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Synthesis of carbon nanotube-Fe-Al 2 O 3 nanocomposite powders by selective reduction of different Al 1.8 Fe 0.2 O 3 solid solutions

Al 1.8 Fe 0.2 O 3 solid solutions have been prepared as amorphous, g (cubic) and a (corundum) phases. The oxides have been reduced in a H 2 -CH 4 gas mixture at 900 or 1000 °C, giving rise to composite powders containing alumina, aand c-Fe, Fe 3 C and different forms of carbon including nanotubes, thick tubes and spheroidal particles. The powders have been investigated using a combination of chemical analysis, X-ray diffraction, Mo ¨ssbauer spectroscopy, scanning and transmission electron microscopy, thermogravimetric analysis and specific surface area measurements. Using the stable form (corundum) of Al 1.8

Fe 0.2 O 3 as starting material favours the formation of carbon nanotubes compared to the other forms of carbon. This could partly result from the fact that the metal nanoparticles formed upon reduction of the a solid solution, which act as a catalyst for CH 4 decomposition and possibly nanotube nucleation, are smaller than when using amorphous or g solid solutions. Moreover, the crystallization of these latter compounds during the reduction in some way provokes the entrapment of carbon within the oxide grains. The nanotubes, most of which are less than 10 nm in diameter, are arranged in bundles several tens of micrometers long.

shown19 that when using a hydrogen-hydrocarbon gas mixture 23 D.

Introduction

instead of pure hydrogen for the reduction of an a-Al 1.9

Fe 0.1 O 3 The discovery of carbon nanotubes1 triggered a worldwide solid solution, the pristine Fe nanoparticles formed in situ research effort devoted to improving their synthesis,2-19 to upon reduction of the very homogeneously dispersed surface determining their structure20-24 and to calculating and measur-Fe3+ ions are active at a size adequate for the catalytic growth ing their physical properties.25-33 Particularly, regarding the of nanotubes. The resulting carbon nanotube-Fe-Al 2 O 3 commechanical properties, the Young's modulus of multi-walled posite powder contains a huge amount of single-and multicarbon nanotubes has been calculated to be up to 1.4 times walled carbon nanotubes, which have diameters in the that of a graphite whisker, i.e. about 1 TPa,34 and values 1.5-15 nm range. The nanotubes are arranged in bundles derived from thermal vibration experiments performed on smaller than 100 nm in diameter which may be up to 100 mm several multi-walled carbon nanotubes in a transmission eleclong. It has been calculated that the total bundle length in 1 g tron microscope are in the 0.4-3.7 TPa range.35 Moreover, of this powder is equal to about 100 000 km. Indeed, the metaltheir flexibility is remarkable36 and the bending may be fully oxide grains are uniformly covered by a web-like network of reversible up to a critical angle value as large as 110°for bundles and the powder is so densely agglomerated that it single-walled nanotubes.37 retains the shape of the reduction vessel when transferred to a Carbon nanotubes are most often prepared by arc-discharge storage box. between carbon electrodes in an inert gas atmosphere. 1,2 Since the only metal particles active for the catalytic Catalytic species such as iron or cobalt can be used during the decomposition of the hydrocarbon are those located at the arc-discharge to improve both the quantity and the length of surface of the matrix grains, the active-to-inactive particle ratio tubes and to favour the formation of single-shell nanotubes. [3][4][5][6][7][8] could be increased using powders with a high specific surface However, with this process, carbon nanotubes are obtained as area such as poorly crystallized or uncrystallized oxide solid a mixture with several other carbon forms, including much solutions. The aim of this work is to determine the influence amorphous carbon. Thus, purification has to be carried out of the crystallization level of an Al 1.8 Fe 0.2 O 3 solid solution on and the yield of nanotubes is no more than 2%.38 Recently, the formation of carbon nanotubes, in order to increase the 'ropes' of single-walled carbon nanotubes were obtained by an tube yield, to maximize their length and to minimize their adapted laser-ablation technique.9,10 An alternative method is diameter, with the ultimate objective of obtaining a composite the catalytic decomposition of hydrocarbons on small metal powder suitable for the preparation of dense composite mateparticles (Fe, Co, Ni, Cu), which produces carbon filaments rials that may benefit from the exceptional properties of the including some authentic nanotubes.11-19 The minimal tube carbon nanotubes. diameter that can be achieved in this way is that of the catalytic particles. In order to maximize the nanotube yield, several Experimental authors investigated the influence of the temperature and of the nature of both the catalyst and the treatment atmos- The materials were studied using scanning and transmission nation at the appropriate temperature crystallizes into the g (cubic) or a (corundum) structure. electron microscopy (SEM and TEM), X-ray diffraction (XRD) using Co-Ka radiation (l=0.17902 nm) and 57Fe Mo ¨ssbauer SEM observations show that the powders are made up of 10-20 mm agglomerates of submicronic or nanometric primary spectroscopy. The Mo ¨ssbauer spectra were recorded at room temperature with a constant acceleration spectrometer using a grains. The specific surface area measured for each oxide powder (S ss ; Table 1) is consistent with the crystallization level 50 mCi 57Co (Rh) source; the spectrometer was calibrated by collecting at room temperature the spectrum of a standard Fe revealed by XRD analysis: 80 m2 g- The same phases are present in C400/R1000, but the intensities was determined by flash combustion. The oxidation of the of the peaks representing a-Al 2 O 3 , a-Fe and carbon are much nanocomposite powders was investigated by thermogravihigher. The XRD patterns of C850/R900 and C850/R1000 are metric analysis (TGA) in flowing air ( heating rate 1 °C min-1).

similar to those of C400/R900 and C400/R1000, respectively. The main difference is the variation in the proportions of the 

Results and Discussion

Carbon content. The carbon content measured in the nanocomposite powders (C n

; Table 1) is in the 1-20 wt.% range. phase. This could result from the higher specific surface area of the former powders, which would allow more metal particles to nucleate and grow on the surface of the oxide grains and therefore to be active as catalysts for the decomposition of CH 4

. We also note that for a given starting powder, the carbon content is higher after reduction at 1000 °C than after reduction at 900 °C. According that the reducibility of the Fe3+ ions substituting in the alumina lattice, and thus the formation of metal nanoparticles, are hampered by a decreasing specific surface area of the oxide powder44 and that consequently a 100 °C increase in reduction temperature has more impact with low specific surface area oxides.

Mo ¨ssbauer spectroscopy. All composite powders except C400/R1000 were studied by Mo ¨ssbauer spectroscopy. Each spectrum was fitted assuming it is the sum of different subspectra: a sextet accounting for ferromagnetic a-Fe, a sextet representing Fe 3

C and a singlet characteristic of non-ferromagnetic Fe (Fig. 3 and Table 2). It is noteworthy that neither Fe3+ nor Fe2+ ions were detected on the Mo ¨ssbauer spectra, even in the composites prepared from the C1100 oxides, i.e. the less easily reducible phase (a-Al

1.8 Fe 0.2 O 3
). This shows that the presence of CH 4 in the reducing gas mixture tremendously favours the reduction of the iron() ions substituting for aluminium in the corundum lattice: indeed, when using pure H 2 , Fe3+ contents of 35 and 65% are measured in C1000/R1000 and C1200/R1000 composite powders, respectively,44 from which one may estimate that the Fe3+ proportion would be of the order of 50% in a C1100/R1000 specimen. It has been shown50 that treatment at 1300 °C is necessary to fully reduce the Fe3+ ions substituting for aluminium in the corundum lattice to the metallic state. Fe2+ ions could account for the presence of a phase of the FeAl 2 O 4 spinel type.44-47 As the detection limit in Mo ¨ssbauer spectroscopy is about 4%, a very small amount of spinel phase could indeed be present in the R900 composite powders while no corresponding pattern is seen in the spectra.44 However, considering the above observation that CH 4 strongly favours the formation of metallic Fe, it is reasonable to assume that no residual Fe3+ and Fe2+ ions are present in the composite powders.

Since Fe 3 C has two inequivalent crystallographic sites,51 the Mo ¨ssbauer parameters of the sextet accounting for Fe 3 C correspond to the average of the two Fe-site parameters one may obtain using two sextets for the fit. Our average values are in good agreement with those reported by Le Cae ¨r et al. and superparamagnetic a-Fe was found to be present in some It is interesting to note that Baker et al. 55 have shown that gas mixtures is lower at 1000 °C (about 1%) than at 900 °C metallic Fe, and not cementite, is the active phase responsible (about 2%). Thus, the CH 4 supersaturation level in the gas for the formation of carbon nanofilaments. In the present mixture used in the present study (6 mol% CH 4 ) is much work, the proportions of the different Fe species vary from higher at 1000 °C than at 900 °C and consequently more one powder to another, but analysis of the data does not allow carbon is deposited during the reaction at 1000 °C. Moreover, one to draw precise conclusions from their evolution. The very the increase in carbon content when the reduction temperature low value (2%) observed for Fe 3 C in the C400/R900 powder is changed from 900 to 1000 °C is higher when using solid solutions calcined at a higher temperature. This could reflect is probably a fit artefact and the relatively high proportion of in the composite powders reduced from the stable a solid solutions (C1100/R900 and R1000) and the latter one in the specimens prepared from the high specific surface area oxides, because this favours the formation of surface metal particles.

Electron microscopy. Low-magnification SEM observations of each of the six composite powders show that the matrix grains (about 20 mm long) are covered by a web-like network of carbon filaments (Fig. 4), in line with earlier results.19 However, higher magnification SEM images [Fig. 5(a)-(f )] clearly reveal some differences depending on the calcination and/or the reduction temperature used for the preparation of the powders. In the C400/R900 powder [Fig. 5(a)], we observe long, tight bundles with a diameter smaller than 50 nm, as well as curved filaments both thicker (up to 100 nm in diameter) and shorter (about 1 mm or less), and some clusters of spheroidal grains in the 20-50 nm diameter range. The C400/R1000 powder [Fig. 5( b)] presents less carbon bundles and thick filaments but more spheroidal grains which seem to be larger than in the C400/R900 powder. Both the C850/R900 and C850/R1000 powders [Fig. 5(c),(d)] contain tight bundles and small spheroidal clusters in various quantities from one powder grain to another. Thus, the difference in spheroidal cluster quantities between the two images does not reflects a difference between the two powders. Images of the C1100/R900 and the C1100/R1000 powders [Fig. 5(e)-(f )] show more bundles but interestingly neither thick filaments nor spheroidal clusters have been detected on any observed matrix grain. We also observe homogeneously dispersed nanometric particles which could be Fe or phenomena: on the one hand, crystallization of the oxide and sintering of the primary grains inside the agglomerates lead to Specific surface area measurements. Comparison of the specific surface areas (S) of the solid solutions (S ss ; Table 1) a decrease of S when the reduction temperature is higher than the calcination temperature, i.e. when C400 and C850 powders with those of the nanocomposite powders (S n ; Table 1) shows that the reduction treatment induces a decrease of S when are reduced. On the other hand, the formation of carbon species, particularly carbon nanotubes and, to a much lesser amorphous starting powders (C400) are used, but that, in contrast, it induces an increase of S when starting from the gdegree, the formation of metal nanoparticles at the surface of the matrix grains lead to an increase of S upon reduction of Ni-MgAl 2 O 4 nanocomposite powders,43 it is inferred that the low-temperature weight gain (DTG peak in the 225-380 °C all the powders (C400, C850 or C1100). The former effect outweighs the latter for the C400/R900 and C400/R1000 range) corresponds to the oxidation of the Fe and Fe-carbide particles located at the surface and in the open porosity of the powders; this is reversed for the C850/R900, C1100/R900 and C1100/R1000 composites. The two processes balance each oxide matrix. For the C1100/R900 and C1100/R1000 powders [Fig. 7(e), (f )], the high-temperature weight gain occurs in two other in the case of the C850/R1000 powder.

This makes comparisons between the different specimens steps (DTG peaks at 695 and 1165 °C, and 775 and 1180 °C respectively) as in Fe/Cr-Al 2 O 3 57 nanocomposite powders. It difficult and does not allow the derivation of precise data on the amount of nanotube formed upon reduction. Therefore, could similarly correspond to the oxidation of the intragranular metal particles. In contrast, for the other powders we oxidized the composite powders in air at 850 °C, in order to eliminate all carbon species, and we again measured the [Fig. 7(a)-(d)], the high-temperature weight gains are much smaller and only the first step is apparent (DTG peak in the specific surface area (S on ; Table 1). In fact, as we will discuss below, TGA (Fig. 7) and carbon analyses of specimens oxidized 630-720 °C range). Two assertions can explain this point. Firstly, in the composite powders derived from the reduction at 850 °C (C on ; Table 1) show that some carbon remains in some of these samples (C400/R900 or R1000, and C850/R900 of an amorphous Al 1.8 Fe 0.2 O 3 solid solution (C400) or a poorly crystallized g-Al 1.8 Fe 0.2 O 3 powder (C850), the Fe and Fe 3 C or R1000), but in an amount smaller than 10% of the initial content, which can be neglected. Since the oxidation tempera-particles are mainly located at the surface of the matrix grains and are thus oxidized at a low temperature. Secondly, a high-ture (850 °C) is lower than the reduction temperature (900 or 1000 °C), this treatment should not affect the matrix and thus temperature weight loss takes place and probably masks the end of the first high-temperature weight gain. However it is S on is a good approximation of its specific surface area. We assume that the Fe 2 O 3 particles formed upon oxidation of the obvious that above 1100 °C, the weight is constant [Fig. 7(a), (c)], which indicates that the second high-temperature weight surface Fe and Fe 3 C nanoparticles57 will be of a similar nanometric size and thus that the contribution of the oxide gain does not take place for these powders. The weight losses, which are supposed to represent the particles to S on will be roughly similar to that of the Fe and Fe 3

C nanoparticles to S n . oxidation of carbon (free or combined with Fe), mainly occur between 350 and 650 °C and also between 850 and 1000 °C for As proposed elsewhere,19 the increase in specific surface area per gram of powder, DS=S n -S on , essentially represents the some powders ( but in a much smaller proportion) [Fig. 7(a)-(f )]. The DTG curves [Fig. 7( b), (d), (f )] show that quantity of nanotubes (more precisely of nanotube bundles) and the increase in specific surface area per gram of carbon, the first weight loss is generally made up of two or three steps which could represent the oxidation of different forms of DS/C n , can be considered as 'quality' data, a higher figure for DS/C n denoting a smaller average tube diameter and/or more carbon. However, the steps are not well enough separated on the TGA and DTG curves to draw any conclusions. Further carbon in tubular form. Walker et al.58,59 have also reported specific surface areas in the 35-170 m2 g-1 range for carbon investigations are in progress to clarify this point.

Comparisons can be made between the total weight loss filaments, which they correlate to a high degree of internal porosity because the geometrical surface area of their filaments measured in TGA and the carbon content (Table 1) on the one hand and between the total weight gain measured in TGA (100 nm in diameter and 1 mm long) does not exceed 15 m2 g-1.

In contrast, the present electron microscopy observations have and the theoretical weight gain corresponding to the oxidation of all the Fe-containing species as Fe 2 O 3 on the other hand. revealed important quantities of very long tubes of nanometric diameter, the geometrical surface area of which is of the order Weight losses are always smaller than the corresponding carbon contents, except for the C1100/R900 powder, because of several hundred m2 g-1. Other researchers60,61 have reported increases in specific surface area upon the catalytic gains and losses are generally superimposed. For the same reason, weight gains are always smaller than the theoretical formation of carbon nanofibers, which are in qualitative agreement with the present results. values, which have been calculated assuming that no residual Fe2+ or Fe3+ were present in the powders as indicated by On the one hand, whatever the initial solid solution (C400, C850 or C1100), DS is higher when the reduction is performed Mo ¨ssbauer spectroscopy. Note that for the C1100/R900 powder, a weight loss higher than the measured carbon content at 1000 °C than when it is performed at 900 °C, indicating that a higher CH 4 supersaturation level enhances both the quantity could be considered as being a consequence of the cumulative errors on the two measurements. Thus, it appears that TGA of nanotubes and the carbon content (C n ; Table 1). On the other hand, for a given reduction temperature, there is no of the present composite powders can not give quantitative results for either the determination of the content of different great difference in DS for the different solid solutions (Table 1). Consequently, the ratio DS/C n is much higher for C1100/R900 carbon forms or the reduction yield of the solid solutions. Interestingly, the high-temperature weight loss is detected or R1000 powders for which C n is low; the C1100/R900 powder thus presents the higher quality figure (DS/C n =155 m2 g-1). only for the C400-and C850-derived powders [Fig. 7(a)-(d)].

For the C1100-derived specimens [Fig. 7(e)-(f )], this weight Comparisons of DS and DS/C n values between C850/R900 and R1000 or between C1100/R900 and R1000 powders (Table 1) loss either does not occur or is masked by the large weight gain arising from the oxidation of intragranular Fe particles. show that the increase in quantity obtained when the reduction temperature is increased from 900 to 1000 °C is detrimental to

The carbon content was determined for each of the six powders after oxidation in air at 850 °C (C on ; Table 1), the temperature the quality.

at which the high-temperature weight loss phenomenon begins. A small quantity of carbon is measured for each of the four Thermogravimetric analyses. The oxidation of the nanocomposite powders was investigated by thermogravimetric analysis C400-and C850-derived powders, but it is much smaller than the observed high-temperature weight loss [Fig. 7(a), (c)]. For (TGA) in flowing air up to 1400 °C. The TGA curves [Fig. 7(a), (c), (e)] and the corresponding differential thermogravimetric the C1100/R900 and C1100/R1000 powders, carbon was not detected, and therefore we infer that the weight loss is not (DTG) curves [Fig. 7( b), (d), (f )] show that the oxidation of the composites occurs in several steps, with both weight gains masked but rather does not occur.

For the sake of comparison, TGA was performed on an and weight losses.

For all powders, the first weight gain occurs at temperatures alumina powder previously calcined at 400 °C and then heattreated at 900 °C in the H 2 -CH 4 gas mixture, as the C400/R900 lower than 500 °C and other gains at temperatures exceeding 600 °C. From the conclusions of previous works on the oxi-composite powder. Three steps are detected on the TGA and DGA curves (Fig. 8). 505 °C), we observe a small weight loss which probably of some carbon entrapped inside the alumina grains. It is noteworthy that the third step is more important for this accounts for the oxidation of crystallized form(s) of carbon located at the surface of the alumina grains. The second step powder than for the Fe-containing specimens, because no Fe particles can act as catalyst for CH 4 decomposition and (DTG peak at 900 °C) is a weight gain, probably corresponding to an oxygen gain due to the establishment of alumina therefore preferentially interact with the resulting deposited carbon. In fact, the second and third phenomena may overlap stoichiometry during the beginning of the crystallization in the a-form. Indeed, before this oxidation, the thermal treatment in and thus the actual weight loss may be higher than determined by TGA. In spite of this, the total weight loss (5.93%) is higher the H 2 -CH 4 gas mixture at 900 °C produced transition alumina, which is probably oxygen-deficient. The third step (DTG than the measured carbon content (5.49%). As pointed out above for the composite powders, the high-temperature weight peak at 1065 °C) is a weight loss, probably due to the oxidation (C1100) is used, carbon seems to be obtained only as bundles of nanotubes, thin graphitic films at the surface of Fe and/or Fe 3 C particles, and combined with Fe in cementite. The consequences are a low carbon content (C n ; Table 1) and a surface of carbon which is rather high (DS; Table 1) and thus a rather high quality parameter (DS/C n ; Table 1). This could partly result from the fact that the metal nanoparticles formed upon reduction of the a solid solution, which act as catalyst for CH 4 decomposition and possibly nanotube nucleation, are much smaller than when using amorphous or g solid solu-tions42 and therefore appear to strongly favour the catalytic deposition of carbon in the form of nanotubes, smaller than 10 nm in diameter and arranged in bundles several tens of micrometers long, corresponding to aspect ratios as high as 1000-10000.19

It should be noted that the macroscopic characteristics of the powders are repeatable provided the specific surface area of the starting solid solution is the same. Reducing a solid Influence of the reduction temperature. As shown by the above Mo ¨ssbauer spectroscopy results, 900 °C is a high enough loss is also higher than the carbon content measured, before this step occurs, in powders oxidized at 850 °C. A possible temperature, in the H 2 -CH 4 atmosphere, to fully reduce to the metallic state the Fe3+ ions substituting in the different explanation for these observations is that the flash combustion technique used to determine the carbon contents does not solid solutions. Thus the increase in both carbon content C n and DS (Table 1) when the reduction temperature is raised allow the release of all the carbon entrapped inside the alumina grains, thereby decreasing its amount.

from 900 to 1000 °C are not a consequence of a more complete reduction producing a higher number of catalytic particles, Similarly, in the composite powders in which the alumina matrix is not completely crystallized in the a-form (C400/R900 but result from the higher CH 4 sursaturation level in the reducing atmosphere. However, a lower quality parameter and R1000, C850/C900 and R1000), some carbon is probably entrapped inside the transition-alumina grains and it is oxid-(DS/C n ; Table 1) is observed in the R1000 powders, notably when starting with an a-solid solution (C1100). ized only at high temperature.

Thus a compromise has to be found between a high value of DS denoting a high quantity (C1100/R1000) and a high Influence of the form of the initial Al 1.8

Fe 0.2 O 3 solid solution. These characterization results have shown that, depending on value of DS/C n denoting a high quality (C1100/R900). Since a huge number of carbon nanotubes in the composite powder is the crystallization level of the initial Al 1.8 Fe 0.2 O 3 solid solution, the reduction process in a H 2 -CH 4 gas mixture can lead to desirable to reach a sufficiently high volume fraction, suitable for a possible enhancement of the properties of materials made the formation of several carbon species in the composite powder. The microscopic observations can be directly corre-from these powders, a high reduction temperature (1000 °C or more) is to be preferred. We have yet to study the influence of lated with macroscopic results, particularly with specific surface area measurements.

other synthesis parameters to enhance the quality of the obtained nanotubes. When amorphous (C400) or transition (C850) solid solutions are used, carbon species other than bundles of carbon nanotubes appear, including thick tubes, hollow carbon forms . The three oxides have been reduced in a H 2 -CH 4 gas mixture at 900 or at located at or near the surface of the grains and are easily reduced to the metallic state, giving rise to a very high number 1000 °C, giving rise to composite powders containing alumina, aand c-Fe, Fe 3 C, and several forms of carbon, including of metal particles which in turn can easily coalesce at the surface of the oxide grains to form much larger particles. 42 carbon nanotubes, thick tubes and clusters of graphitic carbon nanoparticles. Thus, the diameter of most of these metal particles may be too high for the catalytic formation of nanotubes, in agreement

The powders have been studied using a combination of chemical analysis, X-ray diffraction, Mo ¨ssbauer spectroscopy, with Baker and Rodriguez12 who claim that only sufficiently small (less than 20 nm in diameter) metal particles can lead to scanning and transmission electron microscopy, thermogravimatric analysis and specific surface area measurements. In nanotubes. Moreover, we have shown that upon heating in a H 2 -CH 4 atmosphere, the crystallization of the amorphous or particular, we have made use of the specific surface area of carbon (DS, see text) as a representation of the quantity of g-Al 1.8 Fe 0.2 O 3 solid solutions in some way provokes the entrapment of carbon within the oxide grains. This entrapped carbon nanotubes in a powder and we have considered the ratio of this value to the carbon content (DS/C n ) as a quality carbon, as well as other non-tubular forms of carbon, would probably deteriorate the mechanical properties of massive value, a higher figure for DS/C n denoting a smaller average tube diameter and/or more carbon in tubular form. composites prepared from these powders. Consequently, amorphous (C400) or transition (C850) solid solutions can not

The presence of CH 4 in the reducing gas mixture has been found to markedly favour the reduction of the iron() ions be retained as precursors of composite materials including carbon nanotubes.

substituting for aluminium in the corundum lattice. The composite powders prepared from the amorphous or g solid In contrast, when a stable a-Al 1.8

Fe 0.2 O 3 solid solution

8 8 Fe

 88 different forms of alumina on the one hand and in the proportions of a-Fe and Fe 3 C on the other hand. Also, the Oxide powders (110) peak of a-Fe is distinctly wider in the C850-derived The XRD patterns of the C400, C850 and C1100 powders are composites, denoting that the decrease in specific surface area shown in Fig. 1. The pattern of specimen C400 is blank whereas of the oxide solid solution favours the formation of smaller that of the C850 powder presents wide peaks characteristics metal particles, as shown previously.42 Analysis of the XRD of an g-Al 1.Fe 0.2 O 3 solid solution as well as traces of the patterns of C1100/R900 and C1100/R1000 clearly reveals the (104), (113) and (116) peaks of an a-Al 2 O 3 -type (corundum) presence of a-Al 2 O 3 , a-Fe and Fe 3 C. The proportions of phase [Fig. 1(a), (b)]. The g-phase peaks are very wide (more carbide and, notably, carbon are much lower than in the other than 10°2h), reflecting a small crystallite size and a poor powders. c-Fe may be present in all or some powders, but is crystallization level. For the C1100 powder, all peaks are in extremely difficult to detect on the XRD patterns because the good agreement with an a-Al 1.8 Fe 0.2 O 3 solid solution c-Fe (111) diffraction peak (d 111 =0.208 nm) is probably masked by the base of the corundum (113) peak (d 113 = 0.2085 nm), and more so if Fe 3 C (d 210 =0.206 nm) is present as well. A FeAl 2 O 4 spinel phase, which is known to form upon reduction of Al 1.than 1000 °C,44-47 is not detected in the R900 powders. However, one can not rule out its presence in small quantities, particularly in the C400/R900 and C850/R900 specimens, because the FeAl 2 O 4 main diffraction peaks (d 113 =0.245 nm, d 004 =0.202 nm and d 044 =0.143 nm) may be masked by transition-alumina and a-Fe peaks.

  C n is much higher in the composites derived from the amorphous Al 1.8 Fe 0.2 O 3 and g-Al 1.8 Fe 0.2 O 3 phases than in those derived from the stable a-Al 1.8 Fe 0.2 O 3

Fig. 1

 1 Fig. 1 XRD patterns of the oxide powders prepared at different temperatures: (a) 400 °C; ( b) 850 °C; (c) 1100 °C

  52 for bulk Fe 3 C and by Bi et al.53 for Fe 3 C nanoparticles. The non-ferromagnetic phase of metallic Fe corresponding to the singlet could be either antiferromagnetic, paramagnetic or superparamagnetic a-Fe, or c-Fe. Paramagnetic a-Fe has

Fig. 2

 2 Fig. 2 XRD patterns of the nanocomposite powders prepared by

  (a) C400/R900; (b) C400/R1000; (c) C850/R900; (d) C850/R1000; Fe-Al 2 O 3 specimens.44,45,47 However, the negative value of the (e) C1100/R900; (f ) C1100/R1000; a: a-alumina; O: transition alumina; +: Fe 3 C; *: a-Fe; Cg: corresponding to d 002 in multi-walled nanotubes CS points towards the face-centered-cubic c-Fe phase. This and/or in graphite could reflect the formation of a c-Fe-C alloy, rather than pure Fe.

  Fe 3 C particles. TEM [Fig. 6(a)-(c)] and HREM [Fig. 6(d)-(f )] images of nanocomposite powders show details of the different forms of carbon previously revealed by SEM observations. A thick tube,12 irregularly shaped, is shown in the C400/R900 powder

Fig. 3

 3 Fig. 3 Mo ¨ssbauer spectra of the nanocomposite powders prepared by calcination (C) and reduction (R) treatments at different temperatures: (a) C400/R900; (b) C850/R900; (c) C850/R1000; (d) C1100/R900; (e) C1100/R1000; I: ferromagnetic a-Fe; II: non-ferromagnetic c-Fe; III: Fe 3 C the same phase in the C850/R1000 powder is in line with the XRD results. The sextet accounting for a-Fe is the major component in all specimens and the proportion of the singlet representing c-Fe is in the 20-35% range. The intragranular Fe particles, which number extremely high in such materials,42,45 are probably protected from alloying with carbon and crystallize in the stable a form. Moreover, surface particles that form an Fe-C alloy but grow to a large enough size undergo the c-a transformation upon cooling from the

Fig. 4

 4 Fig. 4 SEM image showing the network of filaments on a grain of the C400/R1000 powder

Fig. 5

 5 Fig. 5 High magnification SEM images of the nanocomposite powders prepared by calcination (C) and reduction (R) treatments at different temperatures: (a) C400/R900; ( b) C400/R1000; (c) C850/R900; (d) C850/R1000; (e) C1100/R900; (f ) C1100/R1000

Fig. 6

 6 Fig.6 TEM (a-c) and HREM (d-f ) images showing different forms of carbon revealed in the nanocomposite powders: thick tube in the C400/900 powder (a); thick, short filament in the C400/R1000 powder ( b); bundles of nanotubes in the C400/900 powder (c); four nanotubes pointed by arrows in the C1100/R900 powder (d); Fe and/or Fe-carbide particles covered with three well crystallized graphene layers in the C1100/R900 powder (e); a nanotube partially superimposed with an alumina grain containing nanometric Fe and/or Fe 3 C particles in the C1100/R1000 powder (f )

Fig. 7

 7 Fig. 7 Thermogravimetry (TGA and DTG) curves measured in flowing air of the nanocomposite powders: C400/R900 and C850/R900 (a, b); C400/R1000 and C850/R1000 (c, d); C1100/R900 and C1100/R1000 (e, f )

Fig. 8

 8 Fig. 8 Thermogravimetry (TGA and DTG) curves measured in flowing

Table 1

 1 Specific surface area (S ss : oxide solid solutions; S n

	contents (C n	: nanocomposites; C on	: nanocomposites; S on : nanocomposites oxidized at 850 °C) of the powders : nanocomposites oxidized at 850 °C; DS=S n	-S on	) and carbon
	oxide	S ss /m2 g-1	composite	S n /m2 g-1	S on /m2 g-1	C n (wt.%)	C on (wt.%)	DS /m2 g-1	DS/C n /m2 g-1
	C400	79.5	C400/R900	23.5	20.0	13.4	0.65	3.5	26
			C400/R1000	16.0	11.0	20.1	0.58	5.0	25
	C850	30.5	C850/R900	44.1	39.3	8.9	0.30	4.8	54
			C850/R1000	31.0	25.1	18.3	0.21	5.9	32
	C1100	3.1	C1100/R900	6.7	4.1	1.65	0.00	2.6	155
			C1100/R1000	8.4	3.5	6.2	0.00	4.9	79

Table 2

 2 Room

	Fe 3 C

temperature Mo ¨ssbauer parameters of some nanocomposite powders [ferro: ferromagnetic; non-ferro: non-ferromagnetic; H: hyperfine field/kG; CS: center shift/mm s-1; C: half-line width/mm s-1; 2e Q : quadrupole shift/mm s-1, P: proportion (%) ferro a-Fe non-ferro Fe

Table 1 )

 1 Conclusionsand/or clusters of graphitic carbon nanoparticles, most of them containing Fe and/or Fe 3 C particles. The consequence is a An amorphous Al 1.8 , but a moderate carbon surface (DS; Table1) and thus a low quality parameter (DS/C n ; ammonium oxalate. Calcination in air of the amorphous oxide at the appropriate temperatures produced the g (cubic) and Table1). Since these solid solutions have a relatively high specific surface area (S ss ; Table1), most of the Fe3+ ions are the stable a (corundum) forms of Al

	Fe 0.2 O 3 from the precipitation and thermal decomposition of a mixed solid solution has been prepared