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Abstract

Oxides based on a-alumina and containing various

amounts of Fe (2, 5, 10, 15 and 20 cat%) were pre-

pared by decomposition and calcination of the cor-

responding mixed-oxalates. Selective reduction of

the oxides in a H2±CH4 atmosphere produces nano-

metric Fe particles which are active for the in-situ

nucleation and growth of carbon nanotubes. These

form bundles smaller than 100 nm in diameter and

several tens of micrometers long. However, the car-

bon nanotubes±Fe±Al2O3 nanocomposite powders

may also contain Fe carbide nanoparticles as well as

undesirable thick, short carbon tubes and thick gra-

phene layers covering the Fe/Fe carbide nano-

particles. The in¯uence of the Fe content and the

reduction temperature on the composition and micro/

nanostructure of the nanocomposite powders have

been investigated with the aim of improving both the

quantity of nanotubes and the quality of carbon, i.e.

a smaller average tube diameter and/or more carbon

in tubular form. A higher quantity of carbon nano-

tubes is obtained using a-Al1�8Fe0�2O3 as starting

compound, i.e. the maximum Fe concentration

(10 cat%) allowing to retain the monophase solid

solution. A further increase in Fe content provokes a

phase partitioning and the formation of a Fe2O3-rich

phase which upon reduction produces too large Fe

particles. The best carbon quality is obtained with

only 5 cat% Fe (a-Al1�9Fe0�1O3), probably because

the surface Fe nanoparticles formed upon reduction

are a bit smaller than those formed from a-

Al1�8Fe0�2O3, thereby allowing the formation of car-

bon nanotubes of a smaller diameter. For a given Fe

content (� 10 cat%), increasing the reduction tem-

perature favours the quantity of nanotubes because

of a higher CH4 sursaturation level in the gas atmo-

sphere, but also provokes a decrease in carbon qual-

ity.

1 Introduction

Since their discovery by Iijima,1 carbon nanotubes

have emerged as potentially attractive materials for

the reinforcement of ceramics. Indeed, theoretical

as well as experimental studies2±7 point out that

carbon nanotubes have excellent mechanical char-

acteristics. Carbon nanotubes are commonly pre-

pared by arc-discharge between carbon electrodes

in inert gas atmosphere.1,8 Transition metals such

as iron or cobalt can be used as catalysts during the

arc-discharge to increase both the quantity and

length of the tubes and to favour the formation of

single-shell nanotubes.9±14 However, the so-

obtained product is a mixture of carbon nanotubes

and several other carbon forms, including much

amorphous carbon and carbon nanoparticles. A

puri®cation has to be conducted but it decreases

the nanotube yield to about 2%.15 Recently,

`ropes' of single-wall carbon nanotubes have

been obtained by an adapted laser-ablation

technique.16,17

Other methods producing carbon ®laments

amongst which are some autenthic nanotubes are

the catalytic decomposition of hydrocarbons,18±22

metallocenes23 and the disproportionation of

CO24±26 on small metal particles (Fe, Co, Ni, Cu,

Mo, Pt). Several mechanisms have been proposed

for the formation of tubular carbon species26±29 by

these methods, notably stressing that the metal

particles are active for nanotube nucleation and

growth only if they are su�ciently small (� 20 nm)

and that the minimal tube internal diameter that*To whom correspondence should be addressed.



can be obtained is that of the catalytic particle. In

order to maximize the nanotube yield with respect

to other forms of carbon, several authors investi-

gated the in¯uence of the temperature and of the

nature of both the catalyst and the treatment

atmosphere.20,24,29,30 Dai et al.26 have prepared

single-wall carbon nanotubes ranging from 1 to

5 nm in diameter by disproportionation of CO on

Mo particles a few nanometers in size. Using a

zeolite-supported Co catalyst, Ivanov et al.20 and

Hernadi et al.31 reported carbon tubes only 4 nm

in diameter as well as 60mm long tubes, but they

point out that the longest tubes are also the

thickest.

In previous works,32±39 we have prepared metal±

oxide nanocomposite powders by selective reduc-

tion in hydrogen of oxide solid solutions. In these

materials, the metal particles (Cr, Fe, Co, Ni and

their alloys) are generally smaller than 10 nm in

diameter and are located both inside and at the

surface of the matrix grains (Al2O3, Cr2O3, MgO,

MgAl2O4). We have shown40 that when using a

H2±CH4 gas mixture instead of pure H2 for the

reduction of an �-Al1�9Fe0�1O3 solid solution, the

pristine Fe nanoparticles formed in situ upon

reduction of the very homogeneously dispersed

surface Fe3+ ions are active at a size adequate for

the catalytic growth of nanotubes. The resulting

carbon nanotubes±Fe±Al2O3 composite powder

contains a huge amount of single- and multi-wall

carbon nanotubes with a diameter in the 1.5±15 nm

range. The nanotubes are arranged in bundles

smaller than 100 nm in diameter and that may be

up to 100�m long. We have proposed a method

based on speci®c surface area measurements that

allows a quanti®cation of the amount of nanotubes

in the composite powder and also produces a so-

called quality value, a high quality denoting a

smaller average tube diameter and/or more carbon

in tubular form. The total bundle length in a gram

of this powder was calculated to be equal to about

100 000 km. Indeed, the metal-oxide grains are

uniformly covered by a web-like network of bun-

dles and the powder is so densely agglomerated

that it retains the shape of the reduction vessel

when transferred in a storage box.

In order to increase the yield in Iijima's-type

nanotubes in the composite powders, it is necessary

to increase the number of active catalytic particles,

while avoiding their coalescence and growth on the

matrix surface, and to determine the appropriate

experimental conditions of the reduction step. We

have ®rst investigated41 the in¯uence of the crys-

tallization level of an Al1�8Fe0�2O3 solid solution on

the formation of carbon nanotubes upon selective

reduction and we have shown that it is necessary to

use the stable �-Al1�8Fe0�2O3 solid solution rather

than the amorphous or �-solid solutions as starting

material. Indeed, carbon is obtained essentially in

the form of nanotubes in the former case, whereas

important quantities of non-tubular carbon are

produced in the latter cases. In addition, some

carbon is entrapped within the oxide grains upon

the crystallization of the amorphous or � phases in

�-alumina during the reduction step. Starting from

�-Al1�8Fe0�2O3, we have also found that increasing

the reduction temperature from 900 to 1000�C

produces an increase in the amount of nanotubes

but also a decrease in tube quality.41

The aim of this work is to determine the in¯u-

ence of the Fe content in the starting alumina-

hematite compounds on the amount and quality of

carbon nanotubes in the composite powders pre-

pared by reduction at 900 or 1000�C. The micro-

structure and mechanical properties of carbon

nanotubes±Fe±Al2O3 massive materials prepared

by hot-pressing these nanocomposite powders are

reported in a companion paper.42

2 Experimental

The appropriate amounts of (NH4)2(C2O4),2H2O,

Al(NO3)3,6H2O, and Fe(NO3)3,9H2O were mixed

in an aqueous solution heated at 60�C. The

obtained clear solution was cooled to room tem-

perature and rapidly added to an alcoholic medium,

in which precipitation of the mixed ammonium

oxalate (NH4)3[Al1ÿxFex(C2O4)3],nH2O (x=0.02,

0.05, 0.10, 0.15, 0..20) occured immediately. After

®ltering, washing and oven drying, the oxalate was

®nely ground and decomposed at 400�C for 2 h,

producing an X-ray amorphous Al2ÿ2xFe2xO3

solid solution.32,43 This oxide was calcined in air

for 2 h at 1100�C and was reduced in a H2±CH4 gas

mixture (6mol% CH4) during 4 h at 900�C or at

1000�C, giving rise to the carbon±metal±oxide

composite powders. A total reduction of the Fe3+

ions present in Al2ÿ2xFe2xO3 in metallic Fe would

approximately yield a y wt% Fe±Al2O3 composite

(y=100x), not taking into account the presence of

carbon. Thus, y stands both for the cationic con-

tent (cat%) of Fe3+ ions in the initial oxalate or

oxide and for the weight content (wt%) of metallic

phase in the composite powder, not taking into

account the presence of carbon. For the sake of

brevity, the composite powders will be denoted

yR900 or yR1000 (2R900, 5R900, ..., 20R1000)

according to their reduction temperature in the

following section. The composite powders were

oxidized in air at 850�C in order to eliminate all

carbon, as required for the study. The powders

were studied using X-ray di�raction (XRD) with

Co K� radiation (l=0.17902 nm) and scanning



electron microscopy (SEM). The speci®c surface

areas of the oxide powders (Sss), of the nano-

composite powders obtained after reduction (Sn)

and of the powders oxidized at 850�C (Son) were

measured by the BET method using N2 adsorption

at liquid N2 temperature. The carbon content was

determined by ¯ash combustion.

3 Results and Discussion

3.1 Oxide powders

XRD pattern analysis showed that calcination at

1100�C of the X-ray amorphous Al2ÿ2xFe2xO3

solid solutions produces monophase �-

Al2ÿ2xFe2xO3 (corundum) solid solutions when the

Fe content is su�ciently low (x � 0.10). In con-

trast, the XRD patterns of specimens containing

more Fe (x=0.15, 0.20) present peaks character-

istic of an �-Fe2O3-rich solid solution in addition

to those of the �-Al2O3-rich solid solution (major

phase). This traduces that some phase-partitioning

occurs upon calcination in addition to crystal-

lization, giving rise to a very intimately-mixed

biphase product. These results are in agreement

with earlier works.32,43,44

SEM observations reveal that the powders are

made up of 10±20�m agglomerates of partially

sintered submicronic primary grains, showing the

so-called vermicular microstructure.45 The speci®c

surface area measured for the calcined powders

(Sss) are consistent with the crystallization level

revealed by XRD analysis: 5.0, 3.4, 3.1, 4.4 and

4.5m2 gÿ1 for the powders with x=0.02, 0.05, 0.10,

0.15, 0.20, respectively.

3.2 Composite powders

3.2.1 X-ray di�raction

The XRD patterns of the nanocomposite powders

prepared by reduction at 900�C of the solid solu-

tions are shown in Fig. 1 �-Fe and Fe3C (cemen-

tite) are detected besides corundum, the intensity of

the corresponding peaks increasing with the

increase in Fe content. Earlier works32±35 have

shown that the hydrogen reduction of the alumina-

based solid solutions produces metallic Fe particles

of nanometric size (< 10 nm), which is re¯ected by

the relatively large width [Figs 1(b) and 1(c)] of the

�-Fe (110) peak (d110=0.203 nm). Most of these

particles are dispersed inside the grains of the

Al2O3 matrix and therefore are thought to be pro-

tected from reacting with carbon when using a H2±

CH4 atmosphere. However, some particles, the

number of which increases with the Fe content, are

located at the surface of the matrix grains and can

form Fe3C. In the case of specimens prepared from

a mixture of an �-Al2O3-rich solid solution and an

�-Fe2O3-rich solid solution (15R900 and 20R900),

reduction of the latter oxide gives rise to another

population of Fe particles (� 30 nm in size) also

located on the surface of the alumina grains.32 This

is re¯ected by the strong increase in the �-Fe (110)

peak intensity and the decrease in its width. Some

of these particles may also react to form Fe3C.

Wide peaks which could correspond to the dis-

tance between graphene layers (d002=0.34 nm and

d004=0.17 nm) are also detected. Since neither the

(hk0) nor the other (hkl) re¯exions, which would

have much smaller intensities for nanotubes as well

as for graphite,46 are detected, it is not possible

from the XRD patterns to discriminate between

graphite and other graphenic forms of carbon such

as nanotubes. Thus we have labelled these peaks Cg

(Cgraphene).

A FeAl2O4 spinel phase, which is known to form

at the Fe/Al2O3 interface upon reduction in pure

H2 at temperatures lower than 1000�C,33,34,47,48 is

not detected in the R900 powders. One cannot rule

out its presence in small quantities, because the

FeAl2O4 main di�raction peaks (d113=0.245 nm,

d004=0.202 nm and d044=0.143 nm) may be

masked by �-Fe and Fe carbides peaks. However,

neither Fe3+ nor Fe2+ ions were detected on the

room temperature MoÈ ssbauer spectrum41 of the

10R900 composite, showing that the presence of

CH4 in the reducing atmosphere strongly favours

Fig. 1. XRD patterns of the nanocomposite powders prepared
by reduction at 900�C: (a) 2wt% Fe; (b) 5wt% Fe; (c) 10wt%
Fe; (d) 15wt% Fe; (e) 20wt% Fe; �-Fe; !: Fe3C; Cg:
corresponding to d002 and d004 in multi-wall nanotubes and/or

in graphite. Un-indexed peaks: �-alumina.



the formation of metallic Fe. Indeed, when redu-

cing in pure H2, the Fe3+ ions substituting for

Al3+ ions in the solid solutions were found to be

totally reduced only after a treatment at 1300�C for

5 h.35

Essentially similar features are observed on the

XRD patterns of the nanocomposite powders pre-

pared by reduction at 1000�C (Fig. 2), Fe5C2 being

detected instead of Fe3C. According to Wagman et

al.,49 the CH4 equilibrium content in H2±CH4 gas

mixtures is lower at 1000�C (ca 0.9%) than at

900�C (ca 1.9%). Thus, the CH4 sursaturation level

in the gas mixture used in the present study

(6mol% CH4) is much higher at 1000�C (6.6 times

more) than at 900�C (3.2 times more), which could

account for the obtention of a higher carbide. It is

noteworthy that Baker et al.50 have shown that

metallic Fe, and not an Fe carbide, is the active

phase responsible for the formation of carbon

nano®laments. However, for a given Fe content,

comparison of the �-Fe (110) peak in the R900 and

R1000 powders (Figs 1 and 2, respectively) shows

that it is less intense for 2 and 5R900 than for 2

and 5R1000 and that it is wider and less intense for

10 and 15R900 than for 10 and 15R1000. These

results indicate that the Fe surface particles are

smaller in the R900 powders than in the corre-

sponding R1000 powders, probably owing to an

easier coalescence of the metal particles at the

higher reduction temperature. For the same rea-

son, the Fe surface particles are also probably

smaller in 20R900 than in 20R1000. However, one

can not distinguish this so easily on the XRD pat-

terns because the 20R900 �-Fe (110) peak is

already very intense and thin.

-Fe may be present in all or some powders, but

is extremely di�cult to detect on the XRD patterns

because the -Fe (111) di�raction peak

(d111=0.208 nm) is probably masked by the basis

of the corundum (113) peak (d113=0.2085 nm), the

more so if Fe3C (d210=0.206 nm) or Fe5C2

(d210=0.208 nm) is present as well. However, a

MoÈ ssbauer spectroscopy study41 of the 10R900

and 10R1000 composites has shown that ca 33% of

the total Fe-species is in the form of -Fe, which

could re¯ect the formation of a -Fe±C alloy

rather than pure Fe.

3.2.2 Carbon content

The carbon content measured in the nanocompo-

site powders (Cn, Fig. 3) is in the 0.6±5.4 t% range

for the R900 powders, with a maximum for

15R900. Cn is much higher for 15 and 20R900 than

for the other specimens, a large gap being observed

between 10 and 15 R900. For the R1000 powders,

Cn is in the 2.5±6.2wt% range, with a maximum

for 10R1000, this value being signi®cantly higher

Fig. 2. XRD patterns of the nanocomposite powders prepared
by reduction at 1000�C: (a) 2wt% Fe; (b) 5wt% Fe; (c)
10wt% Fe; (d) 15wt% Fe; (e) 20wt% Fe; �-Fe; *: Fe5C2;
Cg: corresponding to d002 in multi-wall nanotubes and/or in

graphite. Un-indexed peaks: �-alumina.

Fig. 3. The carbon content (Cn) versus the Fe content in the
nanocomposite powders.



than for the other R1000 powders. For a given

reduction temperature, the maximum corresponds

to the Fe content that most favours CH4 decom-

position in the present experimental condition,

which could be related to the high number and the

relatively small size of catalytic particles. Obser-

ving a decrease in Cn for the higher metal contents

(20R900 in one series, 15 and 20R1000 in the

other) thus denotes that the surface particles in

these specimens are less active for the catalytic

decomposition of CH4, probably because they are

much larger than in the other powders as shown by

the XRD results. This could also explain why Cn is

lower for 15R1000 and 20R1000 than for 15R900

and 20R900. On the contrary, it is noteworthy that

Cn is signi®cantly higher for 2, 5 and 10R1000 than

for 2, 5 and 10R900. This will be discussed later in

this paper.

3.2.3 Scanning electron microscopy

In line with earlier results,40,41 SEM observations

of the composite powders showed that the matrix

grains, forming agglomerates ca 20�m large, are

covered by a web-like network of carbon ®laments

not larger than 100 nm in diameter and several tens

of micrometers long (Fig. 4). Note that owing to

metallization the ®laments appear slightly larger

than they actually are. This web-like network

allows the reduced powders to generally retain the

shape of the reduction vessel when transferred in a

storage box. TEM observations40,41 have evidenced

that these long ®laments are bundles of Iijima's-

type carbon nanotubes and that the surface Fe or

Fe carbide particles are covered by a few graphene

layers. Much fewer ®laments, with much smaller

diameters, are detected in the 2R900 and 2R1000

powders [Fig. 4(a)] than in the other powders. This

is re¯ected by a lower agglomeration state of these

2wt% Fe powders. But for all the other powders,

SEM images do not allow to determine the di�er-

ence in ®lament quantity with respect to the Fe

content or the reduction temperature. In the 5wt%

Fe powders, most ®laments have a diameter smal-

ler than a few tens of nanometers [Fig. 4(b)], but

some larger bundles looking like ribbons which are

sometimes twisted to form buckles are also locally

observed [Figs 4(c) and (d)]. The network of ®la-

ments on a porous matrix grain is clearly seen on

the next image [10R900, Fig. 4(e)] and a low inci-

dence image [10R1000, Fig. 4(f)] shows the exten-

sive buckling of ®laments at the surface of a matrix

grain, demonstrating the high ¯exibility of carbon

nanotubes and carbon nanotube bundles, as

reported by many researchers.2±7 The 15 and

20wt% Fe powders di�er from the other ones on

two points: the presence of a higher proportion of

large ribbon-like bundles [15R900, Fig. 4(g)] and

that of some irregularly shaped ®laments of large

diameter and small length [20R900, Fig. 4(g)].

These large ®laments [pointed by arrows in

Fig. 4(h)] seem to be tubes containing a core prob-

ably made of Fe or Fe carbide.41

3.2.4 Speci®c surface area

As proposed elsewhere,40,41 the di�erence �S=

SnÿSon between the speci®c surface area of the

nanocomposite powder (Sn) and that of the same

powder after oxidation in air at 850�C (Son) essen-

tially represents the quantity of nanotube bundles

in the composite powder. �S is plotted versus the

Fe content both for the R900 and R1000 compo-

sites in Fig. 5. The values are in the 1.2±2.6m2 gÿ1

range for the R900 powders and in the 0.7±5m2

gÿ1 range for the R1000 specimens. Both curves

present a maximum for 10wt% Fe. The evolution

of �S with Fe concentration is similar to that of

the carbon content Cn (Fig. 3) except for 15R900

and 20R900, which contain much more carbon

than 10R900 but present a lower �S. Also, a Cn

higher for 2R1000 than for 2R900 is not re¯ected

by a higher �S. Interestingly, �S for 5R1000 and

10R1000 are signi®cantly higher than for the other

powders.

Calculations of �S/Cn may help to get a better

understanding of the nature of the powders and

explain some of the observed discrepancies.

Indeed, the increase in speci®c surface area by

gram of carbon, �S/Cn, can be considered as

representing the quality of the nanotubes, a higher

®gure for �S/Cn denoting a smaller average tube

diameter and/or more carbon in tubular form,40,41

which we consider a better quality of carbon. �S/

Cn is plotted versus the Fe content both for the

R900 and R1000 composites in Fig. 6. The values

are in the 25±250m2 gÿ1 range for the R900 pow-

ders but only in the 20±100m2 gÿ1 range for the

R1000 specimens, with a maximum for 5wt% Fe

on both curves. It is noteworthy that the higher

�S/Cn are found in specimens (2, 5 and 10 R900)

with a relatively low �S (Fig. 5) and thus that the

increase in nanotube quantity observed in some

powders (5 and 10R1000) upon the increase in

reduction temperature is associated with a lower

quality. Furthermore, the �S increase from 5 to

10 cat% Fe in both series is also connected to a

signi®cant decrease in quality. However, �S/Cn for

the 15 and 20wt% Fe powders are similar what-

ever the reduction temperature.

3.2.5 Discussion

For a given reduction temperature, when the

nanocomposite powders are prepared by reduction

of a monophase �±Al2ÿ2xFe2xO3 solid solution, as

is the case for specimens containing 2, 5 and



10wt% Fe, the carbon content (Cn Fig. 3) and

nanotube quantity (�S Fig. 5) increase with the Fe

content. Indeed, more and more metal particles are

present at the surface of the matrix grains and are

available for CH4 decomposition, nanotube

nucleation and possibly nanotube growth. The

carbon nanotube quality (�S/Cn Fig. 6) present a

maximum for the composites containing only

5wt% Fe. Since the internal diameter of the tube is

that of the corresponding catalytic metal particle,

higher quality tubes are obtained when using

smaller metal particles. Indeed, as shown by the

Fig. 4. SEM images of the nanocomposite powders: (a) 2R1000; (b) 5R1000; (c) 5R900; (d) higher magni®cation of (c); (e) 10R900;
(f) 10R1000; (g) 15R900; (h) 20R900.



XRD results, the Fe surface particles are smaller

for 5wt% Fe than for 10wt% Fe, probably

because of less coalescence on the matrix surface.

However, for the 2wt% Fe powders, in which the

Fe surface particles may be still more smaller, �S/

Cn is not higher (Fig. 6). This could be explained

by a larger proportion of Fe carbide particles at the

grain surface, but this can not be con®rmed by

XRD or MoÈ ssbauer spectroscopy because of the

too low Fe content.

In contrast, when the nanocomposite powders

are prepared by reduction of an intimate mixture

of an Al2O3-rich oxide and an Fe2O3-rich phase (15

and 20wt% Fe powders), some di�erences in the

Cn evolution appears (Fig. 3), depending on the

reduction temperature. Cn weakly decreases from

15 to 20wt% Fe both for R900 and R1000, but

with a large gain observed for 15R900 from the

10R900 value, in contrast to the evolution between

10R1000 to 15R1000. In addition, both the quan-

tity (�S Fig. 5) and quality (�S/Cn Fig. 6) decrease

with the Fe content and are much lower than for

10wt% Fe. In this case, the reduction of the

Fe2O3-rich phase, which is known to be much

easier than that of the Al2O3-rich oxide,35 produces

Fe and Fe carbide particles that are too large for

the nucleation of Ijima's-type1 nanotubes but

rather appear to favour the growth of thick, short

tubes as observed by SEM [Fig. 4(h)]. Moreover,

Bi et al.51 have shown that nanometric cementite

particles catalyze the growth of graphene layers.

Such layers have been observed in our products by

previous TEM studies.40,41 Thus, for the 15 and

20wt% Fe powders, the low values of both �S and

�S/Cn could be explained by the low speci®c sur-

face area of the carbon species other than nano-

tubes. From 10 to 15wt% Fe, the di�erence

between the R900 and R1000 powders may be a

consequence of the di�erence in size of the Fe sur-

face particles previously deduced from the XRD

results. Indeed, in 15R900 these particles are prob-

ably still small enough to allow the growth of thick

and short tubes, which are very numerous and

represent a large quantity of carbon in comparison

with the carbon nanotubes obtained in 10R900. In

contrast, in 15R1000 the catalytic particles are

probably too large and much of the carbon is

deposited in the form of graphene layers, in rela-

tively small quantity because of the low surface

area of the large Fe particles.

For a given Fe content, the in¯uence of the

reduction temperature (900 or at 1000�C) on the

observed di�erences in carbon content, quantity and

quality of nanotubes is twofold in the present

experimental conditions. Firstly, the increase in

temperature favours the reduction of the ferric ions

substituting in the alumina lattice and therefore the

formation of catalytic metal particles. A previous

study41 of the 10R900 and 10R1000 powders has

shown that neither Fe3+ nor Fe2+ ions are detected

on the room temperature MoÈ ssbauer spectra, reveal-

ing that the reduction into metallic Fe and/or Fe

carbide is total in both compounds. Thus, assuming

that it is the same for the 2 and 5wt% specimens, we

can infer that the number of metal particles at the

surface of the matrix grains is roughly similar in both

series for a given Fe content. Secondly, the increase

Fig. 5. �S=SnÿSon versus the Fe content in the nanocompo-
site powders (Sn is the speci®c surface area of the nano-
composite powder and Son that of the powders oxidized at

850�C).

Fig. 6. �S/Cn versus the Fe content in the nanocomposite
powders (�S=SnÿSon where Sn is the speci®c surface area of
the nanocomposite powder, Son that of the powders oxidized
at 850�C; Cn is the carbon content in the nanocomposite

powder).



in reduction temperature increases the CH4 sursa-

turation level in the gas atmosphere (from 3.2 to

6.6 times more), which could be bene®cial for tube

nucleation and growth. Indeed, with 2, 5 and

10wt% Fe, both the carbon content (Cn Fig. 3)

and nanotube quantity (�S, Fig. 5) are higher for

the R1000 powders than for the R900 ones, except

for �S of 2wt% Fe. However, the carbon quality

(�S/Cn, Fig. 6) is much lower for the R1000 pow-

ders, which points out that a higher reduction

temperature, and thus a higher CH4 sursaturation

level in the present experimental conditions, also

favours tube thickening and/or the deposit of much

non-tubular carbon species.

For the 15 and 20wt% Fe powders, despite the

increase in the CH4 sursaturation level in the gas

atmosphere from 900 to 1000�C, both Cn (Fig. 3)

and �S (Fig. 5) are lower for the R1000 powders

than for the corresponding R900 ones. As observed

by XRD, the Fe surface particles are larger in the

R1000 composites and Fe5C2 is found in the R1000

powders instead of Fe3C in the R900 ones. Thus,

for the 20R1000 powder, as mentioned previously

for 15R1000, the Fe surface particles are probably

too large to even produce the thick, short tubes

and they o�er less surface for the deposition of the

graphene layers. Fe5C2 surface particles may also

be less catalyticaly active than Fe3C for the growth

of graphene layers. But whatever the reduction

temperature, both the quantity (�S, Fig. 5) and

quality (�S/Cn, Fig. 6) are low because of the

growth of carbon species other than nanotubes.

Increasing the Fe content in the composite powder

up to a value higher than 10wt% is not bene®cial

with respect to the formation of nanotubes.

In agreement with previous observations,41 the

present results suggest that a compromise between

a higher quantity of nanotubes and a higher car-

bon quality has to be found. High tube quantity is

favoured by increasing the Fe content up to

10wt% and performing the reduction at a higher

temperature (1000�C), whereas less Fe (5wt%) and

a lower reduction temperature (900�C) are bene-

®cial with respect to quality.

4 Conclusions

Oxides based on �-alumina and containing various

amounts of Fe (2, 5, 10, 15 and 20 cat%) were

prepared by decomposition and calcination of

the corresponding mixed-oxalates. Specimens in

which the Fe content is below the solubility

limit of hematite in �-alumina (�10 cat% Fe)

are monophase solid solutions of general formula

�-Al2ÿ2xFe2xO3 (0 � x � 0.1), whereas those con-

taining more Fe rather consist in a very intimate

mixture of an Al2O3-rich oxide and an Fe2O3-rich

phase. Selective reduction of the oxides in a H2±

CH4 atmosphere produces nanometric Fe particles

which are active for the in-situ nucleation and

growth of carbon nanotubes, which are found to

be arranged in bundles smaller than 100 nm in

diameter and several tens of micrometers long.

However, the so-obtained carbon nanotubes±Fe±

Al2O3 nanocomposite powders may also contain

Fe carbide nanoparticles as well as undesirable

thick, short carbon tubes and thick graphene layers

covering the Fe/Fe carbide nanoparticles.

Whatever the reduction temperature (900 or

1000�C), it is preferable to reduce the monophase

oxides rather than the mixtures with respect to the

formation of Ijima's-type carbon nanotubes. The

highest quantity of carbon nanotubes is obtained

using �-Al1�8Fe0�2O3 as starting compound, i.e. the

maximum Fe concentration allowing to retain the

monophase solid solution. A further increase in Fe

content provokes the formation of a Fe2O3-rich

phase through phase partitioning, which upon

reduction produces too large Fe particles. The

higher carbon quality, i.e. a smaller average tube

diameter and/or more carbon in tubular form, is

obtained with only 5 cat% Fe (�-Al1�9Fe0�1O3).

Indeed, the surface Fe nanoparticles formed upon

reduction are probably slightly smaller, being less

numerous and therefore less prone to coalescence,

than those formed from �-Al1�8Fe0�2O3, thereby

allowing the formation of carbon nanotubes of a

smaller diameter.

For a given Fe content, lower than 10 cat%, the

increase in reduction temperature from 900 to

1000�C increases the quantity of carbon nano-

tubes, because the CH4 sursaturation level in the

reducing atmosphere is higher at 1000 than at

900�C. However, the simultaneous decrease in car-

bon quality points out that a higher reduction

temperature also favours tube thickening and/or

the deposit of much non-tubular carbon species in

the present experimental conditions.

In agreement with previous observations,41 the

present results suggest that a compromise has to be

found to favour either the quantity of nanotubes or

the carbon quality. However, a detailed study of

the in¯uence of the reduction temperature, the

dwell time and the composition of the reduction

atmosphere could yield an improvement in both

the quantity and quality of carbon nanotubes in

the nanocomposite powders.
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