where the
bon source is decomposed on the active points of the
alyst, and gives carbon atoms with concomitant desorp
of molecular hydrogen. Carbon is then supposed to diss
in and diffuse through the bulk of the metal, yielding fina
carbon nanofibers and the metal. This general mecha
was already proposed for carbon nanofibers by Baker e
in the 1970s and it has been widely accepted. The inv
dependence of growth rate on particle width also propo
by Baker is consistent with a diffusion-controlled mec
nism [23]. The latter authors admit the formation of carb
intermediate species to explain the thermodynamics of
fusion in the last mechanism. These carbides would dec
pose in carbon nanofibers and the metal [24–27]. Altho
the formation of these carbide intermediates species is
in doubt because it is difficult to demonstrate since they c
stitute an intermediate species.

For this article carbon nanotubes were synthesized b
catalytic decomposition of acetylene, over several iron c
lysts in a fluidized bed reactor at 973 K. Our objective w
to choose the optimal conditions, for acetylene decomp
tion over iron catalysts, to develop one method to obta
high yield of CNTs for further purification and characte
zation. Complete characterization of the catalysts and
bon species obtained was achieved and a relationship
tween metal particle sizes, metal contents of the cata
and the final characteristics of carbon nanotubes was
served. We differentiate between carbon nanotubes and
bon nanofibers (CNFs), since the former have a cylinder
structure with a channel in the middle [3], carbon encap
lation of metal particles, and amorphous carbon.

2. Materials and methods

2.1. Synthesis of the catalysts

Several Fe/silica catalysts, containing 2.5, 5, 10, a
29 wt% Fe, were prepared by a sol–gel method. The cat
with the largest amount of metal has been already teste
carbon nanotube synthesis in our laboratory using a pu
or fixed bed reactor [28,29].
-

-

-

.

-

-
-

t
r

The iron precursor for the syntheses was Fe(NO3)3·9H2O,
and the silica precursor was tetraethoxysilane (TEOS).
milliliters of TEOS were mixed with an aqueous solution
the metal salt (in the exact amount to obtain the required
centages) and 10 ml of EtOH. The mixture was magnetic
stirred for 20 min, and then 0.4 ml of HCl were added. T
final solution was stirred 20 min longer. The mixture w
then extended in a plastic plate to air-dry for 24 h. The s
formed was dried at 383 K for 22 h to completely remove
water and the solvent, and then calcined at 723 K for 16
an air atmosphere. The final product was ground and si
in particle sizes between 40 and 150 µm.

2.2. Characterization of the catalysts

Iron content (wt%) of the different catalysts was analy
in an Atomic Emission Spectroscope (ICP, Perkin–Elm
Model 3300 DV). Surface area was calculated by the c
ventional BET method, from the N2 adsorption isotherm
at 77 K, determined using a Micromeritics Model ASA
2010/TRISTAR 3000 apparatus.

Temperature-programmed reduction (TPR) experim
were carried out in a microbalance (C.I. Electronic), wit
small quartz basket where several milligrams of the sam
were deposited. The reduction ran in a mixture of H2/He
(1/1), at a total gas flow rate of 20 ml/min, until 723 K
at approximately 5 K/min, keeping the sample at th
temperature for 60 min longer.

The X-ray diffraction (XRD) patterns for fresh sampl
and for reduced samples at 723 K with H2 were recorded in
an X-ray diffractometer (Seifert Model XRD 3000P), usi
Cu-Kα radiation and a graphite monochromator.

CO chemisorption measurements were performed
conventional volumetric system at 330 K. The volume
data were stored and analyzed by microcomputer proc
ing. All samples were previously reduced in H2 (20 ml/min)
for 2 h at 723 K and vacuum outgassed 12 h longer at
temperature.

2.3. Synthesis of carbon nanotubes

Carbon nanotubes were synthesized by the catalytic
composition of acetylene, over the iron catalysts previo
described, in a fluidized bed reactor at 973 K. The exp
mental system consisted of a 2.2-cm-i.d., 120-cm-long
tical quartz reactor. A wider head was located at the
per part of the reactor to avoid catalyst loss. The rea
was heated by an 88-cm-long electric furnace (Thermo
79400), equipped with a proportional, integral, and diff
ential temperature controller. The gases entered throug
lower part of the reactor, coming from three Brooks 5850
mass flow controllers. An extra thermocouple (Thermoc
Type K) was placed in the interior of the reactor, with t
aim of controlling the exact temperature of the catalytic b

All syntheses were carried out with 6 g of the ground a
sieved catalysts, deposited on a porous quartz plate p
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at half-height of the reactor. The fluidization flow rates
the experiments were calculated by measurements, at
temperature, of pressure variations in the catalytic bed o
reactor with variation of gas flows [30]. The catalyst w
fluidized initially for 20 min, at room temperature, in N2
(flow rate 600 ml/min). Then H2 was also introduced int
a mixture of N2/H2 (540/60 ml/min) heating from room
temperature to 723 K, with a heating ramp of 10 K/min. Af-
ter 10 min longer at this temperature, the reactor was he
to 973 K at 10 K/min in N2 (600 ml/min). Once a tempera
ture of 723 K was achieved, acetylene was introduced in
reaction mixture of N2/C2H2/H2 (580/15/10 ml/min) over
60 min. After this time the reactor was cooled to room te
perature in an N2 atmosphere.

The final product was obtained as a light and electros
black solid and was submitted to a purification procedur
eliminate the inorganic materials. The purification meth
consisted of elimination of the silica support in an exc
of HF at room temperature and, after filtration, an oxid
treatment in excess of HNO3 at 343 K for 1 h in a reflux
system to solubilize all the iron present. The solid w
then filtered, washed with distilled water, and dried at ro
temperature.

2.4. Characterization of the carbon materials

The products were characterized before and after pu
cation using a series of techniques. Temperature-progra
ed oxidation (TPO) experiments were carried on the
crobalance described above. The combustion ran in a
atmosphere, with a gas flow rate of 20 ml/min, until 1123 K
at approximately 5 K/min. Four more samples, in additio
to the nanotubes synthesized here, were studied. They
two commercial carbon nanotubes, from MER Corpora
(MERK) and Dynamic Enterprises Ltd. (UK), a commerc
high-surface-area graphite, H (300 m2/g) (from Lonza), and
a Saran carbon (980 m2/g), prepared by carbonization of
copolymer as described in [31].

Transmission electron microscopy (TEM) studies w
carried out in a JEOL JEM-2000 FX microscope at 200
The samples were prepared by ultrasonic dispersal
butanediol solution, placed on the copper TEM grid, a
evaporated. Chemical analyses of the purified samples
carried out with a microanalysis system (XEDS) installed
this microscope.

Studies by XRD analysis of these final products were a
performed.

3. Results

3.1. Catalyst characterization

The results of the metal analyses and BET areas for
prepared catalysts are given in Table 1. BET areas see
in general, to follow a growing tendency among catalysts
-

e

,

Table 1
Chemical analyses and BET surface areas for catalysts A, B, C, and D

Catalyst wt% Fe (analyses) SBET (m2/g)

A 2.3 185
B 4.4 281
C 8.0 255
D 28.5 425

Table 2
CO uptakes over the reduced catalysts after reduction treatmenta

Catalyst Reduced Feb CO chem. D (%) d

(wt%) (µmol/g catalyst) (1CO/2Fe) (nm)

A 1.4 (60) 8 6 12.5
B 4.0 (90) 24 7 10.7
C 5.3 (65) 13 3 25.0
D 15.4 (53) 12 1 75.0

a Reduced iron percentages and dispersion values,D (%), calculated for
catalysts A, B, C, and D.

b Data obtained from TPR experiments. In parentheses is the perce
of reduced iron over the total iron content in the catalysts.

B, C, and D, even though it was not strictly followed wi
catalysts B and C. Catalyst D, with the largest amoun
iron, had the largest surface area.

TPR experiments showed that the percentage of iron
duced (see Table 2), after H2 treatments in the microbalanc
was lower than 100% for all catalysts.

The crystalline phases present in the catalysts as prep
and also after reduction in H2 were studied by XRD
The diffractograms are shown in Fig. 1. XRD patterns
catalysts A, B, and C showed diffractograms correspond
to amorphous phases before reduction. They were red
in H2 at 723 K but no changes in their XRD plots we
observed. Only catalyst D showed iron crystalline pha
before and after reduction in H2 at 723 K. Hematite
phase, Fe2O3, was found in the fresh catalyst D, whi
in the reduced oneα-Fe and magnetite, Fe3O4, phases
appeared.

To determine the number of metallic iron surface ato
present on the catalysts, CO adsorption volumetric anal
were carried out [32]. The isotherms obtained for cataly
A, B, C, and D are shown in Fig. 2. The isotherm p
tangents showed the total amount of CO chemisorbed
gram of catalyst. No second adsorption isotherms (i.e., a
outgassing at room temperature) were determined bec
these chemisorption isotherms were obtained at low abs
pressure, less than 7 Torr, where physisorption of CO
still low. Dispersion of metallic iron,D (%), was calculated
by assuming that one CO molecule is chemisorbed on
surface metallic iron atoms. The total amount of redu
iron in the catalysts was obtained from the TPR experime
It is supposed that on reduction the iron segregates from
silica–iron matrix, forming metallic particles on the surfa
The average Fe particle size,d , was calculated fromd =
0.75/D (nm) [33,34]. These results are also presented
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Fig. 1. XRD plots of (a) fresh catalyst D and (b) reduced catalyst D in2
at 450◦C.

Fig. 2. CO chemisorption isotherms (330 K) for catalysts A (sta
B (triangles), C (circles), and D (squares).

Table 2. Quantitative analyses of the isotherms showed
an increment in the iron content of the catalysts resulte
a lower CO chemisorption capacity, with the exception
catalyst A.
t

Table 3
Thermogravimetric analyses of samples obtained from reaction with
lysts A, B, C, and D, before and after purification; two commercial CN
(MERK and UK); Saran carbon; and H graphite

Carbon Reaction product Pure product CombustionT Final residue
species (% C) (% C) (K) (wt%)

A < 0.10 – – –
B 1.75 96 853 4
C 4.10 87 898 13
D 9.80 91 723/853 9
MERK – > 97 1023 < 3
UK – > 97 1073 < 3
H – 98 963 2
Saran – 99 833 1

Fig. 3. Thermogravimetric analyses of purified carbon species synthe
with catalysts B (3), C (2), and D (1), commercial CNTs MERK (6) a
UK (7), Saran (4), and H (5).

3.2. Product characterization

The total amount of carbon deposited on the iron–si
catalysts after reaction was determined gravimetrically
burning off the carbon materials under air flow in t
thermobalance. The results in weight percent (wt%)
carbon after reaction and after purification, the combus
temperatures of both the various CNTs synthesized
the commercial products, and the final residue (in w
are summarized in Table 3. Catalyst A seemed to
almost inactive in the carbon formation by decomposition
acetylene. Mass losses around 0.1 wt% were observed
thermobalance under air flow. Catalysts B, C, and D w
more active and exhibited an increase in carbon dep
with higher iron content of the catalyst. Catalyst D ga
carbon deposits close to 10 wt%. TPO analyses were
performed for the purified carbon products to determine t
purity. Furthermore two commercial CNTs, a H graph
and a Saran carbon, were studied for comparative purp
The thermogravimetric graphics are shown in Fig. 3. A
purification the CNTs synthesized had a purity between
and 96 wt% carbon. The commercial products were
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Fig. 4. TEM images of the products from reaction with catalyst A: (a) catalyst particle with CNTs growing up from the surface, (b) catalyst surfacetail.
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burned with the same procedure and had a purity clos
100 wt% carbon. With these thermogravimetric profile
is possible to establish hypotheses about the possible p
and structure of our CNTs in front of commercial produc
A unique mass loss for all the carbon species was obse
except for catalyst D with two different mass losses at
and 853 K. CNTs B were burned at 853 K and CNTs
at 898 K. MERK and UK commercial CNTs were burn
at temperatures above 1023 K, H at 963 K, and Sara
833 K.

TEM analyses of the synthesized and purified CN
were carried out (Figs. 4–7). TEM images revealed
presence of graphitic structures with a central chan
(CNTs), structures without this central channel (CNFs
capsules of carbon), and nongraphitic structures (amorp
carbonaceous structures).

Even though catalyst A seemed to be nearly inactive
CNT synthesis, as deduced from the TPO analyses desc
before, TEM images showed the presence of CNTs grow
from the catalyst surface (see Fig. 4). Although several l
CNTs were observed in the images, their presence sh
be scarce and almost inappreciable in the total mass o
catalyst. CNFs, carbon encapsulation of metal particles
amorphous carbon were not observed on this sample. T
this catalyst can be considered as selective for CNT for
tion but with very low yield in the acetylene decompositi
reaction. Synthesis with catalyst B yielded large amou
of CNTs. CNFs or carbon encapsulation of metal partic
were not observed. CNTs were homogeneous and mo
them open at the end (see Figs. 5a and b). After purifica
(Figs. 5c and d), clean and homogeneous carbon nano
,

d

,

f

s

were still observed. They were narrow, 8 nm in internal
ameter and 13 nm in average external diameter. All the C
observed were multiwalled (MWNTs). Nanotube length w
not determined due to the long structures and the high
sity of the samples, even after purification treatments. XE
analyses revealed the absence of iron. Also it should be n
that there were not large differences in the sizes of the C
before and after purification (Figs. 5a and c). This find
suggests that the CNTs remain unharmed after the puri
tion treatment. Furthermore the nanotube walls were sh
not to be completely graphitized and some defects were
served. The products from synthesis with catalyst C w
mostly CNTs. TEM images for this sample are shown
Fig. 6. They had internal diameters of approximately 7–9
and external diameters of 8–25 nm. Some could be sin
walled (SWNTs), but this was not clear in the TEM imag
because of the lack of resolution (Fig. 6a). Their outer w
were very deformed since large amounts of amorphous
bon were deposited on them (Figs. 6b and c). The CNTs
served were open ended and iron particles were not fo
After purification (Fig. 6d) very clean CNTs were observ
however, large amounts of amorphous carbon were pre
in the samples. XEDS analyses revealed the absence o
and silica. Synthesis with catalyst D gave very hetero
neous products (Fig. 7). MWNTs were observed but so w
coiled structures, CNFs (Fig. 7a), lots of iron at the tips
the CNTs (Fig.7b), and carbon-encapsulated metal part
(Fig. 7c). The tubes had quite deformed walls and wide
ameter distribution, approximately 8–11 nm in internal
ameter and 11–25 nm in external diameter. XEDS anal
showed that the purification completely removed the si
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urifica
Fig. 5. TEM images of the products from reaction with catalyst B: (a) CNTs before purification treatments, (b) open nanotube end, (c) CNTs after ption
treatments, (d) open nanotube end after purification treatments.
ned.
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Ts

s. 9
support of the catalyst even though some iron still remai
CNFs, carbon-encapsulated metal particles, large amo
of iron at CNT tips, and amorphous carbon were still pres
after purification (Figs. 7c and d).

XRD analyses were carried out for the samples syn
sized with catalysts B, C, and D. Purified samples were
studied with this technique. XRD patterns for CNTs B
s
ter reaction and after purification are presented in Fig
A crystalline phase of syntheticα-quartz, SiO2, was found
in the sample after reaction. No carbon or iron sign
were observed. After purification, a diffractogram with t
main peak at 25.5◦, corresponding to an interlayer distan
(d value) of 0.347 nm, was observed. XRD profiles for CN
synthesized with catalysts C and D are shown in Fig
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morpho
Fig. 6. TEM images of the products from reaction with catalyst C: (a, b) CNTs before purification treatments, (c) nanotube tip in detail showing aus
carbon in the outer wall and defects in the structure, (d) CNTs purified and showing large amounts of amorphous carbon.
bon
roa
-

. 10
-

als
ar-
se
.
RD
and 10, respectively. In Fig. 9 it can be seen that car
structures are rather amorphous as revealed by the b
peak at 2θ values near 23◦. However, in the purified sam
ple (Fig. 9b) we can also identify a peak at 25.5◦ that
we assume to be related to the presence of CNTs. Fig
shows a crystalline phase of Fe2SiO4 and one small sig
d
nal of α-Fe in sample D after reaction. No carbon sign
were observed. After purification an intense signal from c
bon at 26.4◦, d value of 0.337 nm, and a crystalline pha
of syn-cohenite, Fe3C, between 40 and 50◦, were observed
Table 4 summarizes the results obtained from the X
study.
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Fig. 7. TEM images of the products from reaction with catalyst D: (a) CNTs before purification, coiled structures, and CNFs, (b) metal particle in atube
tip, (c) sample after purification showing encapsulated carbon, CNFs, and CNTs, (d) CNTs after purification containing large amounts of metal (daots).
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4. Discussion

Catalysts were prepared by the sol–gel method. M
particle size and dispersion in the catalysts were reporte
be decisive parameters in the synthesis of CNTs [8].
sol–gel synthesis method ensures a highly homogen
distribution of transition metal ions in the silica matr
Improvement of the metal dispersion of the catalysts
s

control the selective growth of well-defined CNTs, w
the main objective of this work. The synthesis of the
catalysts by the sol–gel method is highly influenced
different parameters, e.g., drying conditions, which sho
be controlled to make reproducible synthesis. In this wo
was found, in agreement with previous results [20], that
higher iron contents yielded higher surface areas (Tab
in the prepared samples. Determinations of the exact am
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Fig. 8. XRD plots of products from reaction with catalyst B (a) after reac
and (b) after purification.

Fig. 9. XRD plots of products from reaction with catalyst C (a) after reac
and (b) after purification.

Fig. 10. XRD plots of products from reaction with catalyst D (a) af
reaction and (b) after purification.
Table 4
XRD patterns of samples obtained from catalysts B, C, and D, before
after purification

Catalyst XRD CNTs XRD CNTs purifieda d value (nm)

B SiO2 CNTs (96%) 0.347
C SiO2 CNTs (87%) –
D Fe2SiO4 C (91%)+ Fe3C 0.337

a In parentheses is the carbon purity as determined from TPO ex
ments.

of metal at the surface and estimation of particle sizes, o
the catalyst is submitted to a reduction treatment, are o
limitations of this preparation method.

The TPR experiments gave evidence of the incomp
iron reduction in the catalysts after H2 treatments at 723 K
for 2 h. We have assumed that the iron atoms, on reduc
aggregate into metallic particles on the surface of the s
(iron–silica) matrix. The concentration of metallic iron at t
surface of the catalysts has been calculated from the
data. It can be seen that, with the exception of sample A
percentage of reduced iron decreases with increasing
content of the sample (Table 2).

CO chemisorption was studied on catalysts previou
reduced in H2 at 723 K. Quantitative analyses of th
CO chemisorption isotherms showed that an incremen
the iron content resulted in lower chemisorption capac
From the CO uptakes the metallic iron particle sizes
the catalysts were determined (Table 2). However,
average iron particle size,d , obtained from TPR data an
CO chemisorption isotherms is not consistent with XR
observations. We assume that the catalysts are not stro
modified on increasing the temperature to 973 K in
inert atmosphere during reaction. In this way, we mad
complete characterization after reduction treatments at
temperature. As was stated before, the metal particle
data in Table 2 provide an orientation about the meta
iron originated, and maybe not real values under reac
conditions.

XRD patterns for reduced catalysts A, B, and C show
noncrystalline phases for iron (not showed). This fact in
cates that metallic iron is highly dispersed on the surfa
of these catalysts. However, an intense signal forα-Fe was
clearly observed in catalyst D, showing the presence of l
iron particles on the surface of this catalyst. A magne
phase was also observed by XRD in this catalyst. Prob
metallic iron underwent reoxidation during exposure to ai
room temperature before the XRD analyses were carried
Therefore, catalyst D showed large iron crystal sizes as
tected by XRD in agreement with its low CO adsorption,
can be seen in the isotherm described in Fig. 2 and Tab
The differences observed in determination of iron part
size from CO chemisorption experiments and XRD analy
can be explained by admitting that the segregated met
iron particles are closely interacting with the sol–gel ma
ial. This interaction would lead to the occurrence of electr
deficient metallic iron particles with a hindered CO adso
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tion ability. That could be the reason why CO chemisorp
was low for catalysts A, B and C, showing apparently la
iron particle sizes but, however, nondetectable in XRD.

From the characterization data, it can be deduced tha
degree to which the metallic iron is dispersed on the ir
silica matrix on reduction treatment is a function of the ir
content of the iron–silica sample. By optimization of th
parameter it is expected that a maximum number of ac
points for acetylene decomposition can be achieved a
correlation of the structure of the generated CNTs with th
metal particle sizes established.

The synthesis of CNTs by chemical vapor deposition r
by a not well-defined mechanism. It is mostly assume
involve adsorption and decomposition of the carbon so
on the active points of the catalyst, formation of met
carbon intermediate species, and finally growth of CN
In our reaction acetylene was supposed to be chemiso
over the reduced iron particles exposed on the redu
catalyst surface. Second, an intermediate compound o
and C should be formed and finally CNTs should gr
over the catalysts [23–27]. This mechanism supports
great importance of metal particle size in the catalyst.
controlling this parameter it would be possible to control
selective formation of CNTs and their structure (diame
shape, texture, etc.).

Here we report that acetylene decomposition over the
alysts, prepared by the sol–gel method, leads to selectiv
for CNT formation that vary with the metallic iron conte
and dispersion. TPO analyses after reaction revealed tha
total amount of carbon deposited was clearly a function
the iron content of the catalyst, but these yields do not fa
larger amounts of CNTs. Catalyst A is almost complet
inactive for the carbon deposit production (0.1 wt%) a
TEM images showed very scarce CNT formation. Cata
B showed low carbon deposits after reaction (∼ 1.75 wt% in
carbon) and TEM images revealed high homogeneity in
raw material, showing mostly very clean and homogene
CNTs of 8-nm internal diameter and 13-nm external dia
eter. Catalyst C was more active for acetylene decomp
tion (∼ 4.10 wt% in carbon), but the quality of the CNT
obtained was lower that the quality of those obtained w
catalyst B. Thus, nanotube wall deformations, amorph
carbon deposits on the outer walls, and formation of la
amounts of amorphous carbon were observed in samp
Catalyst D showed the highest activity in acetylene dec
position (∼ 10 wt% in carbon final deposit), but nonhom
geneity of the carbon products was observed in TEM
ages. In this case many species such as CNFs and amor
carbon were found. It was also observed that iron parti
were kept in CNT tips and carbon capsules (also reveale
XEDS analyses). Therefore, when metallic iron particles
crease in size, the formation of nonselective forms of car
(CNFs, amorphous carbon, etc.) is favored. In genera
CNTs obtained were MWNTs, even though high-resolu
TEM (HRTEM) analyses would be desirable to quantify
number of walls in all cases.
d

e

.

us

At this point it was of main importance to develop o
method to quantify the products in exact percentage
CNTs over the total amount of carbon deposited after
action. Several techniques have been used by many g
to achieve this quantification, but due to the similar graph
like structure of CNTs and CNFs, it is quite difficult to d
termine. In this way TEM is the most reliable technique
characterizing CNTs, but only qualitatively. Resasco e
carried out syntheses of CNTs by CO catalytic decom
sition over several Co:Mo catalysts [35,36]. Quantificat
of the products was carried out by standard TPO. Altho
the metal present in the samples catalyzes their combus
shifting the TPO peaks to lower temperatures, quantifi
tion and exact determination of the species observed
still possible in this case by using known references. T
peratures around 603 K were assigned to the combustio
amorphous carbonaceous deposits, around 783 K to SW
and around 883 K to MWNTs. CNFs were supposed to b
off at lower temperatures than SWNTs. Based on the c
bustion temperatures of their nonpurified samples, a q
titative determination of the different carbon materials w
established [36].

We have studied by TPO our purified samples, but
presence of different amounts of metal in these sam
should cause modifications of the combustion temperat
Thus, despite the high purity in CNTs, shown by sample B
TEM images, its combustion temperature was around 85
due to a metallic residue content close to 4%. For samp
similar behavior was detected. The highest carbon dep
are produced on catalyst D but TEM analyses revealed
of metal particles encapsulated in the carbonaceous s
tures, even after purification. The TPO final iron residue
this purified sample D was close to 10%. The presence o
metal can explain the low combustion temperature of
sample after purification. Two mass losses were obse
for this sample, at 723 and 853 K. This could indicate
clear difference in combustion temperatures between
graphitic structures, which burn at lower temperature,
graphitic structures such as CNTs and CNFs, which b
at higher temperature. However, the catalytic effect of
metal residue can distort this interpretation. The comme
CNTs displayed high combustion temperatures, so com
graphitization of these structures can be assumed. TPO
files of the synthesized samples showed that their com
tion temperatures were in all cases lower than those o
commercial CNTs. Therefore, it could be assumed that
former were not well-graphitized. In principle, TEM imag
corroborated the presence of some defects in the stru
of CNT walls and significant amounts of amorphous c
bon deposited on the outer walls of the tubes of catal
C and D. However, the simultaneous presence of iron
ticles in the samples makes it impossible to attribute
lower combustion temperatures of our CNTs directly to
incomplete graphitization. An alternative explanation can
suggested to account for our TPO results. This is base
the assumption that the combustion temperatures of SW
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MWNTs, and CNFs should be close to each other beca
of to their graphite-like structure. Therefore the tempe
ture differences observed, among the different TPO profi
could be caused not only by the various structures and
grees of graphitization of the carbon present in the samp
but also by the distinct amounts and dispersions of re
ual metal particles still present in the purified samples.
known that the specific activity of metal catalysts for co
bustion reaction is a function of the surface exposed ac
centers.

Reduced sol–gel samples after reaction were subm
to XRD analyses with the exception of catalyst A, whi
was practically inactive. Evolution of the reduced sol–
samples and evidence of types of carbon species forme
the reaction were obtained. Catalyst B showed amorph
phases before reaction. After ward, a crystalline phas
silica was observed. Neither iron nor carbon signals w
observed, maybe because of the small amount of depo
carbon originally on this catalyst. After purification on
carbon signals appeared in the XRD plot of catalyst
with a d value of 0.347 nm. CNTs give an interlayer spa
higher than graphite (0.335 nm) because of their cur
structure [37]. Then, thed value observed can be assign
to the presence of pure CNTs, as TEM images previo
revealed. A similar picture can be described for the reac
products of catalyst C. Catalyst D evolved from iron ox
to α-Fe and Fe3O4 during reduction (Fig. 1), while afte
reaction (Fig. 10) Fe2SiO4 was identified [38]. These fact
reveal incomplete reduction of iron during reaction, as T
experiments indicated previously, and show that iron silic
can be assigned to the internal matrix of the sol–gel mate
This iron silicate appeared better crystallized after reac
at high temperature (973 K). After purification of the carb
deposits obtained on catalyst D, no silica was observed
only an intense carbon signal and iron carbide were dete
(Fig. 10). Thed value determined from this diffractogra
was 0.337 nm for the carbon species present. This valu
closer to that displayed by graphite structures (CNFs
capsules of carbon) than to that of CNTs. This interpreta
is also supported by the TEM observations, where CNFs
capsules of carbon were present in high proportion. On
other hand, the iron carbide detected in Fig. 10 was attrib
to the iron kept in CNT tips and capsules. At this point it c
be speculated that this iron carbide could be related to C
formation in agreement with the proposed mechanism
CNT growth [27], where this type of intermediate spec
has to be produced. Surface iron atoms reacting for C
growth gave this intermediate species, meanwhile the ex
of iron in catalyst D could just form the silicate, possib
helped by the incomplete reduction during reaction. Sm
iron particles should favor CNT growth and large ir
particles should also form the iron carbide intermed
species, but non-CNT formation would be favored. Tha
why many other species were observed (CNFs, capsul
carbon, etc.) in samples prepared on catalyst D.
,

s

f

5. Conclusions

We have shown how the iron content of our catalysts
determine the final characteristics of the carbon deposits
lated after acetylene decomposition in a fluidized bed rea
at 973 K. Catalysts become more active in acetylene dec
position at higher iron contents, but this activity results
lower selectivity to homogeneous and well-defined CN
yielding high proportion of CNFs, capsules of carbon, a
amorphous carbon. These results show the great import
of metal particle size in catalysts, and so, the mechan
proposed since the 1970s by Baker is supported [23].
cause this article demonstrated the presence of iron car
during the catalytic synthesis of carbon nanotubes, it se
possible to admit the proposed mechanism, where an i
mediate carbide compound is the key to explain the diffus
of the deposited carbon in the surface of the metal par
through the bulk of the metal.

Quantification of the exact amounts of the different c
bon species obtained is difficult because of their sim
properties. A proper method has not yet been develope
achieve this quantification in good agreement with qua
tive microscopy observations. Much work is still needed
achieve high homogeneity and complete purification of
final carbon products synthesized.
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