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CCVD Synthesis of Single-And Double-Walled Carbon Nanotubes: Influence of the Addition of Molybdenum to Fe-Al 2 O 3 Self-Supported Foams

Powders of R-Al 1.8 Fe 0.2 O 3 solid solution are prepared by combustion and are attrition-milled with different amounts of ammonium heptamolybdate before being transformed into self-supported foams by impregnation of a polyurethane foam. Carbon nanotubes, mostly single-and double-walled, are prepared by catalytic chemical vapor deposition using the foams as catalytic materials. Extensive characterization reveals that the addition of a small amount of molybdenum first favors the formation of double-walled nanotubes over that of singlewalled nanotubes and second activates smaller nanoparticles, thus producing smaller-diameter nanotubes. A detailed Mo ¨ssbauer spectroscopy study reveals that there is no interaction between iron-and molybdenum species, pointing to a role of molybdenum favoring some phenomenon happening in the gas phase, as opposed to any alloying effect.

Introduction

Catalytic chemical vapor deposition (CCVD) has emerged as a very efficient technique for the large scale and low cost synthesis of carbon nanotubes (CNTs). This method is based on the catalytic decomposition of carbonaceous gases on transition metal (usually Fe or Co) nanoparticles. It has been reported that the addition of molybdenum species in small quantity to the catalytic material allows one to greatly increase the CNTs quantity produced by CCVD. Several explanations have been proposed. In the first one, molybdenum species play no role in the solid phase but only favor some phenomenon happening in the gas phase: Cassell et al. 1 have proposed that adding molybdenum species to Fe-Al 2 O 3 catalysts favors the aromatization of CH 4 at high temperature. Owing to the close proximity between molybdenum and iron catalytic sites, where single-wall carbon nanotubes (SWNTs) growth takes place, the intermediate aromatic species can feed into the SWNTs growth sites with high efficiency, without being limited by diffusion. Other explanations imply a role of molybdenum species in the solid phase. First, several authors [2][3][4][5] have proposed that species such as Mo 2 C or MoO 3 particles are located around metal (Fe or Co) nanoparticles, therefore isolating them from each other and limiting their coalescence. Thus, the addition of an adequate quantity of molybdenum should increase the number of metal nanoparticles active for CNTs formation. Harutyunyanet al. 6 have proposed that the presence of molybdenum species makes it possible to decrease the SWNTs' synthesis temperature and therefore to limit the growth of metal nanoparticles and thus to decrease the SWNT diameter. However, the nature and location of the molybdenum species is not indicated. Second, it has been shown [7][8][9][10] that the formation of mixed-phases such as CoMoO 4 makes possible to delay the reduction of the cobalt oxide, therefore producing smaller and thus more active Co nanoparticles at the temperature of the CNTs synthesis. It is important to note that for all these explanations,it is stressed that the pure metal (Fe or Co) is the active species and that the in situ formed molybdenum carbide (mostly Mo 2 C) is inactive. By contrast, the final class of proposed explanations brings to the fore the formation of mixed species as the active one. Li et al. 11 proposed that Fe-Mo alloy nanoparticles interact more strongly with the Al 2 O 3 surface than pure Fe nanoparticles do, therefore limiting the growth of the former. Other authors 12,13 have claimed that the presence of molybdenum species makes it possible to increase the reduction rate of iron oxide and proposed that nonmagnetic alloys such as Fe 2 Mo and Fe-Mo-C are the active phases for dehydrogenation of methane with simultaneous formation of CNTs. Other studies [14][15][16][17] simply mention Fe/Mo particles or "bimetallic" catalyst. In previous studies using the CCVD method where the metal nanoparticles are formed in situ by selective reduction of an oxide solid solution, 18 we investigated the addition of molybdenum species to CoO-MgO [19][20][21] and CoAl 2 O 4 -MgAl 2 O 4 22 solid solutions. It was found that the addition of molybdenum species indeed increased the CNTs quantity, but it was not possible to bring to the fore any solid-state interaction between cobalt-and molybdenum species. In the present paper, it is proposed to use an Al 1.8 Fe 0.2 O 3 solid solution as catalytic material, in the form of a self-supported foam where molybdenum is added in different quantity. The obtained CNTs will also be characterized using electron microscopy and Raman spectroscopy. Moreover, 57 Fe Mo ¨ssbauer spectroscopy will be used in order to determine whether there is the formation of any mixed-species between iron-and molybdenum oxides or metallic alloys.

Experimental Methods

2.1. Powder Synthesis. The combustion route 23 was used to prepare an Al 1.8 Fe 0.2 O 3 o oxide solid solution as detailed elsewhere. 24 The required proportions of Al(NO 3 ) 3 , 9H 2 O and Fe(NO 3 ) 3 , 9H 2 O (oxidizers) were dissolved in deionized water together with a fuel (mixture of 25% citric acid and 75% urea), using twice as much fuel as required for the so-called stoichiometric ratio. The dish containing the solution was placed in a furnace preheated to 550 °C. The solution immediately started to boil and underwent dehydration. The resulting paste frothed and then blazed. No flame occurred and a rather light material was produced which swelled to the capacity of the dish. The total combustion process was over in less than 10 min. The combustion product was first calcined in flowing air (600 °C, 60 min) to remove any remaining carbon residues. A second calcination in air was performed (1100 °C, 900 °C.h -1 , 30 min) in order to obtain the corundum form R-Al 1.8 Fe 0.2 O 3 .

2.2. Incorporation of Molybdenum and Self-Supported Foam Elaboration. The so-obtained R-Al 1.8 Fe 0.2 O 3 powder was divided in several batches which were attrition-milled (2000 rpm, 3 h) in ethanol with the addition of 1 mg of dispersant (Beycostat C213, CECA France) per m 2 of powder and of different amounts of ammonium heptamolybdate. The attrition material includes a nylon vessel and rotor and R-alumina balls (200-300 µm in diameter). The ratio between the powder volume and the ball volume was fixed at 0.5. After attritionmilling, the R-alumina balls and the powder were separated by rinsing in ethanol and filtering. The powder was dried in air and ground manually. A slurry composed of 35 wt.% of the so-obtained powder and 65 wt.% of (ethanol + dispersant) was homogenized by ultrasonic agitation (10 min). A polyurethane foam (80 ppi) was impregnated by this slurry. After the elimination of the excess slurry, the impregnated foam was dried at room temperature and calcinated in air (600 °C, 150 °C.h -1 , 60 min) in order to obtain the oxide self-supported foam. Five foams were prepared, containing different proportions of molybdenum compared to the total (iron + molybdenum), x ) 0, 0.04, 0.09, 0.10, and 0.26 mol.%). The oxide foams are noted XMo (X ) 100x) hereafter.

CCVD Synthesis of Carbon Nanotubes.

The oxide self-supported foams (XMo) were transformed into nanocomposite foams (noted XMoR hereafter) by a CCVD treatment in a H 2 -CH 4 gas mixture (20 mol.% CH 4 , heating and cooling rates 300 °C.h -1 , maximum temperature 1025 °C, no dwell).

2.4. Characterization. The amount of element molybdenum in the oxide foam was measured by atomic spectroscopy (SCA-CNRS Vernaison). The carbon content (C n ) in the nanocomposite foams was measured by flash combustion with an accuracy of ( 2%. The oxide and nanocomposite foams were characterized by X-ray diffraction (Bruker D4 Endeavor, Cu KR radiation). Mo ¨ssbauer spectra were collected at 295 K and 80K for oxide foams, and at 295 K, 80 and 15 K for the nanocomposite foams. Spectrometers operating in constant acceleration mode with triangular reference signal and with 57 Co (Rh) sources were used. Accumulation of data was made in 1024 channels, and the measurements were run until a background of at least 10 6 counts per channel was reached. The spectrometers have been calibrated by collecting at 295 K the spectrum of a standard metallic iron foil and the isomer shifts quoted hereafter are referenced with respect to R-Fe at room temperature. The inner line width, of the obtained calibration spectra, was typically 0.27 mm/s. The absorbers had a thickness of at most 10 mg of Fe per cm 2 . The Mo ¨ssbauer spectra of the oxides were analyzed assuming discrete, symmetrical components with Lorentzian line shapes. By contrast, the Mo ¨ssbauer spectra of the nanocomposite foams were computer-analyzed in terms of model-independent distributions of hyperfineparameter values and numerical data quoted hereafter refer to maximum-probability values. The nanocomposite foams were observed by field emission-gun scanning electron microscopy, FEG-SEM (JEOL JSM 6700F). Selected specimens were observed by high resolution transmission electron microscopy, HRTEM (JEOL JEM 2010 operated at 120 kV). Raman spectra were recorded using a LabRAM 800 Jobin-Yvon spectrometer (632.82 nm) and were averaged on three spectra.

Results and Discussion

3.1. Self-Supported Foam. The X-ray diffraction patterns of the oxide foams are shown in Figure 1. The peaks corresponding to the R-Al 1.8 Fe 0.2 O 3 solid solution were detected for all compositions. No diffraction peak of molybdenum oxide was detected for specimen 4Mo. For 9Mo, the (002), (020), (200), and (-112) diffraction peaks of MoO 3 are faintly detected. Their intensities increase upon the increase in molybdenum content in the materials. Interestingly, for foam 26Mo, peaks corresponding to Al 2 (MoO 4 ) 3 are also detected. It is thus likely that part of R-Al 1.8 Fe 0.2 O 3 has reacted with MoO 3 and thus that a small proportion of R-Fe 2 O 3 was formed as well, according to equation 1. However no peak corresponding to pure R-Fe 2 O 3 was detected.

MoO

3 +2 Al 1.8 Fe 0.2 O 3 f 1.8 Al 2 (MoO 4 ) 3 + 0.2 Fe 2 O 3 (1)
Mo ¨ssbauer spectra (MS) of the oxide foams were recorded at 295 K (Figure 2) and at 80 K (not shown). The MS of specimen 0Mo (Figure 2a) is composed of a doublet representative of Fe 3+ substituting for Al 3+ in the R-alumina lattice, with a quadrupole splitting ∆E Q ) 0.54 mm.s -1 . The isomer shifts δ (∼0.30 mm.s -1 at 295 K, ∼0.40 mm.s -1 at 80 K) are considerably lower than the δ values commonly found for Fe 3+ in octahedral O 6 coordination, i.e., ∼0.35 mm/s and ∼0.45 mm/ s, respectively, but are in complete agreement with the respective values found for an R-Al 1.8 Fe 0.2 O 3 powder studied earlier. 25 The spectra for 4Mo, 9Mo and 10Mo (not shown) are similar, with no significant change for the Mo ¨ssbauer parameters of the Fe 3+ doublet upon changing the Fe:Mo ratio. By contrast, the Mo ¨ssbauer spectra of 26Mo (Figure 2b) shows the presence of two additional, but very weak signals at about -8.2 and +8.5 mm.s -1 , respectively. These are the outer absorption lines of a sextet that correspond to R-Fe 2 O 3 , which is in line with the above discussion. Including this sextet in the fitting, it is concluded that the iron ions in the R-Fe 2 O 3 phase represents only 4% of the total quantity of iron. No signal was detected that could correspond to iron ions present in the Al 2 (MoO 4 ) 3 phase revealed by XRD for this sample. These results clearly indicate that in the catalytic material, prior to the CCVD treatment, there is no interaction between the molybdenum species (MoO 3 and for specimen 26Mo, Al 2 (MoO 4 ) 3 ) and the iron species (R-Al 1.8 Fe 0.2 O 3 and for specimen 26Mo, R-Fe 2 O 3 ). The carbon content in the nanocomposite foams (C n , Table 1) shows a 3-fold increase (from 3 to 9.3 wt.%) upon the increase from 0MoR to 10MoR. For a higher molybdenum content (26MoR), the further increase in C n is very moderate (10.0 wt.%). The high-frequency range (1200-1700 cm -1 ) of the Raman spectra (Figure 4a) shows the D band (∼1310 cm -1 ) and the G band (∼1580 cm -1 ). The ratio between the intensity of the D band and the G band (I D/G , Table 1) is relatively high (59%) for 0MoR. For 4MoR, I D/G is much lower (34%). I D/G increases slightly for R9MoA and R10MoA (I D/G ) 39% and 40%, respectively) but is much higher for 26MoR (I D/G ) 71%). An increasing I D/G value corresponds to a higher proportion of sp 3 -like carbon, which is generally attributed to the presence of more structural defects. The presence of radial-breathingmodes (RBM) peaks in the low-frequency range (100-300 cm -1 ) of the spectrum (Figure 4b), the frequencies of which are inversely proportional to the CNTs diameters, is usually the sign of the presence of small-diameter CNTs, such as singleand double-walled CNTs (SWNTS and DWNTs, respectively). Only very weak RBM peaks are observed for 26MoR. Note however that the Raman process is influenced by optical resonance and it is thus impossible to detect all present CNTs using only one wavelength. Moreover, the peak intensities do not reflect the real amount of individual CNTs because of the resonance effect which amplifies the Raman signal from certain CNTs.

FEG-SEM images (Figure 5) reveal the presence of long, flexible filaments, with a smooth and regular surface, on the surface of the oxide grains and bridging several grains. All filaments have a diameter smaller than 30 nm and a length of the order of some tens of micrometers. From earlier results, it is known that such filaments are isolated CNTs and/or CNTs bundles. The quantity of CNTs seems to be the same in all the materials. Spherical particles that may be R-Fe, γ-Fe, and/or Fe 3 C (see in a later section) are observed at the surface of the Al 2 O 3 grains, notably for 0MoR (Figure 5b) and 4MoR (Figure 5d). Most of these particles, the diameter of which ranges between 5 and 20 nm, do not appear to be connected to a CNT, indicating that they have been inactive for the formation of CNTs. Moreover, the presence of carbon nanofibers about 30 nm in diameter (Figure 5h) is observed for 26MoR, but only in a small quantity. Such nanofibers are similar to some species commonly observed in works on filamentous carbon. 26 The formation mechanisms are different from those thought to occur in the case of CNTs. 27 Their formation originates from the larger Fe particles originating from the reduction of the R-Fe 2 O 3 particles present in the starting 26Mo material as shown in a previous section. Typical HRTEM images collected for samples 0MoR and 4MoR are shown in Figure 6. The observed CNTs are mostly in the form DWNTs (Figure 6, parts a and b). SWNTs (Figure 6, parts c and d) and CNT with three walls (Figure 6d) are observed as well. A SWNT tip containing a catalytic particle less than 2 nm in diameter is shown in Figure 6e. Empty tips are also observed (Figure 6f). Larger nanoparticles (>10 nm) covered by carbon layers are also observed (Figure 6d). The latter particles were inactive for the formation of CNTs. Figure 7 presents the distribution of the number of walls and diameters, which were obtained by measuring CNTs on similar HRTEM images for specimens 0MoR (Figure 7a,c) and 4MoR (Figure 7b,d). For 0MoR, the CNTs are mostly in the form of SWNTs (68%) and DWNTs (25%), with an average number of walls equal to 1.43 (Figure 7a). This reveals a higher selectivity toward SWNTs than what is obtained using the catalytic material in the form of a powder bed, 28,29 where the DWNTs were in a majority (65%). The same behavior was also observed earlier 30 and warrants further studies. The inner diameter (average d i ) 2.54 nm) is in the range 0.7-5.2 nm and the outer diameter (average d o ) 2.71 nm) is in the range 0.6-7.6 nm (Figure 7c). For 4MoR, the distribution of the number of walls is shifted toward DWNTs (39%) (Figure 7b) compared to 0MoR, but the average number of walls (1.49) is not significantly different. By contrast, the average inner and outer diameters (d i ) 1.77 nm and d o ) 2.29 nm, respectively) are significantly lower than for 0MoR (Figure 7d). This decrease is in line with earlier results on molybdenum-free CNT-Fe-Al 2 O 3 powders 25 showing that, in a given specimen, the inner diameter of the DWNTs is lower that the diameter of the SWNTs. This supports the Yarmulke mechanism 31 which states that the inner wall of DWNTs nucleates inside the first one, although growth is simultaneous. However, the decrease observed here (about 0.8 nm) is the double to the one observed before, 25 pointing out a possible influence of molybdenum. Thus, it appears that the addition of a small amount of element molybdenum in the system has for main consequences first to increase the formation of DWNTs over that of SWNTs and second to activate smaller nanoparticles, thus producing smaller CNTs, which could possibly explain why the FEG-SEM images do not seem to reveal an increase in the number of CNTs. It remains to check whether this is due to the formation of some Fe/Mo alloy. Earlier studies on CNT-Fe-Al 2 O 3 nanocomposite powders 25,32 have shown that iron is found post-CCVD as nanoparticles of R-Fe, Fe 3 C, and γ-Fe-C. A detailed study involving notably integral low-energy electron Mo ¨ssbauer spectroscopy 32 revealed In the following, a detailed Mo ¨ssbauer spectroscopic study of the present nanocomposite foams will investigate if differences in the MS, if any, could bring some light on the role played by molybdenum. The Mo ¨ssbauer spectra were recorded at 295 K (not shown), 80 K (not shown) and 15 K (Figure 8). All spectra have been analyzed with superposition of model-independent hyperfine-field (HFD) and quadrupolesplitting distributions (QSD). The range of allowed hyperfinefield values for the magnetic components was chosen to be the same for all samples and independent of the temperature of the measurement. Similarly, all QSD had the same range of quadrupole-splitting values, regardless of the temperature. Correlations between hyperfine parameters were not assumed. As such, four components were found to be required to obtain adequate fits: (i) an outer sextet with hyperfine parameters typical of the R-Fe phase (shaded in red in Figure 8); (ii) an inner sextet that could be attributed to Fe 3 C (shaded in blue); (iii) a doublet that can be ascribed to Fe 3+ species that are not in a magnetically ordered state (shaded in olive); and (iv) a central singlet due to a γ-Fe maybe alloyed with carbon (shaded in cyan). The numerical results from the adjustments of the spectra collected at 295 K, 80 K, and 15 K are listed in Table 2. Several trial fits were attempted in search for an adequate model to describe the experimental Mo ¨ssbauer spectra. Some constraints that were used in these trial fits are as follows: (i) the range of hyperfine-field values was chosen to be the same for all temperatures; (ii) the area ratios of outer lines to middle lines to inner lines for all magnetic components were forced to be equal to 3:2:1; and (iii) the line width of the Fe 3+ doublet was forced to equal 0.30 mm.s -1 . The results of this fitting procedure showed that there are significant deviations on the parameters, especially for the 295 K MS (Table 2). Furthermore, the values of some of the derived Mo ¨ssbauer parameters experience unreasonable changes with changing temperature. This is particularly the case for the relative spectral areas (RA) of the various components that are listed for RT, 80 K, and 15 K measurements (Table 2). The existence of distributed hyperfine-interaction parameters for the various iron phases present in the nanocomposite foams is not unreasonable, considering the nature of these phases: small particles size, possible compositional variations, etc. The occurrence of (super)paramagnetism is a well-known property of magnetic small particles. In the Mo ¨ssbauer spectra, it is reflected in the collapse of the magnetically split spectrum into an apparently paramagnetic doublet or singlet at temperatures lower than the Curie or Ne ´el temperature of the corresponding material, due to fast relaxation of the magnetization vector as a whole. It is reasonable to consider that the iron phases present in the nanocomposites exhibit broad particle-size distributions. Consequently, some of these phases may present a (super)paramagnetic behavior at relatively high temperatures that could result in the appearance of a quadrupole doublet or a singlet in the MS acquired at these temperatures. Considering this feature it could be that part of the Fe 3+ doublet and/or the singlet presently observed at the higher temperatures (RT and 80 K) is actually due to iron species that are experienced as being magnetic, i.e., as a sextet, at 15 K. In this sense, we may doubt about the hyperfine-parameter results obtained for the Mo ¨ssbauer spectra at 80 K and 295 K, and only the data referring to 15 K are thought to be reliable. It should be mentioned that the remaining Fe 3+ doublet at 15 K is due to unreduced iron ions in the structure of the R-alumina. The most important conclusion is that the global appearance of the MS is very similar for all compositions and in general, the effects of the different molybdenum contents upon the various hyperfine parameters are insignificant. The saturation of the hyperfine field (Table 2) of the R-Fe is typical of pure metallic iron without any alloying, indicating that there is no molybdenum in the structure. This demonstrates that after the CCVD treatment there is no solid-solid interaction between iron-and molybdenum-species, in particular, no alloying. The particles that are active for the formation of CNTs are very small (below 5 nm in diameter) and end up at one end of the CNT. Therefore, it is thought that even if some alloying had taken place during the process, and a phase separation during the cooling down, it would have been detected in the postmortem spectra. For 26MoR, the proportion of Fe 3+ ions is higher than for the other specimens, which could indicate that the presence of molybdenum does not favor the reduction of the Fe 3+ ions. This contrasts with the results by Shah et al. 12 This could be because these authors used a lower reduction temperature (700 °C) and also, most importantly, because their iron oxides were supported on γ-alumina, as opposed to forming a more stable R solid solution. Moreover, the sum of the RA of the potentially active species (Fe 3 C and γ-Fe-C) can be considered as constant (about 65%), indicating that increasing amounts of molybdenum in the catalytic material has no influence on this, which is in line with the FEG-SEM observations showing that the quantity of CNTs does not markedly vary. Therefore, this study tends to be in line with other results establishing that the presence of molybdenum favors some phenomena happening in the gas phase, such as the aromatization of CH 4 at high temperature. 1

Conclusions

Powders of an R-Al 1.8 Fe 0.2 O 3 solid solution were prepared by combustion transformed into self-supported foams by a method involving wet attrition-milled, formation of a slurry, impregnation of a polyurethane foam and calcination in air. For some samples, molybdenum was incorporated into the system via the dissolution of a salt during the attrition-milling step. CNTs, mostly SWNTs and DWNTs, were prepared by CCVD using the foams as catalytic materials. Extensive characterization has revealed for the first time that the addition of a small amount of molybdenum in the system first increases the formation of DWNTs over that of SWNTs and second activates smaller nanoparticles, thus producing smaller CNTs. The carbon content in the materials is more than twice the value found for the molybdenum-free foam. A detailed Mo ¨ssbauer spectroscopy study revealed that there is no interaction between iron-and molybdenum species, pointing to a role of molybdenum favoring some phenomenon happening in the gas phase, as opposed to any alloying effect.
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 1 Figure 1. XRD patterns of the XMo oxide foams.
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 32 Nanocomposite Foams. The XRD patterns of the XMoR nanocomposite foams (Figure 3) show peaks corresponding to R-Al 2 O 3 , R-Fe, and Fe 3 C for all specimens. The γ-Fe or a γ-Fe-C alloy may be also present, but cannot be resolved on the XRD patterns because the γ-Fe (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. In addition, R-Mo 2 C is detected for all the foams containing molybdenum, the intensity of the (101) peak increasing upon the increase in molybdenum content. Neither Al 2 (MoO 4 ) 3 nor MoO 3 were detected for any nanocomposite foam, suggesting that all molybdenum oxides were totally reduced during the CCVD treatment. Peaks of Fe-Mo carbides or Fe-Mo alloys were not detected. However, it is not possible to rule out their presence because the most intense diffraction peaks of these phases are close to those for R-Al 2 O 3 or Fe 3 C.

Figure 2 .

 2 Figure 2. Mo ¨ssbauer spectra (295 K) of some oxide foams: (a) 0Mo and (b) 26Mo.
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 34 Figure 3. XRD patterns of the RXMo nanocomposite foams.TABLE 1: Carbon Content (C n ) and Ratio of Intensities of the D and G Bands (I D/G , Raman spectroscopy) in the Nanocomposite Foams specimen X (% mol) Cn (wt.%) ID/G (%) 0MoR 0 3.0 ( 0.1 59 4MoR 4 6.1 ( 0.1 34 9MoR 9 8.7 ( 0.2 39 10MoR 10 9.3 ( 0.2 40 26MoR 26 10.0 ( 0.2 71

Figure 5 .

 5 Figure 5. FEG-SEM images of nanocomposites foams: (a) and (b) 0MoR, (c) and (d) 4MoR, (e) and (f) 10MoR, and (g) and (h) 26MoR.

Figure 6 .

 6 Figure 6. HRTEM images showing typical CNTs and metal particles.

Figure 7 .

 7 Figure 7. Distribution of the number of walls and CNT diameters for 0MoR (a and c, respectively) and 4MoR (b and d, respectively).

Figure 8 .

 8 Figure 8. Mo ¨ssbauer spectra recorded at 15 K for the XMoR samples. R-Fe (red); Fe3C (blue), doublet Fe 3+ (olive); γ-Fe-C (cyan).

TABLE 2 : Mo ¨ssbauer Parameters for the Nanocomposite Foams Recorded at 295 K, 80 K, and 15 K a

 2 The quadrupole shifts (2 Q), quadrupole splitting (∆EQ) and isomer shifts (δ) are given in mm.s-1, the hyperfine fields (Hhf,m) are in kOe and the relative spectral areas (RA) in %. The Hhf,m and ∆EQ,m are the maximum-probability values. The estimated errors are for δ( 0.01 mm/s; 2 Q and ∆EQ: (0.02 mm/s; Hhf: ( 2 kOe; and RA: ( 2%. b fixed parameter.

			R-Fe			Fe3C				doublet (Fe 3+ )		singlet (γ-Fe)
	specimen	Hhf,m	RA	δ	Hhf,m	2εQ	RA	δ	∆EQ,m	RA	δ	RA	δ
							15 K						
	0MoR	343	29	0.12	255	-0.01	39	0.32	0.49	12	0.42	20	-0.03
	4MoR	343	31	0.12	252	0.00	36	0.33	0.47	9	0.42	24	-0.02
	9MoR	343	29	0.12	250	0.00	43	0.33	0.43	6	0.42	22	-0.03
	10MoR	342	28	0.12	250	0.00	41	0.32	0.45	7	0.41	24	-0.04
	26MoR	343	24	0.12	249	0.00	44	0.32	0.49	14	0.42	18	-0.03
							80 K						
	0MoR	339	27	0.12	250	-0.01	41	0.31	0.50	13	0.42	19	-0.03
	4MoR	339	30	0.12	247	-0.01	37	0.32	0.51	11	0.42	22	-0.03
	9MoR	339	29	0.12	244	0.00	42	0.32	0.46	7	0.44	22	-0.02
	10MoR	338	28	0.12	245	-0.01	42	0.32	0.49	8	0.39 b	22	-0.04
	26MoR	339	22	0.13	244	0.00	44	0.33	0.51	16	0.42	18	-0.03
						295 K						
	0MoR	328	19	0.01	207	0.02	43	0.19	0.48	17	0.31	21	-0.13
	4MoR	327	22	0.01	202	0.02	37	0.19	0.46	15	0.31	26	-0.13
	9MoR	326	21	0.02	201	0.01	36	0.19	0.36	13	0.36	30	-0.13
	10MoR	325	18	0.02	202	0.01	36	0.19	0.31	14	0.35	32	-0.13
	26MoR	323	15	0.03	197	0.01	36	0.17	0.42	23	0.32	26	-0.13

a