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Double-walled carbon nanotubes (DWNTs) may be interesting in many applications since the outer wall would provide an interface with the rest of the system, without modifying the inner wall. CNT-Fe/Fe 3 C-Al 2 O 3 composite powders containing carbon nanotubes (CNTs) (65% of which are DWNTs) are prepared by reduction of an oxide solid solution in a H 2 -CH 4 gas mixture. The powders and CNTs are studied by both local and macroscopical techniques. The influence of the reducing atmosphere composition and of the dwell time at 1050 C is studied. There is a 6-fold increase in CNT content upon the increase in the CH 4 content from 3 to 30 mol.%, but the formation of undesirable carbon nanofibers can also be promoted. A CH 4 content of 12-18 mol.% is adapted for the particular iron content in these powders. Increasing the dwell time at 1050 C results in the formation of CNTs with more walls.

INTRODUCTION

Iijima's report 1 on carbon nanotubes (CNTs) prompted a major research effort notably driven by the very high potential of CNTs for technological applications. Most of the work has been focused on single-walled carbon nanotubes (SWNTs). However, interactions with its environment may dramatically change the properties of a SWNT. For example, SWNTs embedded in a matrix for applications such as a composite material may not exhibit the remarkable mechanical [2][3][4] and electrical 5 6 characteristics they display as individual objects. Thus, the use of double-walled carbon nanotubes (DWNTs) may be desirable since the outer wall would be available for functionalization or more generally integration into a system without modifying the characteristics of the inner wall too much. Some theoretical and experimental works specifically focused on DWNTs have been published. [7][8][9][10][11][12][13] The present authors have proposed an original catalytic chemical vapor deposition (CCVD) method based on the selective reduction of oxide solid solutions in a H 2 -CH 4 gas mixture. 14 The reduction of -Al 1 9 Fe 0 1 O 3 produces pristine Fe nanoparticles at a temperature high enough for them to catalyze the decomposition of CH 4 and the in situ formation of CNTs. The products obtained in this way are CNT-metal oxide composite powders, with a very homogeneous dispersion of the CNTs, which cannot be matched by methods involving a mechanical mixing. * Author to whom correspondence should be addressed.

Dense ceramic-matrix composites 15 16 prepared from such powders show some electrical conductivity due to the percolation of the CNT network. Aligned CNTs provide an anisotropic electrical conductivity. 17 To increase the overall selectivity of the reactions and the proportion of SWNTs and DWNTs with respect to other CNTs, several parameters related to the starting alumina-based solid solutions have been investigated, including the iron content, 18 the crystallographic form, 19 and the specific surface area. 20 Parameters related to the experimental conditions of the reduction, such as the composition of the H 2 -CH 4 atmosphere 21 and the temperature, 22 were also examined. The CNTs are mostly (90%) found as SWNTs and DWNTs with an average diameter close to 2.5 nm. It was shown that a second wall can grow inside the first one. 22 In the case of Co-MgO catalysts, a simple soaking in HCl allows separation of the SWNTs and DWNTs from the catalyst materials without damaging them. 23 The CNTs obtained in this way are individually dispersed rather than bundled and have a very high specific surface area (ca. 950 m 2 /g for carbon). 24 Dai et al. 25 DWNTs are also present, but their proportion is considered negligible. Bandow et al. 29 have reported the coalescence of C 60 pea pods 30 inside laser-vaporization SWNTs, thus forming a second tube inside the first one. Hutchison et al. 31 prepared DWNTs by a hydrogen arc discharge method.

The aim of the present paper is to build on a series of systematic experimental works on the preparation of nanocomposite powders containing well-defined CNTs, by studying the influence of the composition of the H 2 -CH 4 atmosphere and that of the dwell time at the reduction temperature. In a previous study, 21 , and the carbon quality is at maximum for the range 9-18 mol.%. In addition, experiments have been done with solid solutions containing twice more iron, applying the same temperature profile but changing the maximum temperature (800-1070 C). 22 It was found that using a higher reduction temperature increases the reduction yield, thus favoring the formation of surface metal nanoparticles and thereby producing more CNTs. Moreover, it was observed that the proportion of SWNTs decreased. One of the key points for getting a good selectivity in the formation of SWNTs or DWNTs is to ensure an appropriate ratio between the carbon source (CH 4 in the H 2 -CH 4 atmosphere) and the catalyst source (Fe 3+ ions in the oxide solid solution). Thus we are finetuning the experimental conditions to increase the selectivity toward DWNTs while increasing the total amount of CNTs in the powders. The formation mechanisms of the CNTs are briefly discussed.

EXPERIMENTAL DETAILS 2.1. Synthesis of Carbon Nanotubes

An -Al 1 8 Fe 0 2 O 3 powder was prepared by decomposition in air at 400 C and further calcination at 1000 C of the corresponding mixed oxalate. 32 As described in detail in a previous work, 22 the X-ray diffraction (XRD) pattern of the oxide powder shows the presence of a small proportion of -Fe 2 O 3 in addition to the peaks of the aluminahematite solid solution in the corundum form. This reveals that the crystallization from the metastable oxide solid solution (amorphous, then phases) takes place with some degree of phase partitioning, producing an intimate mixture of alumina-rich ( 1 , major phase) and hematite-rich ( 2 , minor phase) corundum forms. The powder is made up of 10-20-m agglomerates of submicronic or nanometric primary grains. Its specific surface area is equal to 8.5 (±0.3) m 2 /g. The oxide powder was divided into several parts, which were reduced in a flowing H 2 -CH 4 atmosphere (250 sccm), producing the CNT-Fe/Fe 3 C-Al 2 O 3 composite powders. The heating and cooling rates were set at 5 C/min, and the maximum temperature was 1050 C (Fig. 1). First, the CH 4 content was varied (3, 6, 9, 12, 18, 24, 30 mol.%), and no dwell was applied at 1050 C. For the sake of brevity, the powders obtained in this way will hereafter be noted as M3, M6, , M30. In a second set of experiments, a particular composition of the H 2 -CH 4 atmosphere was chosen (18 mol.% CH 4 , and a dwell time (60 or 120 min) was applied at 1050 C. The latter powders will hereafter be denoted as M18t60 and M18t120 and will be compared with M18 and other powders.

Characterization

The composite powders were studied by scanning electron microscopy (SEM) as well as high-resolution transmission electron microscopy (HRTEM). XRD patterns were acquired with the use of Co-K radiation ( = 0 17902 nm). In addition to the electron microscopy characterizations, a method based on carbon element analysis and specific surface area measurements 14 33 was used to characterize the composites at a macroscopic scale and thus produce quantitative data that are more efficient for the comparison of the different powders. The carbon content C n was determined by flash combustion with an accuracy of ±2%. Flash combustion is based on the complete and instantaneous oxidation of the sample; carbon is oxidized into CO 2 , which is detected by a thermal conductivity detector, giving an output signal proportional to the concentration in the sample. Two parameters representing the quantity of CNTs (noted S) and what is called the quality of the deposited carbon (noted S/C n are calculated from the specific surface area measurements. We assume that a higher quality parameter principally corresponds to more carbon in tubular form or CNTs with fewer walls or less bundled CNTs. 33 The specific surface area of the powders was measured by the BET method, using N 2 adsorption at liquid N 2 temperature in a Micromeritics FlowSorb II 2300 apparatus. This instrument gives a specific surface area value from one point (i.e., one adsorbate pressure) and requires calibration. The reproducibility of the results is ±3%. The oxidation of some composite powders was investigated by thermogravimetric analysis (TGA) in flowing air (heating rate 1 C/min). ). It is difficult to clearly separate the patterns of -Fe and Fe 3 C because the peaks are rather wide and overlap, but the trend is that the proportion of Fe 3 C increases when higher CH 4 contents are used. The absence of -Fe 2 O 3 peaks indicates that the complete reduction of the 2 phase into relatively large Fe particles (ca. 30 nm) was easy, in agreement with earlier studies. 22 32 34 A -Fe-C alloy is also present but cannot be resolved on the XRD patterns because the (111) diffraction peak (d 111 = 0 208 nm) is masked by the corundum (113) (d 113 = 0 209 nm) and the Fe 3 C (121) (d 121 = 0 210 nm) peaks. But since this phase does not participate in the formation of the CNTs, 22 it is not essential to follow its evolution. Indeed, the nature of the iron species (Fe 3+ , -Fe, Fe 3 C, -Fe-C) in the CNT-Fe/Fe 3 C-Al 2 O 3 powders is known 22 to be correlated with their location in the material (i.e., at the surface of, or within, the oxide matrix grains). The nanoparticles responsible for the formation of the CNTs come from the reduction of Fe 3+ ions in the 1 phase. The surface Fe 3+ ions are reduced first and then Fe 3+ ions located in the bulk of the solid solution grains diffuse toward the surface, forming more potentially active particles as the reduction proceeds. The particles are probably in the form of an Fe-C alloy at the time of CNT formation but are found as Fe 3 C by post-reaction Mössbauer analysis. However, it was also shown 35 that some of the surface particles that were inactive for the CNT formation also end up as Fe 3 C.

RESULTS AND DISCUSSION

Typical SEM images of carbon filaments at the surface of the matrix grains are shown in Figure 2. TEM studies on similar powders 14 18-22 have demonstrated that these filaments are mostly CNT bundles. The observations show that the quantity of bundles increases with increasing CH 4 content. For M3 (Fig. 2a,b), very few CNT bundles are observed. Their diameter is lower than ca. 20 nm. Some Fe/Fe 3 C nanoparticles with a diameter in the range of 10-40 nm are clearly visible at the surface of the matrix grains (arrow in Fig. 2b). Such large particles have not catalyzed the formation of CNTs. Many more bundles are observed for M12 (Fig. 2c,d). They appear to be a bit thicker (however, smaller than ca. 30 nm), possibly indicating that a bundle is made up of more CNTs than in M3. It is worth noting the presence of some carbon nanofibers (arrow in Fig. 2d) that are shorter (less than ca. 200 nm in length) and thicker (ca. 50 nm) than the CNT bundles. However, very few are observed in M12. For M30 (Fig. 2e-h), still more CNT bundles are observed (up to ca. 100 nm in diameter), but the undesirable nanofibers are much longer than for M12. It seems that they are preferentially localized in certain areas of the sample, in which they are quite numerous (Fig. 2g). It is difficult, however, to compare the quantity of nanofibers between M12 and M30. These nanofibers, which may be hollow, originate from the hematite-rich solid solution 2 particles. Because these latter particles are all formed early in the reduction process, the composition of the atmosphere (and its reducing power) should have little influence, and thus their number should not change from one powder to the other. It follows that the number of corresponding nanofibers is expected to be roughly the same in all samples. However, when the CH 4 content in the atmosphere is higher, more carbon is available for growth, and the nanofibers are longer.

The carbon content in the powders (C n , Table I) increases with the CH 4 content, with a 20-fold jump from M3 (0.65 wt%) to M30 (13.0 wt%). The parameter representing the quantity of CNT ( S, Table I) markedly increases from M3 (4 0 ± 0 5 m 2 /g) to M30 (24 6 ± 1 2 m 2 /g), showing that more CNTs are formed when the CH 4 content in the reduction atmosphere is increased and is in good agreement with the SEM observations. The parameter accounting for the carbon quality ( S/C n , Table I) decreases from M3 (609 ± 82 m 2 /g) to M12 (215±14 m 2 /g) and remains constant for higher CH 4 contents. These values are plotted in Figure 3 together with those previously obtained for powders prepared by reduction at 1050 C (60-min dwell) of an oxide powder with only half the iron content and a lower specific surface area (5 vs. 8.5 m 2 /g). 21 The carbon content (C n , Fig. 3a) is clearly higher in the present powders, notably from 9 mol.% CH 4 upward. S (Fig. 3b) is also higher and interestingly does not yet reach a plateau. Comparison of the carbon quality S/C n (Fig. 3c) is less straightforward. For the former powders there were three regions: S/C n increases below 9 mol.% CH 4 (region A), is constant in the range 9-24 mol.% (region B), and decreases above 24 mol.% (region C). In the present powders, the equivalent of region C is absent because there was no S plateau as noted above. Region B (a S/C n plateau) is slightly shifted to higher CH 4 contents (12-30 mol.%): the strong increase in tubular carbon is balanced by the formation of the nanofibers. Clearly, the main difference between the two series appears for the lower CH 4 contents. For powders in the former A region, the amount of deposited carbon is very low (less than 1%), and the quantity of CNTs is accordingly small. However, the moderate increase in S is reflected in the increase in S/C n , but starting from a very low value. For the present A region, the apparent decrease in quality could correspond to a bundling effect, 33 which would be more important than the net increase in CNT quantity because the carbon supply would be insufficient to activate all potential catalytic particles. Indeed, some particles will grow over the threshold size of about 3 nm 22 26 and become encapsulated. For higher CH 4 contents, the growth of such particles would be stopped earlier, but, as already noted, the resulting increase in quality would now be confronted to the formation of the nanofibers. From the above results, the powder prepared with 18 mol.% CH 4 (sample M18) was selected for the study of the influence of the dwell time at 1050 C.

Influence of the Dwell Time at 1050 C

XRD pattern analysis shows that there is a slight increase in the proportion of Fe 3 C compared with that of Fe with increasing dwell time. The carbon content (Table II) increases with t r , doubling from M18 (7.7 wt%) to M18t120 (16.4 wt%). However, there is only a small increase in S from M18 to M18t60 (14.9 and 19.5 m 2 /g, respectively), and then the quantity parameter remains constant for a longer dwell (19.6 m 2 /g for M18t120). Clearly the deposition of more carbon does not correspond principally to the formation of CNTs. Accordingly, the quality parameter S/C n steadily decreases with increasing dwell time. The values for M18t60 (Table II) can be compared to those (C n = 2 7 wt%, S = 6 02 m 2 /g, S/C n = 229 m 2 /g) obtained for a composite powder prepared in the same conditions (1050 C, 60 min, 18 mol.% CH 4 ), but starting from an oxide containing half as much iron. 21 One can see that the 5-fold increase in carbon content corresponds to only a 3-fold increase in the quantity of CNTs, because of the presence of nanofibers in the present powders. This could also have been explained by a difference in the bundling state of the CNTs in these different samples, but experimental observations by SEM clearly show that the presence of carbon nanofibers is more likely to be the correct explanation.

SEM observations reveal a web-like network of CNT bundles, and no difference in the quantity of CNTs can be detected for M18, M18t60, and M18t120. Typical images for M18 and M18t120 are shown in Figure 4. The CNT bundles are slightly thicker in the case of M18t120. Interestingly, it seems that no more nanofibers are observed in M18t120 compared with M18. Typical HRTEM images of the CNTs in powders M18 and M18t120 are shown in Figures 5 and6, respectively. Entangled CNTs and CNT bundles are shown in Figure 5a. Some catalyst nanoparticles (dark spots) are located at the surface of the oxide grains. A SWNT 3 nm in diameter and a DWNT (1.8 nm) are shown in Figure 5b andc, respectively. Figure 5d shows a triple-walled carbon nanotube (TWNT) (diameter 4 nm). Figure 5e shows a bundle with an individual CNT emerging. A higher magnification image of the same area (Fig. 5f) reveals that this CNT (2.8 nm) is a TWNT. For M18t120, Figure 6a shows a SWNT (2.5 nm) and two DWNTs (both 3.7 nm). A DWNT (2.5 nm) emerging from a bundle is shown in Figure 6b. Figure 6c shows a bundle and two CNTs crossing the focal plane, which allows their observation in cross section. A higher magnification image (Fig. 6d) reveals that they are CNTs with four and five walls. Figure 6e shows a TWNT (diameter 4 nm).

Figure 6f shows a thicker multiwalled CNT (eight walls, diameter 8.7 nm). It seems that the outer layer is not complete; it may have been damaged by electron irradiation during the observation. For both specimens, it is interesting to note that the surface of the CNTs appears to be free of amorphous carbon and that no pyrolytic thickening has taken place, even for M18t120. It is very difficult to distinguish between the different specimens based solely on the observation of such images.

To get more information from the HRTEM observations, the number of walls as well as the inner and outer diameters of more than 60 isolated CNTs were measured on HRTEM images similar to those shown in Figures 5 and6. For M18, the DWNTs form a large majority (ca. 65%) of the observed CNTs (Fig. 7a). For the construction of the histograms, diameter classes are defined as follows: class "1 nm" corresponds to diameters ranging from 0.5 to 1.49 nm; class "2 nm" corresponds to diameters ranging from 1.5 to 2.49 nm, and so on. The median inner and outer diameters (estimated from the whole population of CNTs) are equal to 2.30 nm and 3.13 nm, respectively (Fig. 7b). For M18t120, the DWNT still represent the majority (ca. 40%) of the observed CNTs (Fig. 7c), but CNTs with more walls are much more numerous than for M18. The inner and outer diameters are also higher (Fig. 7d), with median values equal to 2.85 nm and 3.78 nm, respectively. The higher inner diameter could indicate that slightly larger particles are activated during the dwell, probably early in the process, as indicated by the data given here ( S, Table II). The higher outer diameter could reflect the formation of CNTs with more walls from freshly formed catalyst particles (i.e., formed during the dwell). However, the results presented in the following section will make it possible to rule out the latter hypothesis.

The oxidation of powders M18, M18t60, and M18t120 was investigated by TGA. The TGA curves (Fig. 8a) and the corresponding differential thermogravimetric (DTG) curves (Fig. 8b) show that the oxidation of the composites occurs in several steps with both weight gains and weight losses. A previous study 19 during the dwell and consequently that the quantity of CNTs formed during the dwell is small, in good agreement with the macroscopic analysis ( S values). Interestingly, the position of the DTG peak accounting for the oxidation of the CNTs is shifted toward higher temperatures as the corresponding dwell time is increased (417, 475, and 488 C for M18, M18t60, and M18t120, respectively). This is in good qualitative agreement with the corresponding increase in the number of walls as revealed by HRTEM analysis. It is supposed that, in the present experimental conditions, the formation of CNTs occurs according to a mechanism close or similar to the so-called yarmulke mechanism. 37 This is a base-growth mechanism, with the notable feature that in the case of CNTs with several walls, the first wall is the outer wall. Thus, the diameter of the outer wall is that of the catalytic particle. A sketch describing the formation of CNTs by the yarmulke mechanism was made from the descriptions of Dai et al. 37 (Fig. 9). The simultaneous growth of all of the walls results from the impossibility of feeding the catalytic particle further with carbon species when the outer cap is completed. Graphitic caps would first all form stacked on top of the particle, and the growth of all of the walls would then start at the same time once the concentration of carbon within the particle reached a critical value. In these conditions, the catalytic particle diameter plays a key role because a larger particle will need more carbon to reach the saturation, leading first to a delayed CNT growth and second to a CNT with more walls. Obviously, very small particles (<2 nm) can only lead to CNTs with one or two walls, but slightly larger particles can produce a wider range of CNTs. It was even proposed that very small particles formed at a relatively high temperature could be more active for CH 4 decomposition and Fig. 9. Illustration of the yarmulke growth mechanism drawn from the descriptions of Dai et al. 37 thus form DWNTs rather than SWNTs. 22 The increase in the dwell time in the present study does not result in the formation of more catalytic particles, as shown above, but rather allows larger particles to be activated for the growth of CNTs. This thus favors the formation of CNTs with more walls, which appears very clearly in Figure 7. For a particle that has still not reached saturation during the dwell, encapsulation by graphitic layers occurs during cooling 38 because the solubility of carbon within the particle decreases with the temperature and the carbon is progressively expelled from the particle.

CONCLUSIONS

CNT-Fe/Fe 3 C-Al 2 O 3 composite powders in which the CNTs are mostly DWNTs (65%) have been prepared by reduction in a H 2 -CH 4 gas mixture of an oxide solid solution. The influence of the reducing atmosphere composition and of the dwell time at 1050 C has been investigated. Increasing the CH 4 content results in a strong increase in CNT content but can also lead to the formation of undesirable carbon nanofibers that are able to form because the iron content in the precursor powder is high enough to generate the formation of sufficiently large catalyst particles. It is found that a CH 4 content of ca. 12-18 mol.% is adapted for the particular iron content of these powders. Increasing the dwell time at the maximum temperature reached during the reduction process results in the formation of CNTs with more walls. It is proposed that the formation of the CNTs occurs by a base-growth mechanism and that locally matching the carbon source and the catalyst source is essential for the control of the number of walls.
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 1 Fig. 1. X-ray diffraction patterns of powders prepared at 1050 C (no dwell) with H 2 -CH 4 atmospheres of different composition.
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 1 Influence of the Composition of the H 2 -CH 4 Atmosphere Analysis of the XRD patterns (Fig. 1) of the composite powders reveals the presence of -Fe and Fe 3 C besides a corundum phase accounting for -Al 2 O 3 or a partially reduced -Al 2-2y Fe 2y O 3 y < 0 1 solid solution (corresponding to the evolution of the above-mentioned 1 phase
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 2 Fig. 2. SEM images of powders prepared at 1050 C (no dwell) with H 2 -CH 4 atmospheres of different composition: 3 mol.% CH 4 (a, b), 12 mol.% CH 4 (c, d), 30 mol.% CH 4 (e-h).
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 3 Fig. 3. Evolution of the carbon content C n (a), the quantity of CNTs S (b), and the carbon quality S/C n (c) versus the composition of the H 2 -CH 4 . , This work; , previous study 21 (see text for details). The error bars have been omitted for the sake of clarity.
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 64 Fig. 4. SEM images of the powders prepared in a H 2 -CH 4 atmosphere (18 mol.% CH 4 with a dwell time of 0 min (a, b) and 120 min (c, d) at 1050 C.
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 5 Fig. 5. HRTEM images of CNTs in the powders prepared in a H 2 -CH 4 atmosphere (18 mol.% CH 4 with a dwell time of 0 min (sample M18) at 1050 C.
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 6 Fig. 6. HRTEM images of CNTs in the powders prepared in a H 2 -CH 4 atmosphere (18 mol.% CH 4 with a dwell time of 120 min (sample M18t120) at 1050 C.
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 7 Fig. 7. Distribution of the number of walls and of the inner and outer diameters of the CNTs in the powders prepared in a H 2 -CH 4 atmosphere (18 mol.% CH 4 with a dwell time of 0 min (a, b) and 120 min (c, d) at 1050 C.
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 8 Fig. 8. TGA curves (a) and the corresponding derivative curves (b) of the powders prepared in a H 2 -CH 4 atmosphere (18 mol.% CH 4 with a dwell time of 0, 60, and 120 min at 1050 C.

  reported the formation of SWNTs together with a small amount of DWNTs by disproportionation of CO at 1200 C on a Mo-Al 2 O 3 catalyst. Hafner et al. 26 synthesized a mixture of SWNTs and DWNTs by catalytic decomposition of C 2 H 4 at 700-850 C over Moand Fe/Mo-Al 2 O 3 catalysts. They report that the DWNT proportion increases from 30% at 700 C to 70% at 850 C. Ivanov et al. 27 reduced a zeolite-supported Co catalyst in N 2 -C 2 H 2 and obtained a small amount of CNTs doi:10.1166/jnn.2003.177 with two or three walls together with much thicker tubes. Cassell et al. 28 claimed to have prepared gram quantities of SWNTs by CCVD of CH 4 at 900 C on an Fe/Mo catalyst supported on a new Al 2 O 3 /SiO 2 hybrid material.

  CNT-Fe/ Fe 3 C-Al 2 O 3 nanocomposite powders have been prepared by selective reduction (1050 C, 60 min) of a monophase -Al 1 9 Fe 0 1 O 3 solid solution in pure H 2 and 12 different H 2 -CH 4 gas mixtures (1.5-45 mol.% CH 4 . More carbon is deposited when the CH 4 concentration is increased, but the CNT quantity reaches a maximum plateau for 24-45 mol.% CH 4

Table I .

 I Carbon content C n and parameters representing the quantity of CNT ( S) and the carbon quality ( S/C n in the powders prepared in different H 2 -CH 4 atmospheres at 1050 C (no dwell).

	CH 4 content	C n	S	S/C n
	(mol.%)	(wt%)	(m 2 /g)	(m 2 /g)
	3	0 65 ± 0 01	4 0 ± 0 5	609 ± 82
	6	1 56 ± 0 03	6 8 ± 0 6	435 ± 40
	9	2 77 ± 0 06	8 3 ± 0 7	299 ± 24
	12	5 3 ± 0 1	11 5 ± 0 7	215 ± 14
	18	7 7 ± 0 2	14 9 ± 1 0	192 ± 13
	24	10 7 ± 0 2	20 2 ± 1 2	188 ± 11
	30	13 0 ± 0 3	24 6 ± 1 2	189 ± 9

  checked by monitoring the CO 2 release during the TGA run). It is partly superimposed on the first weight gain, so that the weight loss is smaller than the actual carbon content C n as determined by flash combustion. The high-temperature (>800 C) weight gains correspond to the oxidation of the intragranular Fe/ -Fe-C nanoparticles. Although it is known that TGA of such composite powders cannot give quantitative results for the reduction yield of the starting oxide, a combination of the present C n and TGA data leads to the estimation that ca. 20% of the total iron remains as Fe 3+ ions in the corundum lattice, whatever the dwell time at 1050 C. This is in excellent agreement with a study36 of the reduction of such powders in pure H 2 (rather than in H 2 -CH4 showing that the reduction yield does not change appreciably for dwell times up to 300 min and that the reduction is still not complete for 1800 min at 1050 C. Moreover, extrapolation of the Mössbauer spectroscopy data for powders reduced in a H 2 -CH 4 atmosphere 22 is also in agreement with the present figure (20% unreduced iron). This clearly shows that almost no new catalytic nanoparticles are formed
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