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Carbon nanotubes prepared in situ in a

cellular ceramic by the gelcasting-foam method

S. Rul, Ch. Laurent*, A. Peigney, A. Rousset

CIRIMAT UMR CNRS 5085, Centre Interuniversitaire de Recherche et d’Ingénierie des Matériaux,

Université Paul-Sabatier, 31062 Toulouse cedex 4, France

Abstract

The synthesis of carbon nanotubes from an oxide solid solution foam is reported for the first time. A foam of Mg0.9Co0.1Al2O4

solid solution is prepared by the gelcasting-foam method using notably mono- and di-functional acrylate monomers. Using a sur-

factant in the alkylpolyglucoside family allows to prevent structure changes in the foam before the onset of polymerisation. The wet

ceramic foam is dried in air, producing a foam with an open porosity. Total porosity is equal to about 98% and the diameter of the

pores is in the range 25–300 mm, about 90% being smaller than 200 mm. The Mg0.9Co0.1Al2O4 foam is reduced in H2–CH4 atmo-

sphere, giving rise to a CNTs–Co–MgAl2O4 composite foam. Using the foam instead of the corresponding powder allows a four-

fold increase in the production of carbon nanotubes, more than 95% of which have only 1 (70%) or 2 walls.
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1. Introduction

Theoretical and experimental studies on carbon

nanotubes (hereafter noted as CNTs) have revealed

their exceptional mechanical properties1ÿ3 and interest-

ing electrical characteristics such as a metallic or semi-

conducting behaviour.4,5 Another important features of

CNTs are a very high aspect ratio (5000–50000) and

high specific surface area (1315 m2/g for single-walled

CNTs6). Thus CNTs could advantageously substitute

carbon fibres in composites, as reinforcing elements and

also in order to provide some degree of electrical con-

ductivity to otherwise insulating materials.

The present laboratory has reported the synthesis of

composite powders containing well-dispersed CNTs by

the selective reduction in a H2–CH4 atmosphere of solid

solutions such as Al2ÿ2xFe2xO3,
7 Mg1ÿyÿzMyM’zAl2O4

(M, M’=Fe, Co, Ni)8 and Mg1ÿtCotO.9 Very small

transition metal (or alloy) nanoparticles are formed upon

reduction and the decomposition of CH4 over these

pristine nanoparticles prevents their further growth and

produces CNTs. There is a very strong proportion of

single- and double-walled CNTs (SWNTs and DWNTs,

respectively) compared with other forms of carbon in the

so-obtained CNT–metal–oxide powders. Dense CNT–

Fe–Al2O3, CNT–Fe/Co–MgAl2O4 and CNT–Co–MgO

nanocomposites have been prepared by hot-pressing10,11

and the CNTs have been aligned by hot-extrusion, pro-

ducing an anisotropic electrical conductivity.12

It may be desirable to increase the quantity of CNTs

in the materials. A study on the influence of the specific

surface area of the starting solid solution13 revealed that

increasing it is beneficial provided it reflects a higher

surface porosity rather than a higher geometrical sur-

face (smaller grains). Indeed, a higher packing of the

oxide grains is achieved in the latter case, which proved

detrimental to the CNTs quantity. Thus, the aim of the

present work is to prepare a porous oxide solid solution

with a low packing in order to get a large enough

potentially active surface area and also maintain free

space that will allow a good diffusion of CH4.

Porous ceramics, known as reticulate ceramics or

ceramic foams, are used in applications such as hot-gas

filtration and catalysts support in the environment,

aerospace and electronics fields.14 Foams can be pre-

pared by several routes including the gelcasting-foam
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method15ÿ18 which derives from the gelcasting process

used in the preparation process of dense ceramics.19,20

In this method, a foam is created in an aqueous sus-

pension of ceramic powder by a vigorous mechanical

stirring and is stabilised by the in situ polymerization of

organic monomers. After removal from the mould and

drying, the foam is fired in air in order to completely

burn the remaining organics. Monomer systems have

been studied in detail by other researchers.18,21 In addi-

tion to the monomer, a surfactant, known as a foaming

agent, is often necessary to generate a stable foam.22

These organic molecules, dissolved or dispersed in a

solvent, possess a hydrophilic moiety or polar part, and

hydrophobic moiety or non-polar part that are adsor-

bed preferentially at the gas/liquid interface. By bub-

bling a gas through the suspension or by vigorous

stirring, it is possible to increase the superficial area at

the gas/liquid interface. This extra surface is then avail-

able for the adsorption of the foaming agent present in

the liquid. Once adsorbed on the surface, these surface-

active molecules produce a significant lowering of the

surface tension thus favouring the foaming process.

Surfactants are generally classified into four categories

depending upon the nature of the adsorbing moiety:

anionic, cationic, zwitterionic or non-ionic. Non-ionic

surfactants have a weaker foaming capacity when com-

pared to ionic surfactants, but are preferred for the gel-

casting-foam method22 because ionic surfactants

decrease the stability of the suspension. Moreover, non-

ionic surfactants have the advantage of being stable and

active in a wide pH range and are easily eliminated by

simple calcination thus reducing the risk of contamina-

tion. There exist two families of non-ionic surfactants,

namely, alkylpolyoxyethylenes (APE) and alkylpolyglu-

cosides (APG), derived from glucose. As noted by Nils-

son,23 APG have been synthesised for the first time in

1938,24 but have attracted interest for only a few years.

In the present paper, we report for the first time the

synthesis of CNTs from an oxide solid solution foam.

Firstly, tests were carried out on different non-ionic sur-

factants so as to determine essential parameters such as

the foaming capacity and the stability of the foam. Based

on the results of these experiments, a particular surfactant

was chosen and a foam ofMg0.9Co0.1Al2O4was prepared.

Finally, CNTs were grown from the Mg0.9Co0.1Al2O4

foam and from the corresponding powder. It is notably

shown that using the foam instead of the powder allows a

four-fold increase in the production of CNTs.

2. Experimental procedure

2.1. Choice of the foaming agent

Three APE (G3300B (ICI, UK), IGEPAL CA630

(Sigma Aldrich, Germany) and Triton X114 (Sigma

Aldrich, Germany)) and two APG (Simulsol SL26

(Seppic, France) and Oramix NS10 (Seppic, France))

surfactants were tested as foaming agents (Table 1).

Aqueous solutions of the surfactants (0–50 g/l) were

prepared. A procedure in three steps was followed in

order to chose a surfactant for later studies. Firstly, the

evolution of the foaming capacity of each solution was

observed. The foaming capacity is still a poorly defined

concept which depends on the method used to evaluate

it, but which will allow to determine which surfactant

shows the maximum foaming. A foam was generated in

a graduated cylindrical vessel by vigorously stirring the

solutions at room temperature (RT). Stirring was stop-

ped after 5 min and the foam volume was measured.

This was done three times for each solution. From these

results, the concentration for which the maximum

volume is obtained (Cmax) was evaluated for each sur-

factant. Secondly, each solution at the so-determined

Cmax was stirred at room temperature in a graduated

vessel and the vessel was then transferred to a bain-

marie maintained at 70 �C, which is the temperature

that will be used later in the study for the polymerisa-

tion of the appropriate monomers. The evolution of the

foam at 70 �C was observed and the time during which

it is stable was measured. A foaming agent was then

chosen based on the previous two criteria (maximum

foaming and foam stability). Thirdly, the foaming of a

solution at Cmax of this surfactant was again measured

(as in the first test) but using different temperatures

between RT and 70 �C. The temperature at which the

maximum foaming was observed was chosen for later

studies.

2.2. Elaboration of a ceramic foam by the gelcasting foam

method

A powder of Mg0.9Co0.1Al2O4 solid solution was pre-

pared by the nitrate-urea combustion technique25 as

reported elsewhere.8,26 The combustion product was

ground manually to a powder. This powder is made up of

primary grains smaller than 100 nm but strongly aggre-

gated, which required attrition-milling in order to reduce

the aggregate size to less than 1 mm. Twenty grams of the

powder were dispersed in deionised water (28 wt.% of dry

matter) containing 0.7 wt.% of dispersant [Duramax

Table 1

The surfactants used in this work

Usual name Surface-active molecule Family

G3300B – APE

IGEPAL CA630 Polyoxyethyleneisooctylphenyl ether APE

Triton X114 Polyoxyethyleneisooctylcyclohexyl ether APE

Simulsol SL26 Dodecylglucoside APG

Oramix NS10 Decylglucoside APG

APE, alkylpolyoxyethylenes, APG, alkylpolyglucoside.



D-3005(Rohm and Haas, France)] and the resulting

slurry was attrition-milled (2000 rpm) for 135 min, using

a Nylon vessel and rotor and yttria-stabilised zirconia

balls (tetragonal form) 1 mm in diameter. This however

produced a mild contamination by ZrO2 particles about

1 mm in size. After attrition-milling, the zirconia balls

were separated by rinsing in deionised water and filter-

ing the slurry which was then partly evaporated so as to

obtain a volume of 100 ml. Another batch was fully

dried and calcined at 500 �C to eliminate nylon con-

tamination, producing a powder that will be used for

comparison with the foam.

The complete process for the synthesis of a ceramic

foam containing CNTs is summarised in Fig. 1. A

monomer solution was prepared by mixing a mono-

functional monomer [2-hydroxyethyl methacrylate,

noted HEMA, 3.8 g) from which the polymeric network

will be made up, a di-functional monomer (40% aqu-

eous solution of poly(ethylene glycol 1000) dimethacry-

late, noted PEG1000DMA, 10.2 g] which will serve as a

reticulating agent (crosslinker), and potassium persul-

phate (K2S2O8, 0.0936 g) as an initiator. The monomer

solution was added to the ceramic slurry. The resulting

slurry was well homogenised and was poured into a

cylindrical mould in which the foaming agent had been

previously introduced (0.4 g, in order to obtain Cmax in

the final slurry). The mould was closed and transferred to

a bain-marie maintained at 70 �C. Nitrogen was flowed

for about 3 min in order to eliminate oxygen, which can

inhibit polymerization.27 The slurry was vigorously agi-

tated and foaming occurred immediately. The maximum

volume was obtained after stirring for about 5 min.

After the polymerisation of the acrylic monomers which

stabilised the foam (duration about 90 min), air was

introduced and the mould was left to cool down at RT

and then placed for 6 h in an oven at 50 �C. After

release from the mould, the foam was placed for 24 h in

an oven at 100 �C for complete drying. Finally, a calci-

nation in air was performed at 400 �C in order to burn

all organic materials, producing the desired

Mg0.9Co0.1Al2O4 solid solution foam.

2.3. Synthesis of carbon nanotubes

The Mg0.9Co0.1Al2O4 powder and foam were reduced

in a H2–CH4 atmosphere (18 mol% CH4, 1000
�C). The

gas flow was dried on P2O5 and its composition was set

up using massflow controllers. The flow rate was fixed

at 250 sccm. Cobalt particles a few nanometres in dia-

meter are produced, both inside and at the surface of

each grain of the powder. The surface metal particles

catalyse the decomposition of CH4 thus producing the

CNTs as described in previous papers.7ÿ9

2.4. Characterisation

The specific surface areas of the powder and foam

were measured by the BET method using N2 adsorption

at liquid N2 temperature. A Micromeritics Flowsorb II

2300 apparatus that gives a specific surface area value

from one point (i.e. one adsorbate pressure) and

requires calibration was used. We determined that the

Fig. 1. Flow-chart of the complete process for the synthesis of a ceramic foam containing CNTs.



reproducibility of the results was in the �3% range.

The density of the ceramic foam was estimated from the

mass and dimensions of cylindrical or cubic samples

machined in the original body. The ceramic foam was

observed by scanning electron microscopy (SEM) and

the pore size and pore size distribution were determined

from the SEM images. The carbon content in the

reduced specimens was determined by flash combustion.

The quantity of CNTs was evaluated using specific sur-

face area measurements as detailed elsewhere.6,7 The

CNTs were observed using high resolution transmission

electron microscopy (HREM).

3. Results and discussions

3.1. Choice of the surfactant

The evolution of the foaming capacity versus the

concentration of the different surfactants is shown in

Fig. 2. For all surfactants, the foaming capacity

strongly increases until it reaches a maximum, then

decreases regularly, reaching a plateau in the case of

IGEPAL CA630. Increasing the surfactant concentra-

tion favours its adsorption at the gas/liquid interface

and a decrease of the surface tension which will favour

foaming. For a certain concentration Cmax, the surface

tension is minimal and foaming is maximum. Cmax is

close to the critical micelle concentration (CMC), which

represents the minimal surfactant quantity to reach the

minimal surface tension. For higher concentrations, the

surface tension remains minimal, but the presence of

more surfactant will generate an increase in the viscosity

of the system, which will inhibit the foaming effect.

Because of medium’s viscosity, Cmax does not corre-

spond precisely to the CMC.

The maximum volume and the corresponding con-

centration Cmax are reported in Table 2. Triton X114

and Oramix NS10 appear to provide a slightly higher

maximum foam-volume than the other surfactants. This

maximum is obtained for Cmax in the range 4.5–8.5 g/l,

except for Oramix NS10 for which Cmax is markedly

higher (25.8 g/l).

A foam was prepared for each solution at Cmax and

the vessel was then transferred to a bain-marie main-

tained at 70 �C. The evolution of the foam at 70 �C was

observed. It is desirable that the foam does not evolve

before being stabilised by the polymerisation of the

acrylate monomers, whose idle time is 7–8 min. Two

phenomena are to be observed: the gravitational drai-

nage (separation of the system in two phases) and the

foam disappearance by various macroscopic phenom-

ena (Ostwald ripening, Van der Waals forces, electro-

static forces, steric forces, etc.). The measured times are

reported in Table 3. Drainage is faster for the APE (1–5

min) than for the APG (8–10 min) surfactants. After

drainage, the foam evolves notably by Ostwald ripening

who tends to make the small bubbles disappear to the

profit of the larger ones. For the APE surfactants,

ripening starts immediately after drainage end, resulting

in a complete disappearance of the foam in 7–20 min.

By contrast, foams prepared from the APG surfactants

Fig. 2. Evolution of the foaming capacity of the different surfactants

versus the concentration in deionised water. The lines are guides to the

eye.

Table 2

The maximum foam volume (�10 ml) and the corresponding con-

centration Cmax for the different surfactants

Surfactant Maximum foam

volume (ml)

Cmax

(glÿ1)

G3300B 230 7.8

IGEPAL CA630 225 6.7

Triton X114 275 4.7

Simulsol SL26 225 8.3

Oramix NS10 255 15.8

Table 3

The stability of the foam prepared with the different surfactants (all

times are in minutes) at the concentration allowing maximum volume

Surfactant Drainage

beginning

Drainage

end

Beginning of

volume loss

Disappearance

of foam

G3300B 1.5 5 5 20

IGEPAL CA630 0.3 1 1 7

Triton X114 0.3 1 1 8

Simulsol SL26 2 10 30 90

Oramix NS10 1.5 8 15 30



are stable for some time (7–20 min) after drainage end.

Furthermore, the subsequent evolution is much slower

in the case of Simulsol SL26 (90 min. for complete dis-

appearance of the foam). These phenomena could be

explained by the different behaviour of APE and APG

versus the temperature. Indeed, when the temperature is

raised to 70 �C, the APE surfactants lose any solubility

because this temperature is higher than their so-called

temperature of disorder. Thus, the surfactant has a ten-

dency to be desorbed, the surface tension increases and

the foam loses any stability. On the other hand, the

APG solubility increases with an increase in tempera-

ture23 and thus the APG preserve a good solubility at

70 �C, which result in a foam with better stability.

At room temperature, Oramix NS10 provides a

higher foaming volume but for a markedly higher con-

centration than Simulsol SL26 (Table 2). Moreover, the

foam obtained with the latter surfactant is much more

stable. Thus, Simulsol SL26 was chosen as foaming

agent for the studies presented in the following sections.

The influence of the foaming temperature (RT-70 �C)

on the maximum foam volume using an aqueous solu-

tion of Simulsol SL26 at Cmax (8.3 g/l) is reported in

Fig. 3. The volume regularly increases (up to 285 ml)

with the temperature. Indeed, increasing the temperature

will weaken the interactions between surfactant mole-

cules and thus favour the surfactant–water interactions,

resulting in a better foaming.

3.2. Preparation of a ceramic foam by the gelcasting foam

method

The slurry containing the powder and all desired

reagents was transferred into the mould maintained at

70 �C and nitrogen was flowed for about 3 min. The

slurry was vigorously agitated for 6 min, producing a

four-fold increase in volume (from 45 to 180 ml), which

is comparable to values found in the literature for foams

generated at room temperature.22 After release from the

mould and drying, some cracks were observed in the

foam, probably because of a too rapid drying. A

humidity-controlled chamber could be used to avoid

this.28 Heat-treatment in air at 400 �C allowed to burn

all organic materials. A moderate temperature was

chosen in order to sinter sufficiently so that the foam

can be manipulated without collapsing, while preserving

a high specific surface area (44 m2/g) in order to favour

the reduction of the cobalt ions in the subsequent

H2-CH4 treatment. The foam density was found equal

to 0.192 g/cm3, which corresponds to a porosity of 98%.

SEM images (Fig. 4) of the solid solution foam reveal a

highly porous microstructure (Fig. 4a), with a commu-

nicating porosity. Indeed, holes probably arising from

the gaseous emissions during calcination can be

observed in the pore walls (Fig. 4b). The diameter of the

pores lies between 25 and 300 mm, about 90% being

smaller than or equal to 200 mm (Fig. 5). This shows

that the surfactant efficiently stabilised the foam before

the polymerisation. Pores ranging between 30 and 600

mm for idle time of 30 s after foam generation have been

reported.17,29,30

3.3. Synthesis of carbon nanotubes

The powder and the foam were reduced in H2–CH4

atmosphere. The carbon content Cn in the so-obtained

CNT–metal–spinel powder and foam was found equal

to 1.16�0.02 and 4.44�0.09 wt.%, respectively. As

Fig. 3. Foam volume versus the foaming temperature using an aqu-

eous solution of Simulsol SL26 at Cmax (8.3 g/l). Fig. 4. SEM images of the solid solution foam.



reported in previous papers,7ÿ9 the quantity of CNTs is

represented by the difference in specific surface area

between the reduced specimen (powder or foam) and

the same specimen subsequently oxidised in air (700 �C,

3 min) in order to burn all carbon. This value, noted

�S, was found equal to 6�1 and 27�2 m2/g for the

powder and foam, respectively. Thus, reducing the

solid-solution foam produces a four-fold increase in the

production of CNTs. This is partly due to the accessible

porosity present in the foam, since the specific surface

area of the starting foam (44 m2/g) is only about twice

higher than that of the corresponding starting powder

(23 m2/g). The ratio �S/Cn represents the overall qual-

ity of carbon in the specimen, a higher figure for �S/Cn

denoting more carbon in tubular form and/or CNTs

with less walls and/or a smaller average tube diameter.6

Relatively similar values are calculated for the powder

and foam (510�105 and 601�50 m2/g, respectively),

showing that the carbon quality is not affected when

starting with a solid-solution foam.

SEM images (Fig. 6) of the CNT–Co–MgAl2O4 foam

reveal the presence of long, flexible filaments, which are

known7ÿ9,11,13 to be CNTs bundles, extremely well dis-

persed as a web-like network between the matrix

agglomerates. The diameter of the bundles is not larger

than 30 nm and no thick filaments are observed, indi-

cating the chemical homogeneity of the starting oxide.

Indeed, the presence of thick, short filaments would

have indicated the formation of large metal particles

upon reduction, thus revealing the presence of cobalt-

rich areas within the starting oxide.13,31,32 A higher

magnification image (Fig. 6b) shows that the bundles

have a smooth and regular surface and are extensively

branched. These results on the quality of the deposited

carbon are confirmed by HREM observations (Fig. 7).

Typical images show small bundles of CNTs with

superimposed cobalt particles (appearing as black dots)

probably covered by a few graphene layers (Fig. 7a),

entangled individual SWNTs (Fig. 7b), SWNTs 2.0, 3.1

and 1.6 nm in diameter (Fig. 7c–e, respectively) and

DWNTs 1.6, 3.3 and 1.9, and 4.3 nm in outer diameter

(Fig. 7f–h, respectively). The empty closed tip of a

SWNT is shown in Fig. 7d. It is noteworthy that no

amorphous carbon coating of the CNTs is observed.

CNTs with 3–5 walls were very marginally observed.

The number of walls as well as the inner and outer dia-

meters of 140 isolated CNTs were measured on HREM

images similar to those shown in Fig. 6. More than 95%

of the CNTs have only 1 or 2 walls, about 70% being

SWNTs (Fig. 8a). The average number of walls, which

is only a statistical parameter since it is not an integer, is

Nm=1.4. The inner and outer diameters (Fig. 8b) are in

the range 0.5–5 nm. This is similar to what is reported

for CNTs prepared by catalytic methods.9,13,33ÿ43 As

pointed out by Dai et al.,35 a distribution in tube dia-

meter reflects a mechanism in which the diameter is

established by the catalytic particle. Although several

mechanisms do exist, theoretical and experimental

results show that CNTs are mainly produced by catalyst

particles below ca. 3 nm in diameter,9,33,34,36 while lar-

ger particles are encapsulated, in good agreement with

the present diameter distribution.

Fig. 5. Pore diameter distribution (482 poresmeasured on SEM images).

Fig. 6. SEM images of the CNTs–Co–MgAl2O4 foam.



Fig. 7. HREM digital images of typical CNTs prepared from the foam: small bundles of CNTs with superimposed cobalt particles (black dots)

probably covered by a few graphene layers (a), entangled individual SWNTs (b), SWNTs (c, d, e) and DWNTs (f, g, h). Note the empty closed tip of

a SWNT in (d).



4. Conclusions

The synthesis of CNTs from an oxide solid solution

foam is reported for the first time. Tests on the foaming

capacity and foam stability of different non-ionic sur-

factants were performed in order to chose a surfactant

appropriate for the study. A foam of Mg0.9Co0.1Al2O4

solid solution was then prepared by the gelcasting-foam

method using notably mono- and di-functional acrylate

monomers. It was found that using a surfactant in the

APG family allows to prevent structure changes in the

foam before the onset of polymerisation. The wet cera-

mic foam was dried in air, producing a foam with an

open porosity. Total porosity is equal to about 98% and

the diameter of the pores lies between 25 and 300 mm,

about 90% being smaller than 200 mm. The

Mg0.9Co0.1Al2O4 foam was reduced in H2–CH4

atmosphere, giving rise to a CNTs–Co–MgAl2O4

composite foam. It was shown that using the foam

instead of the corresponding powder allows a four-

fold increase in the production of CNTs, more than

95% of which have only 1 or 2 walls and about

70% being SWNTs. The preparation of dense mate-

rials from such composite foams as well as their

mechanical and electrical properties will be reported

elsewhere.
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