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Fe/Co Alloys for the Catalytic Chemical Vapor Deposition Synthesis of Single- and
Double-Walled Carbon Nanotubes (CNTs). 1. The CNFFe/Co—MgO System

Pierre Coquay,' Alain Peigney} Eddy De Grave; Emmanuel Flahaut}?
Robert E. Vandenberghe! and Christophe Laurent**

NUMAT, Department of Subatomic and Radiation Physics, University of Ghent, Proeftuinstraat 86, B-9000
Gent, Belgium, and CIRIMAT UMR CNRS-UPS-INP 5085, Centre Interuniversitaire de Recherche et
d’Ingénierie des Matgaux, UniversitePaul-Sabatier, 31062 Toulouse Cedex 9, France

Mgo.ed~eC0,0 (x + y = 0.1) solid solutions were synthesized by the ureic combustion route. Upon reduction

at 1000°C in H,—CH;, of these powders, Fe/Co alloy nanoparticles are formed, which are involved in the
formation of carbon nanotubes, which are mostly single and double walled, with an average diameter close
to 2.5 nm. Characterizations of the materials are performed G&tegMdossbauer spectroscopy and electron
microscopy, and a well-established macroscopic method, based on specific-surface-area measurements, wa:
applied to quantify the carbon quality and the nanotubes quantity. A detailed investigation of the Fe/Co
alloys’ formation and composition is reported. An increasing fraction cff@ans hinders the dissolution of

iron in the MgO lattice and favors the formation of MgBg-like particles in the oxide powders. Upon
reduction, these particles foraxFe/Co particles with a size and composition (close t@sf&0 50 adequate

for the increased production of carbon nanotubes. However, larger particles are also produced resulting in the
formation of undesirable carbon species. The highest CNT quantity and carbon quality are eventually obtained
upon reduction of the iron-free MgdC 14O solid solution, in the absence of clusters of metal ions in the
starting material.

Introduction were often studied in greater detail, notably by Mdssbauer

. . . spectroscopy 15 and X-ray photoelectron microscofyHow-
Catalytic chemical vapor deposition (CCVD) methods are qe the size of these Fe/Co particles is much higher, in the

widely used for the synth_esis of carbon nanotubes (CNTs) Sir‘cerange 26-40 nm, and the formation mechanisms of the MWNTSs
they have a great potential for I.OV.V.' cost, large-scale prodgctlon are different from those of the SWNTs and DWNTSs. It was
and furthermore offer the possibility to form the CNTs either reportedL 12 that the most efficient alloy, in terms of stability

I‘Iljr?(ladsz aml(iﬁtog;at%gzliCc;rnvegniﬁ;?l% ()trr:ofgtirggg ?C;erzg\%?;‘l toward oxidation and carburization reactions, has a composition
decades for the synthesig of filamentous carbon, involve the &12€ 10 F8sd=Cso and that avoiding the formation of &
; o ’ was indeed beneficial for the formation of MWNTSs. The latter
catalytic decomposition of a carbonaceous gas (hydrocarbon or_ . -
. - : : point was also reported in the case of SWNTs and DWNTS.
carbon monoxide) on transition-metal nanometric particles. o
Although several mechanisms do exist, CNTs with only one or ~ 1he present authors have proposed an original CCVD
two walls (SWNTs and DWNTSs, respectively) are mainly method® where prlgtlne metal nanoparticles are formed in situ
produced by catalyst particles below ca. 3 nm in diamkter,  at a temperature high enough for them to catalyze the decom-
Iron and cobalt have both found to be effective for the PoOsition of CH and the subsequent formation of CNTSs. In this
production of SWNTs and DWNTS, but several autficthave method, an oxide starting material is reduced ip—I8H,
reported that Fe/Co alloys, sometimes referred to as bimetallic atmosphere to produce a CNTetat-oxide nanocomposite
catalysts, are even more effective. The alloy formation or powder. The use of MgO as the oxide is advantageous since a
Composition was not studied precise|y, but thEb.fE@Cb.so simple Soaking in HCI allows separation of the CNTs without
composition was nevertheless sometimes singled out as adamaging them.The formation of the suitable metal nanopar-
particularly interesting oné8 By contrast, the Fe/Co alloys ticles is notably governed by the dispersion state of the
involved in the formation of multiwalled CNTs (MWNT$):16 corresponding ions in the starting oxide. In the case of (Mg,
Fe)Ol®2L Fet ions well-dispersed in the octahedral (Oh) sites
*To whom correspondence should be addressed. ¥&3 (0)5 61 55 of MgO tend to form F&" ions whose reduction rate to metallic
61 22. Fax: +33 (0)5 61 55 61 63. E-mail: laurent@chimie.ups-tlse.fr.  iron is very low while clusters of Pe ions and MgFgO,-like

of GNUMAT, Department of Subatomic and Radiation Physics, University - particles are directly reduced to metallic iron. Poorly dispersed

" . -
£ CIRIMAT UMR CNRS-UPS-INP 5085, Centre Interuniversitaire e F€ ' clusters and large Mgk@,-like particles are mostly
Recherche et d’Ingénierie des Matériaux, Université Paul-Sabatier. involved in the formation of thick carbon nanofibers, the outer
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diameter of which is determined by the particle size. By contrast,
well-dispersed F& clusters and small Mgk©,-like particles
lead to small catalytic particles<6 nm), which tend to form
SWNTS and DWNTSs with an inner diameter close to 2 nm. In
the case of (Mg, Co)®322composite powders in which 90%
of the CNTs are SWNTs and DWNTs are obtained provided
the presence of GO, in the starting material is avoided.

In this context, we have performed a detailed investigation
of the Fe/Co alloys involved in the formation of SWNTs and
DWNTSs. Characterizations are performed using not&fiie

carbon as required for the study. The specific surface areas of
the powders obtained after reduction)(8nd of the oxidized
specimens ($ were measured by the BET method using N
adsorption at liquid Mtemperature in a Micromeritics FlowSorb

I 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 was determined
to be in thex3% rangeAS = S, — S represents the quantity

of CNTs1828 The oxidation process was limited to 5 min at
700 °C to avoid the sintering of the matrix grains and

Mdossbauer spectroscopy and electron microscopy as well as acoalescence of the particles, which could give rise to under-
macroscopical method based on specific-surface-area measurevalued S, values and thus overvaluesiS values. The carbon

ments. This work presents results for the CNHe/Co—MgO
system. It builds on several papers dealing with (Mg, Fe)O
oxides?324Fe—MgO,2® and Fe/Co/Ni-MgO?6 composite pow-
ders and CNTFe—-MgO?* and CNT-Co—MgO?32?composite
powders. Results for the CNIFe/Co—MgALO, system will

be reported in a companion pagér.

Experimental Section

Oxide Synthesis.The appropriate amounts of metal nitrates
(magnesium, iron, and cobalt) were mixed with the desired
quantity of urea (Nk—CO—NH,) in order to produe 2 g of
oxide solid solutions with the desired formula MgFe) 10,
M0o.9d-€.05C 00,060, M0o.9d€.0334-0.06610, MTo.90-€.02C00.060,
and Mg .odCap10. Following earlier work$922.24 the urea
guantity was fixed at three times the so-called stoichiometric
ratio (four times for the cobalt-free sample, henceforward called
Fel0, to which frequent reference is made in what follows).

content in the powders obtained after reductid,)(was
determined by flash combustion with an accuracy4#%.
Carbon traces of the order of 0.3 wt % were also detected in
the specimens oxidized at 70CQ (C,). AS/ACwith AC = C,

— G, is considered to represent the quality of the deposited
carbon, a higher quality parameter principally corresponding
to more carbon in tubular form and/or CNTs with fewer walls
and/or less bundled CNT&28X-ray diffraction (XRD) patterns
were recorded with a Siemens D501 diffractometer using Cu
Ka radiation and were computer-analyzed with the GUFI 5.0
program?® For lattice-parameter measurements, the powders
were mixed with NaCl as internal standard and the calculations
were performed with théJnitCell program?® The crystallite
sizes were evaluated from the widths at half-maximum of the
diffraction peaks using the well-known Scherrer’s formula, with
an accuracy of the order of 20%.

Mdossbauer spectra (MS) were recorded with’@o (Rh)

The reagents were mixed with 3.3 mL of water. The mixture SOUrce using conventional time-mode spectrometers with a
had to be continuously stirred and slightly warmed to get a clear constant-a_cceleratlon drives and trlangl_JIar-reference S|gnal_s.
homogeneous solution. The Pyrex dish containing the clear Accumulation of the data was performed in 1024 channels until
homogeneous solution was placed in a furnace preheated at 60@ Packground of at least @ounts per channel was reached.
°C. The solution immediately started to boil and dehydrate. Then The spectrometers were calibrated by collecting at RT the MS

the combustion process itself took place, as detailed else-Of @ standarda-Fe foil and the isomer-shift values quoted
where?224The combustion product formed a consistent homo- hereafter are with reference to this standard. The measured

geneous light brown “cake” occupying the dish volume. This absorbers were prepared with the amount of powder corre-
product was slightly manually ground to produce a powder. For SPonding to 10 mg of iron atoms per square centimeter. For all
the sake of brevity, the oxide powders will be referred to in the Samples, Mossbauer measurements were performed at RT and

following as Fe10, Fe5Co5, Fe3.33C06.67, Fe2Co8 and Co10,at 80 K. The spectra were generally analyzed assuming

respectively.

Synthesis of CNT-Fe—MgO Nanocomposite Powders.
The CNT-Fe—MgO nanocomposite powders were obtained by
selective reduction in a #+CH; atmosphere of the oxide
powders prepared by combustion. Typicallly g of oxide

symmetrical components with Lorentzian line shapes. Alterna-
tively, MOssbauer patterns were fitted with model-independent
hyperfine-field and/or quadrupole-splitting distributions with
Lorentzian-shaped elemental components, where linear correla-
tions between the isomer shift, and the quadrupole shift¢g,

powder was spread in an alumina vessel so that the powderon one hand, and the hyperfine fieldy, on the other hand
bed did not exceed 5 mm in thickness. The reaction was carried(correlation coefficient®, andD,, respectively) of a distributed

out at atmospheric pressure in a fixed-bed flow reactor. The
proportion of CH was 18 mol %, giving rise to supersaturation
in the H,—CH, atmosphere at temperatures required for the
formation of the CNTs (above 70@). The gas flow was fixed

at 15 L/h, and the gas mixture was dried ©R The thermal
cycle was the following: heating rate of*&/min up to 1000
°C, no dwell at 1000°C, cooling rate of 5°C/min to room
temperature (RT). For the sake of brevity, the CNAe/Co—
MgO nanocomposite powders will be referred to in the following

sextet, and between the isomer shift and the quadrupole splitting,
AEq (correlation coefficienDs), of a distributed doublet, can
be imposed?® For the oxide Fe5Co5, MS were additionally
collected at various temperatures between 14 K and RT to
retrieve more specific information about the nature of the
precursor oxides in general.

The CNT—Fe/Co—MgO nanocomposite powders were ex-
amined with a JEOL JSM 6400 scanning electron microscope
(SEM) and with a JEOL JEM 2010 transmission electron

as FelOR, Fe5Co05R, Fe3.33C06.67R, Fe2Co8R, and ColORmicroscope (TEM). The latter microscope allows high-resolution

respectively, where “R” stands for “reduced”.
Characterization. A method based on carbon element
analysis and specific-surface-area measurerietitwas used

images to be obtained where the fringes corresponding to the
walls of isolated CNTSs are clearly resolved. Moreover, using a
short image-capture time, many images are obtained at different

in order to characterize the composite powders at a macroscopicplaces of a sample in a short time. It is then possible to get
scale and thus produce quantitative data which are most usefulmeaningful results on the distribution of the CNTs number of

to compare the different specimens. Parts of the EN&/Co-
MgO powders were oxidized in air in order to eliminate the

walls and diameters in a powder. At least 70 individual CNTs
per sample were considered in these distributions.



TABLE 1: Macroscopical Parameters of the CNTs-Fe/Co—MgO Nanocomposite Powdefs

composite powder Sis (m?/g) S, (m?/g) S (MmAg) Cn (wt %) C, (Wt %) AS(m?/g) AS/AC(m?/g)
FelOR 6.6+ 0.2 8.0+ 0.2 5.7+ 0.2 3.5+0.1 0.1 2304 68+ 15
Fe5Co5R 7.6t 0.2 12.6+ 0.4 8.0+ 0.2 2.6+0.1 0.3 4.6+ 0.6 201+ 35
Fe3.33C06.67R 11#0.3 17.0£ 0.5 10.2£ 0.3 3.6+ 0.1 0.3 6.8+ 0.8 209+ 34
Fe2Co8R 154 0.5 25.0+ 0.8 17.0£ 0.5 4.7+ 0.1 0.4 8.0+ 1.3 184+ 36
Col0R 30.0+ 0.9 51.7£ 1.6 32.7£1.0 4.6+0.1 0.4 19.06+ 2.5 452+ 78

a S5 specific surface area of the oxide precurS&y;specific surface area of the nanocomposite pow8gispecific surface area of the oxidized
nanocomposite powder (5 min at 700 in air); C,, carbon content in the nanocomposite power;carbon content in the oxidized nanocomposite
powder;AS= S, - &, CNTs quantity paramete’sS/AC: carbon quality parameter (A€ C, — C,).
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that is more compact than the one observed for P&ébQt with
Figure 1. () Specific surface are®of the oxide powders, (b) carbon  |arge open cavities. The second kind of grains, ranging in size
contentCy, (€) CNT quantity parameteAS, and (d) carbon quality  ¢om ahout 100 nm to several micrometers, are loose agglomer-
parameteASAC of the CNTs-Fe/Co-MgO nanocomposite powders . . '
versus the cobalt proportion. ates of smaller cry_stalllt(_es and are dlspt_arsgd on the su_rface of
the foam. energy-dispersive X-ray analysis with a beam diameter
of the order of 1um reveals similar proportions of iron and
cobalt in both types of grains, the relative proportions of iron
Carbon Content and Specific Surface AreasThe specific and cobalt being more or less equivalent, as aimed at for this
surface are&S;s of the oxide powders and the macroscopic particular composition. In Fe5Co5R (Figure 2¢,d), the oxide
parameters of the corresponding CNFe/Co-MgO nanocom- matrix keeps a similar aspect as compared to the oxide before
posite powders are shown in Figure 1 and Tabl&J(Figure reduction, but carbon filaments, typical of CNT bundles, cover
1a) increases with the cobalt fraction in the oxide powder, with the surface of all grains.
the steepest increase between Fe2Co8 and Col10. The carbon Typical TEM images of the CNFFe/Co—MgO nanocom-
contentC, (Figure 1b) decreases from FelOR to Fe5C05R and posite powders are presented in Figure 3. Figure 3a shows the
then increases again to reach a plateau for Fe2Co8R and Col0Rpresence of metal particles (dark spots) in Fe5Co5R, which,
The CNT-quantity parametéXS (Figure 1c) increases with the  when examined at higher magnification (Figure 3b), are
cobalt fraction, revealing a particularly large increase inthe CNT observed to be covered by graphene sheets that frequently
quantity between Fe2Co8R and ColQRS/AC (Figure 1d) exhibit deformations, possibly arising from aborted nucleation
increases from FelOR to reach a plateau for Fe5C05R, of CNTs. Figure 3c depicts a bundle of CNTs. In Figure 3d, a
Fe3.33C06.67R, and Fe2Co8R and then more than doubles fothin DWNT is leaving (or joining) a bundle. Some disordered
Co10R. Consequently, the higher carbon content in Fe10R ascarbon appears at the intersection. Figure 3e reveals a bent
compared to Fe5Co5R probably results from the presence of SWNT with a metal particle, about 4 nm in diameter, at its tip.
more undesirable carbon species, as opposed to CNTSs, in theFigure 3f presents a picture of a DWNT with a defect resulting
former sample. It appears also that the increase of the carbonin a bulge in the tube. Such CNTs were frequently observed in
content from Fe5Co5R to Fe2Co8R is associated with a these samples. Figure 3g, referring to Fe3.33C06.67R, shows a
proportional increase in the quantities of CNTs and other carbon nanocapsule without a metal particle inside, which is,
undesirable carbon species, so that the carbon quality remainshowever, very rare in these samples. Finally, in Figure 3h one
constant. Co10R presents by far the best results as far as botimotices the appearance of some thick carbon fibers partially filled
CNT quantity and carbon quality are concerned. with metal and similar to those observed for CNFe—MgO
Electron Microscopy. SEM images of Fe5Co5 and of powders?! However, they are much less abundant in the present
Fe5Co5R, which are typical of the samples containing iron and cobalt-containing samples.
cobalt, are shown in Figure 2. Fe5Co5 (Figure 2a,b) consists Figure 4 shows the particle-size, the number-of-walls, the
of two types of grains. The first type consists of grains that SWNT-diameter, and the DWNT-inner-diameter distributions

Results



(2.2 and 2.6 nm, respectively). This could reflect either the
internal growth of the second wall, possibly by the yarmulke
mechanisn?? or a higher activity of the small catalytic particles
for DWNT formation.

X-ray Diffraction. The XRD patterns of Fe5Co5, Fe3.33-
C06.67, Fe2Co8, Co10, and the corresponding nanocomposite
powders are presented in Figure 5. The XRD spectra for Fel0
and FelOR were reported earlié*All patterns show the five
peaks characteristic of MgO. From the positions of these peaks,
the MgO-lattice parameters were calculdfe@Table 2), and
fromtheir widths at half-maximum, the average crystallite sizes
were estimated using the well-known Scherrer formula (Table
2). No Ca0O,4 was detected, and the main peak of Mgbgis
very weak for Fe5Co5, Fe3.33C06.67, and Fe2Co8 (Figure 5a)
but its appearance confirms the presence of MOkdike
particles in these oxides. For Co10, however, no phase other
than MgO is detected in the XRD analysis, indicating that the
desired stoichiometry MgCay 10 was probably establishég|??
Mg1-xCoO form ideal solid solutions which follow Vegard's
law.3° However, several authd®*®4? have shown that
Mgi1-eO solid—solution members instead exhibit a positive
shift from the ideal linear correlation betwearandx. Hence,
it is difficult to quantitatively interpret the lattice parameters of
MgO containing iron and cobalt ions in terms of substitution
2nm degree. For Fel0, the lattice parameter, according to Vegard’'s
law, would correspond to only 5 atom % iron in solution in
MgO 24 while for Co10 the value is similar to the one repoffed
for a Mgy.odC 10 solid solution (0.4218: 0.0002 nm).

All the MgO-lattice parameters are higher in the ChNHe/
Co—MgO nanocomposite powders than in the corresponding
oxide precursors (Table 2), inferring that upon reduction a larger
fraction of the iron and/or cobalt ions have entered the MgO
lattice substituting for magnesium ions. The ionic radii of Fe

adk and Cé* are indeed about 10% larger than the ionic radius of
Figure 3. TEM images of Fe5C05R (a, b, ¢, f, g) and Fe3.33C06.67R Mg?2". It appears also that the MgO-lattice parameter of Co10R
(d, e, h). is close to that of Co10. These findings suggest that a high

in Fe5C05R, a typical example of the CNFe/Co—MgO proportion of the C&" ions substituting in the precursor MgO

nanocomposite powders. The particle-size distribution (Figure structure have not been reduced to metallic cobalt and have
4a) reveals that 90% of the particles are smaller than 10 nm remained embedded in the MgO lattice.

and no particles with a diameter higher than 20 nm are observed. | € average MgO-crystallite sizes are similar for oxide and
The average particle diameter is equal to 6.0 nm. It is to be nanocomposite powders. They are significantly larger for the

noted that the proportion of small particles§ nm diameter) powders containing iron than for Co10 and Col10R, which is in

is probably underestimated due to the difficulty to detect them !Ine with the results for the specific-surface aregs(Figure
compared to larger particles. Moreover, most of the probed 1@ and Table 1). So far, the reason for the effect of Co
particles are not associated with CNTs. However, they can be SUPstitution upon the size of the MgO grains has remained
considered representative of the general trend of the particle-Unclear.
size distribution in a particular sample. As reported elsevfhere ~ Contrary to Fe1OR; neithera-Fe nor FeC is detected in
the particle-size distribution in Fe10R is drastically broader with the XRD patterns of Fe5C0o5R, Fe3.33C06.67R, and Fe2Co8R
a maximum particle diameter of about 60 nm. The average (Figure 5b). Besides MgO, only-Fe/Co is detected in these
FelOR particle diameter (8.3 nm) is, however, similar to the Samples and, according to the intensity of the diffraction line
presently obtained value for Fe5Co5R. For Co10R, the particle hear 26= 45°, its content increases with the cobalt fraction. In
size distribution is narrower with a maximum particle diameter C010R, only face-centered cubic (fcc) Co is detected. A weak
of about 10 nm, the average particle diameter being about 4 peak characteristic of the distance between two graphene sheets
nm, as estimated from other work&?2 in MWNTSs and/or in graphite is observed except in ColOR. In
More than 85% of the CNTs are SWNTs and DWNTSs (Figure the latter pattern, however, this peak could be masked by the
4b). The width of the diameter distributions for the SWNTs intense signal at low angles coming from the powder support
(Figure 4c) is similar to that 5 nm) reported for SWNTs  used during the measurement.

(2) i’ B 2 nm

prepared by catalytic methdd$:63-3¢ and reflects a mechanism 5’Fe Mussbauer SpectroscopyThe Precursor Oxide Pow-
in which the diameter is established by the catalytic particté. ders.Typical MS for the Fe5Co5 oxide powder are reproduced
As observed for CNFFe—MgOd721 and CNT—Fe—AJO3 in Figure 6. They were fitted similarly to those of F&1With

specimeng;®® a higher proportion of the inner diameters is a superposition of a (super)paramagneti¢Fquadrupole-
within the smallest diameter class for the DWNTs than for the splitting distribution (QSD), a (super)paramagnetié’F@SD,
SWNTs (parts ¢ and d of Figure 4), resulting in a smaller and, below 200 K, in addition a magnetic hyperfine-field
average inner diameter for the DWNTSs than for the SWNTs distribution (HFD) which closely resembles the “MgBa-like”
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Figure 4. Particle size (a), number of walls (b), SWNT diameter (c), and DWNT inner diameter (d) distributions in Fe5Co5R, measured on TEM
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the average value are givenn(Ndm, din).

distribution observed for the Fel0 oxide. The as such obtained * MgO . . . (a)
Md&ssbauer parameters for different temperatures between 14 + MgFe,O,
K and RT are listed in Table 3.

The Fé* QSD profile at low temperature$,< 250 K, shows
two clearly distinct maxima (Figure 6b,f), indicating the presence
of two different sites for the ferrous species. For both sites the
maximum-probability quadrupole splittingEq is rather low
for ferrous species. For the Fesite with the largest, low-
temperature splitting the value &ftq rapidly decreases with
increasing temperature (see Table 3), whereas for the other Fe Fe3.33C06.67
site there is an initial increase up te75 K, followed by a
gradual lowering at higher temperatures. As a result of the Fe5Co5
different temperature evolution @fEq the two ferrous com- 20 30 20 50 60 70 80
ponents at room temperature (RT) can no longer be resolved.

Again, this behavior is very similar to what is observed for the

Fe™ QSD component evaluated from the MS of the FelO

precursor oxide in the preceding work of Coquay etaihere (b) . *
the two QSD maxima were attributed to isolated (low&Ef °

at 14 K) and clustered Feé ions in Oh sites of the MgO
structure, respectively. That assignment was based on several
earlier, independent repoftg®—48on (Mg, —F8)O solid solu-
tions. The distinct temperature variations of the quadrupole
splitting may then be attributed to different crystal fields acting
at the respective sites.

The calculated Fe¢ QSD profile at RT displays three maxima
(Table 3 and Figure 6k). It should be mentioned that an equally
adequate fit was obtained with three discrete, independent,
Lorentzian-shaped doublets (results labeled RTbis in Table 3) , , , )
in addition to the ferrous QSD. The first maximum in théFe 20 30 40 50 60 70 80
QSD profile (lowest maximum-probabilitAEg) could be 20 (°)-CuK,
attributed to ferric species in the Oh sites of MgO, or possibly
in the Oh sites of a Mgh@, structuret*#649The second doublet  Figure 5. XRD patterns of Fe5Co5, Fe3.33C06.67, Fe2Co8, Co10
component has a simil@rbut a largerAEq and may arise from (a) and of the corresponding nanocomposite powders (b).
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Figure 6. Mossbauer spectra of Fe5Co5 measured between 14 K and RT (a, e, i) and corresponding quadrupole-splitting distributions of the
(super)paramagnetic FPephases (b, f, j), quadrupole-splitting distributions of the (super)paramagnétiqpRases (c, g, k), and hyperfine-field
distributions of the magnetic Mgk®,-like phase (d, h).

TABLE 2: MgO Lattice Parameter (a) and Average MgO Crystallite Size (9) of Fel0R, Fe5C05R, Fe3.33C06.67R, Fe2Co8R,
Co10R, and of the Corresponding Oxide Precursors

composite powder a (oxide) (nm) a (composite) (nm) @ (oxide) (nm) @ (composite) (nm)
FelOR 0.422H 0.0004 0.4226+ 0.0004 52.2+10.4 58.3+ 11.7
Fe5Co5R 0.4214- 0.0001 0.4221+ 0.0002 69.6+ 13.9 64.6+12.9
Fe3.33C06.67R 0.4215+ 0.0001 0.4220+ 0.0003 715+ 14.3 71.8+14.4
Fe2Co8R 0.4216+ 0.0001 0.4219+ 0.0002 61.2+ 12.2 62.3+12.5
Col0R 0.4216+ 0.0001 0.4217+ 0.0002 35.8+7.2 31.6+6.3

Oh Fé* ions forming clusters in the MgO structure. The decreases with decreasing temperature, in favor of the magnetic
shallow, third ferric component has an even larg&g, but a component. Consequently, the third maximum and part of the
smaller 6 and could therefore be assigned to®Fedons at first and/or the second maximum therefore may be interpreted
interstitial tetrahedral (Td) sites in the MgO structétahus as being due to MgFk©, particles that behave superparamag-
reflecting the presence of clusters, or t6 F®ns at tetrahedral  netically at relatively high temperatures.
sites in nanosized MgE@,-like particles!®4° This latter as- The magnetic part of the MS was described as a hyperfine-
signment would be consistent with the XRD patterns (Figure field distribution in the range 66560 kOe, with the line-area
5a), which indeed indicate the presence of a M@idike phase ratios of the elemental sextets always being fixed at 3:2:1 (Table
in the involved Fe5Co5 oxide powder. Since the assignment of 3 and Figure 6d,h). Adjustable, linear correlations between the
the distinct ferric components is not straightforward and hence isomer shift and hyperfine field and between the quadrupole
may be questioned, the authors in the present contributionshift and hyperfine field, with correlation coefficienBs and
will henceforward refer to two octahedral Oh sites, Oh(l) and D, respectively, allowed to account for the asymmetry, clearly
Oh(ll), respectively, and one tetrahedral Td site for thé"Fe  observed at low temperatures, of the magnetic pattern. At
cations, without being specific regarding the true nature of the intermediate temperatures, the magnetic component has become
Oh sites. too weak to produce coherebt and D, parameters, and no
The third maximum in the P& QSD profiles (Td sites) is  correlations were imposed. The average Mdssbauer parameters
not present at temperaturés< 150 K (Figure 6c¢,g), the same  corresponding to the maximum of the hyperfine-field distribu-
temperatures at which a magnetic component appears in thetions for the various temperatures (see Table 3) are in good
MS. In contrast, the first and second maxima in thé'F@SD agreement with those expected for MgBglike particles
profile remain present down to temperatures as low as 14 K undergoing superparamagnetic relaxafiditis to be noted that
(Figure 6¢). However, their combined contribution (parameter the extracted HFDs at low temperatures (Figure 6d,h) seem to
P in Table 3) to the total spectrum belowl50 K gradually contain a small contribution from a low-field component



TABLE 3: Md'ssbauer Parameters of Fe5Co5 Measured between 14 K and RT.

(super)para P& (super)para Fe magnetic MgFgO,-like
TKY 6 AEP T P 6 AE® Dy r P 5  H 2 Ds D. r P
0.45 0.53 0.35
14 1.18 0.49 19 0.0084 0.47 12 042 500 0.02—0.0006 —0.0010 0.36 69
1.30 0.52 0.95
0.49 0.46 0.45
30 1.17 0.48 23 0.0438 052 29 041 497 0.01 —0.0005 -—0.0007 0.30 48
1.30 0.43 1.15
0.52 0.46 0.43
50 1.16 0.64 24 0.0194 055 55 041 492 0.01 —-0.0010 -—0.0007 0.36 21
1.20 0.44 1.00
0.59 0.48 0.42
75 1.11 043 21 0.0333 0.47 66 042 486 —0.01 —0.0017 -0.0012 0.39 13
1.15 0.46 0.95
0.43 0.49 0.39
100 1.09 0.39 22 0.0440 048 70 0.41 475 0.0t 0. 0. 0.25 8
1.14 0.46 1.05
0.48 0.37
0.36
150 1.09 035 20 0.47 1.00 0.0176 0.45 76 6.40461 0.0t 0. 0. 0.23 4
0.95
0.46 1.60
0.42 0.35
0.23
200 1.06 032 20 039 090 0.0483 047 80
0.62
0.37 1.45
0.35 0.35
0.16
250 1.08 029 21 034 090 0.0124 048 79
0.70
0.32 1.55
0.34 0.37
RT 1.06 034 034 22 033 080 0.0217 036 78
0.30 1.65
0.34 0.48 0.45 43
RT
1.07 034 038 22 031 0.9 047 31
bis'
0.27 1.72 0.36 4

apara, paramagnetitin, maximum-probability hyperfine field (kOe§, (average) isomer shift (mm/shEq, maximum-probabilty quadrupole
splittings (mm/s); 2q, (average) quadrupole shift (mm/§); Lorentzian line width (mm/s) of elemental doublet or sextet; P, proportion (%nD
D. are the correlation coefficients between isomer shift and field and between quadrupole shift and field, resge@tivelyupole-splitting distribution
from 0.00 to 2.00 mm/s® Quadrupole-splitting distribution from 0.20 to 2.00 mn##lyperfine-field distribution from 60 to 560 kO& Fixed
parameter! Fit with three discrete, Lorentzian-shaped doublets.

(maximum at~125 kOe at 14 K), which could arise from phase. The combined fraction of the Oh ferric ions at first
magnetically ordered P& clusters in the MgO structure. increases significantly but reverses its climb for Fe2Co8. This
However, an artifact from the fitting cannot be excluded. behavior is not well understood.

To demonstrate the influence of the Fe/Co proportions, the  Dividing the iron proportions in Fe10, Fe5Co5, Fe3.33C06.67,
MS of Fel0, Fe5Co5, Fe3.33C06.67, and Fe2Co8 measured aand Fe2Co8 (values from Table 4) by 1, 2, 3, and 5, respectively,
RT are reproduced in Figure 7 and the corresponding Mdssbauerallows comparison of the amounts of the different iron phases
parameters are listed in Table 4. A superposition of afr Fe in oxide powders, as presented in Figure 8b. The amounts of
quadrupole-splitting distribution and three discrete, independent Oh Fe& and Oh Fé&" decrease with increasing cobalt fraction.
Fe*t quadrupole doublets yielded adequate fits. The assignmentHowever, the amount of Td Fe lowers. It can thus again be
of these latter doublets, however, remains problematical. suggested that the increase of the cobalt fraction in the oxide

The proportions of the different iron sites versus the cobalt powders results in an increase of the amount or/and of the size
fraction in the oxide powders are presented in Figure 8a. The of MgFeO,-like particles, while the global amount of iron
proportion of substitutional Oh Fé progressively decreases decreases.
when iron is replaced by cobalt. This observation is in line with  The Composite PowderBigure 9 shows the MS of Fel0R,
the well-known empirical law that Gd has a more distinct  Fe5Co5R, Fe3.33C06.67R, and Fe2Co8R measured at RT. Four

preference for 6-fold oxygen coordination than?Fedoes. different phases are detected in all the involved CNE/Co—
Hence, as more and more cobalt enters the play, proportionallyMgO nanocomposite powders. Their Mossbauer parameters at
less of the available iron as Fewill substitute for Mg™ in RT and at 80 K are given in Table 5 and Table 6, respectively.

the MgO structure. Apparently, this lowering of the substitu-  The first phase, denotgmhra F&" in Tables 5 and 6, refers
tional Oh F&* fraction is accompanied by an increase of the to a nonmagnetic phase exhibiting a QSD (Figure 9d,g,j) similar
proportion of Td F&" species which are associated to MgBe to the one observed earlier for Fe10R (Figure 9b), where it was
like particles. This finding suggests that the presence 8ffCo attributed to F&" ions in the Oh sites of MgO. The fractional
cations triggers the formation of nanosized magnesium ferrite areasP of the Fé" QSDs are equal for the RT and 80 K spectra,
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Figure 7. Mdssbauer spectra of Fel0 (a), Fe5Co5 (b), Fe3.33C06.67 (c), and Fe2Co8 (d) measured at RT. Three discrete, independent Lorentzial
doublets, superimposed on ar?Feuadrupole-splitting distribution, were considered to characterize thegkases.

TABLE 4: Md'ssbauer Parameters of Fe5Co5, Fe3.33C06.67, and Fe2Co8 Measured at RT

Oh Fe* OhFé+b OhFé+tec Td Feé*

oxidepowder & AEp I P 6 AE I P 6 AR T P 6 AEQ T P

0.20'
Fel10 1.04 034 37 032 049 057 36 041 112 067 27

0.48
Fe5Co5 107 034 038 22 034 048 045 43 031 090 047 31 027 172 036 4
Fe3.33C06.67 112 019 024 4 034 046 039 42 031 087 049 44 025 144 047 10
Fe2Co8 034 045 037 40 031 082 040 39 025 127 047 21

aThree discrete Lorentzian doublets were considered to characterize’thghases. For the Fecomponent a quadrupole-splitting distribution
was introduced. Oh, octahedral sites; Td, tetrahedral sitegaverage) isomer shift (mm/s§Eq, quadrupole splitting (at the maxima of the
distribution) (mm/s)I', Lorentzian line width (mm/s)?, proportion (%). The Mossbauer parameters of Fe10 measured at RT (ref 17) are presented
in italic for comparison® Isolated ions in MgO (or possibly ions in Mg#®y). © lons forming clusters in MgC® Quadrupole-splitting distribution
from 0.00 to 1.10 mm/s.

50 @ - - 40— " " T ®) in Tables 5_and 6, columferro Fe/_Co,and HFD profiles are
wol ohFe* (I :\ | = oh Fe* (1) reproduced in parts e, h, and k of Figure 9. The parameter values,
9 M S 30t / N in particular the hyperfine fieltHy, are typical of aro-Fe/Co
» 30l oh Fe™ (Il g oh Fe™ (i alloy, showing notably &y value that significantly exceeds
.é y S f 20t that of thea-Fe phase present in Fe10R. AccordindHig, the
§ 20¢ oh Fe *1 € alloy possesses an average composition close-f@ ¢Cop 4
& ol / ] § 10} oh Fe*'® ] for both Fe5Co5R and Fe3.33C06.67R and close-fee 55
re” N, o Fe® A/ Cog .45 for Fe2Co8R:
oba— T ofa—— T The third component is a sextet typical of ferromagnetigOFe
000 002 004 006 0.08 000 002 004 006 008

and is almost identical to the cementite component resolved
yin Mg, g Fe, ,,,Co,0 yin Mg, o,Fe; ,C0,0 from the MS of Fe10R (Tables 5 and 6). Hence, no cobalt seems
Figure 8. Fractional areas of the different iron sites (a) and amounts t0 be involved in this phase. The fraction of the Fe present in
of iron in these sites (b) in the oxide powders as revealed by the MS the FgC phase is not affected by the amount of Co in the
at RT. The amounts were obtained by dividing the corresponding precursor oxides but is significantly smaller as compared 6 Fe

frag“":)"g'cageas by 1t7' 2,| 3,T?1nd|_5 for Felo, dFeiC‘zE* Fe3.33C06.67, phase in Fe10R. Hence, the presence of Co, no matter to what
and FecLos, respectively. The fines are guides fo the eye. extent, triggers the formation of cementite.

but the two maxima, ascribed to isolated and clustered Fe Finally, the fourth component appearing in the MS of the
ions, respectively, appear to be well resolved in the QSD profiles composite powders shown in Figure 9 is a singulet exhibiting
of the latter for all four investigated composite powders. (Table higher isomer-shift values than that of theFe—C singlet
6). No magnetic splitting due to the Feclusters is observed, detected for Fe1l0R (Tables 5 and 6). The isomer shift of this
in agreement with earlier resufts. singlet and its fractional area at RT both increase with the cobalt
The second component involves a magnetic phase. The linefraction. For a given Co concentration, the singlet’s contribution
shape reflects a distribution on the magnetic hyperfine field and decreases with decreasing temperature, and this in favor of the
its contribution was introduced as such. The relevant adjusted magnetic Fe/Co phase. A similar singlet was observed in€NT
parameters corresponding to maximum probability are included Fe/Co—MgALO, nanocomposite powdefsand was attributed
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Figure 9. Mdéssbauer spectra of Fe10R (a), Fe5Co5R (c), Fe3.33C06.67R (f), and Fe2Co8R (i) measured at RT and corresijanaidgupele-
splitting distributions ((b, d, g, j, respectively). The hyperfine-field distributions of the ferromagnetic Fe/Co alloys in Fe5C0o5R, Fe3.33C06.67R,
and Fe2Co8R (e, h, k, respectively) are also presented.

to superparamagnetig-Fe/Co—C particles formed at high Fe/Co-MgO nanocomposite powders versus the cobalt fraction
temperature and stabilized at RT due to the presence of carborin the corresponding oxide powders (values from Table 5).
in the large octahedral voids of thefcc structure and to the  TheseP values can be compared with the evolution of the
nanometric size of the particles. It is suggested that the samefractional areas of the iron phases in the respective oxide
interpretation holds for the present CNFFe/Co-MgO system. powders presented above (Figure 8) and repeated in Figure 10a
The observation that the isomer shift of theFe/Co—C for the ease of comparison (values from Table 4).

increases with increasing Co content implies that the Co/Fe ratio  The F@+ area fractions are higher in the CNFe/Co-MgO

of the involved phase changes accordingly. Further, the HFDS anocomposite powders than in the corresponding oxide precur-

evaluated for the Fe/Co magnetic phases are characteristic Ogors, suggesting a higher Fe-for-Mg substitution degree in the
ferromagnetiax-Fe/Co as discussed above but, in addition, also MgO structure for the former. This is in agreement with the

contain, especially at 80 K, small contributions due to the

higher MgO-latti t b d for the CI¥FE/C
magnetic splitting of part of thg-Fe/Co—C particles. I9NST NVIgia 168 PATAMEISTs ODServer Tor the o

MgO nanocomposite powders as compared to the corresponding
oxide powders (Table 2), the ionic radius of?Féseing about
10% larger than that of Mg. In accordance with earlier resi#its

In this section, the formation of the iron(/cobalt) species is and with several authof;%8.52it thus appears that Feions
discussed in relation with CNTs. Figure 10b shows the fractional well-dispersed in the Oh sites of precursor MgO tend to form
spectral areaB of the various iron phases presentinthe GNT  Fe&*" ions upon reduction, which at 100@ are resistant to

Discussion



TABLE 5: Md'ssbauer Parameters of Fe5Co5R, Fe3.33C06.67R, and Fe2Co8R Measured at RT

nonferro Fe (para

para Fé* ferro Fe/Co (ferrar-Fe) ferro FeC y-Fe—C)

composite powder 0 AEq r P 0 Hi 26 r P 0 Hi  2€q T P 0 r P
0.20

FelOR 1.04 027 69 © 330 o 031 5 0.18 206 0.02 0.38 19-0.10 0.48 7
0.50

Fe5Co5R 1.05 039 029 69 0.03 358 002 032 16 0.19 207 000 051 9-0.02 0.64 6

Fe3.33C06.67R  1.05 0.32 0.26 54 0.02 358 0.01 0.30 28 0.18 207 0.04 042 10 0.12 0.96 8
0.23

Fe2Co8R 1.05 021 28 0.01 350000 028 53 018 210 000 041 8 021 080 11
0.5¢

apara, paramagnetic; ferro, ferromagnetit;, hyperfine field (at the maximum of the distribution) (kOé); (average) isomer shift (mm/s);
AEg, quadrupole splitting at the maxima of the distribution (mm/g);, Zaverage) quadrupole shift (mm/$), Lorentzian line width (mm/s); P,
proportion (%). The Mdssbauer parameters of Fe10R measured at RT are shown in italic to allow comp@uisainupole-splitting distribution
from 0.00 to 1.50 mm/s® Quadrupole-splitting distribution from 0.00 to 1.10 mnf/$ixed parameter® Hyperfine-field distribution from 300 to
400 kOe

TABLE 6: Md'ssbauer Parameters of Fe5C0o5R, Fe3.33C06.67R, and Fe2Co8R Measured at 80 K

nonferro Fe (para

para Fé* ferro Fe/Co (ferrax-Fe) ferro FeC y-Fe—C)

composite powder J AEqg T P o Hne  2eq r P o Hne  2eq r P o r P
0.40

FelOR 1.18 033 69 011 339 9% 0.32 5 029 246 002 039 20 0.01 0.45 7
1.03

Fe5Co5R 1.16 0.3 028 69 0.14 366 0.01 024 18 031 246 0.03 0.44 9 0.03 0.47 4
0.8%

Fe3.33C06.67R 1.16 0.6 027 56 0.14 364 0.00 024 30 031 246 0.01 038 10 0.18 0.68 4
0.8%

Fe2Co8R 1.16 035 029 29 0.13 357 0.01 025 59 031 247 0.01 0.35 8 0.30 0.58 4
0.82

apara, paramagnetic; ferro, ferromagnetit;, hyperfine field (at the maximum of the distribution) (kO@é); (average) isomer shift (mm/s);
AEg, quadrupole splitting at the maxima of the distribution (mm/g);, Zaverage) quadrupole shift (mm/g), Lorentzian line width (mm/s); P,
proportion (%). The Méssbauer parameters of Fe10R measured at 80 K are shown in italic to allow comp@uisainupole-splitting distribution
from 0.00 to 2.00 mm/s: Hyperfine-field distribution from 300 to 400 kO&Fixed parameter.

further reduction to metallic iroff2 Further, the proportion of 70f ' ' @i - ' ' (b)]
Fe?* substituting in the MgO phase present in the nanocomposite ol I Nez* ]
powders is observed to decrease drastically with increasing® 50l " ] . v
cobalt fraction in the precursor (Figure 10b). This finding is « ohFe™ ()
: ; . / . S a40f ——

readily understood since, as pointed out earlier, a higher cobaltg oh Fe¥ (Il)
fraction results in a lowering of the iron ions dispersed in the & 30 ° . 1 [ oFelCo .
Oh sites of the parent MgO (Oh eand partly Oh F&" (1) in & 20p*~.ohFe yes*‘ 1 'F/C
Figure 10a). 10} >< ] ’//%jx

In agreement with previous res@tand with several earlier ol * *—— ] |7 rFelCoC
reports?*46.52the present findings support the idea that'Fe ' ' ' ' ' ‘ ‘
clusters and MgF®,-like particles tend to be directly reduced 40 (é) ¥ i ' (d)
to metallic iron, in contrast to the well-dispersed O Fiens, = .
which are, as mentioned above, rather resistant to total reduction.§ 30} 1 T oh Fe*
Indeed, the increase in the iron fraction involved in th&e/ g oh Fe™ (1)

Co phase with increasing Co/Fe ratio (Figure 10b) can be < 20} oh Fe*" (II) - 1
accounted for by the higher abundance in the oxide powders of £ . ><

u

Td, Oh (lI), and, partly, Oh (1) sites occupied by*fF¢see Figure € 10}~ ohFe* { | oFelCo |
10a). It appears that the-Fe/Co phase in the first place is the < td Fe* :\Fe3C .
result of diffusion of Cé* ions from the MgO lattice into the ol * | _xm*\*
MgFeO,-like particles and subsequent reduction of the latter. :
However, it is plausible that for some reason the Mghdike
particles, or at least a significant fraction of these, more readily
interact with the carbon of the reducing atmosphere than with
the cobalt substituting in the oxide, resulting upon reduction in Figure 10. Fractional spectral areas of the different iron sites present
the formation of a small proportion of Co-free Jeeparticles in the oxide powders (a) and of the different iron species in the
which were not detected by the XRD analysis (Figure 5b). ~ corresponding CNTs—Fe/Co—MgO nanocomposite powders (b), and
Following the discussion in a report on similar CNRe/ amounts of Fe in these sites and phases, (c) and (d), respectively, as

. . . revealed by the MS at RT. The amounts were obtained by dividing the
Co—MgAl:04 nanocomposite powdetsjt is believed thatthe  corresponding fractional areas by 2, 3, and 5 for Fe5Co5(R),

y-Fe/Co—C phase, identified for the present CNiide Fe3.33C06.67(R), and Fe2Co8(R), respectively. The solid lines are
system, occurs as small particles that are predominantly locatedguides to the eye.

005 006 007 008 005 006 007 008
yin MngeomyCoyO y in Mg, ,,Fe CoyO

0.10-y



inside the oxide—matrix grains and are as such not directly CNT—Fe/Co—, and CNT—Co—MgO nanocomposite powders,

involved in CNT formation. These particles probably result from
the reduction of C&" and F&" ions or from the diffusion of
Cc?" ions in small F&" clusters and subsequent reduction to
metallic species.

Dividing the various Fe fractions of Table 5 for Fe5C05R,

the presently derived increase in the CNT quantity (Figure 1c)
and the global increase in the carbon quality (Figure 1d) reveal
notably a better overall dispersion of the metal ions in the oxide
precursors. In particular, upon reduction of Co10 (Mg0p 10
solid solution), the CNTs grow from Co patrticles that are directly

allows direct comparison the absolute amounts of Fe species@Ppears to be the most efficient one to generate catalyst particles

present in the involved phases constituting the €I¥€/Co—

with a size adequate for CNT formation, as witnessed by the

MgO nanocomposite powders (see Figure 10d). These amountdigh CNT quantity and carbon quality observed for Co10R.

referring to Oh Fé&", FeC, andy-Fe/Co—C decrease with
increasing cobalt fraction, whereas fof~e/Co a slight increase

is noticed. The latter observation is in line with the XRD patterns

of the CNT-Fe/Co-MgO nanocomposite powders (Figure 5b),
from which an increase in the amount of-Fe/Co with

Conclusions

Mgo.od~eC0,0 (x +y = 0.1) solid solutions were synthesized
by the ureic combustion route. Cobalt ions apparently readily
substitute for Mg in the MgO structure so that a single-phase

increa;ing cobalt fraction was indeed inferred. Comparing the Mgo.0dC00.16Q solid solution can be formed. However, it appears
evolutions of the Fe amounts for the reduced powders (Figure that the presence of €bions hinders the dissolution of iron
10d) with those for the parent oxides Fe5Co5, Fe3.33C06.67,in the MgO lattice, so that an increasing fraction of cobalt in

and Fe2Co8 as shown in Figure 10c gives the impression thatthe oxide powders (and thus a decreasing iron fraction) favors

the iron amount ino-Fe/Co in the composite powders is
correlated to the amount of Td Feions (MgFeOy-like phase)
in the oxide powders. This would imply that the amount and
size distribution of the MgF©,-like particles in the precursors
affect the amount and size distribution of thd-e/Co particles
in the CNT—Fe/Co-MgO nanocomposite powders, taking into
account possible coalescence effects upon reduction.

The Mdssbauer spectroscopic study of the CNFE/Co—
MgAl,O4 nanocomposite powdérsshowed that the formation
of CNTs on Fe/Ce-alloy particles occurs without carburization

the formation and the clustering of ¥eions. This results in an
increase with the cobalt fraction of the amount and/or size of
MgFeO4-like particles in the oxide matrixes.

Upon reduction at 1000C in H,—CHj, of the oxide powders,
the FéT ions that are well-dispersed in the Oh sites of MgO,
tend to form F&" ions which are to some extent resistant against
reduction to metallic iron. Three reduced phases are detected:
a-Fe/Co, FeC, andy-Fe/Co—C. The MgF&,-like particles
in the oxide powders tend to alloy with cobalt upon reduction,
forming iron-richa-Fe/Co particles. These particles are involved

of the catalyst particles and that the CNT quantity has been in the formation of CNTs (mostly SWNTs and DWNTs with

promoted to the largest extent when @) 5¢C0p 50 alloy is

an average diameter close to 2.5 nm) and other carbon species

detected in the postreaction analysis. In the case of pure iron,(nanocapsules, fibers), depending on their size. The increasing

however, the formation of E€ poisons the catalyst particles,

amount of the MgF€;-like phase with increasing cobalt

resulting in a decrease of the CNT quantity and of the carbon fraction in the oxides favors the formation of mawseFe/Co

quality?* The a-Fe/Co amount in the present CNFe/Co—

particles with a size and composition (closer to €050

MgO nanocomposite powders increases with increasing cobaltadequate for CNT formation. However, at the same time an

fraction while the FgC amount decreases. Moreover, the
composition of the formed alloy is closer to g=gC0p 50 With

equivalent proportion of larger particles is produced as well,
so that the overall carbon quality in the material remains the

increasing cobalt fraction. This could explain the upgrading of same. The highest CNT quantity and carbon quality are
the CNT quantity when the cobalt raises, as observed from eventually obtained upon reduction of the iron-free Mg

Figure 1c. However, the carbon quality for Fe5Co5R, Fe3.33-

Coy.1dO solid solution, in the absence of clusters of metal ions

C06.67R, and Fe2Co8R (Figure 1d) is similar. Hence, it appearsin the starting material.

that the higher amount of the Mgf&s-like phase with a higher

cobalt content in the oxide powders (Figure 10c) generates upon Acknowledgment. The authors thank Mr. L. Datas for his
reduction not on'y more par“cles Wlth a Size adequate for CNT assistance in the TEM Obsel’vatlons, Wthh haVe been performed

formation but also larger particles responsible for the formation at the “Service Commun TEMSCAN of UFR Physique-Chimie-
of undesirable carbon species (nanocapsules and fibers). Thé\utomatique, Université Paul-Sabatier”. This research is sup-

number of walls and the bundling of the CNTs could also

ported by the Belgian National Program of Inter-University

influence the carbon quality. However, the electron microscopy Attraction Pole on Reduced Dimensionality Systems (P4/10),
observations do not reveal substantial differences betweenbY the Fund for Scientific Researelfrlanders, and by the

Fe5Co05R, Fe3.33C06.67R, and Fe2Co8R in this respect.
In Fe10R, only 20 atom % iron occurs asEgTable 5). If
one considers an gefCo 50 composition, the atom % metal
(iron and cobalt) involved ir-Fe/Co in Fe5C05R, Fe3.33-

Co06.67R, and Fe2Co8R can be estimated at 16.5, 18.5, and 21.

atom %, respectively, by multiplying the M6ssbauer fractional

area of thea-Fe/Co component in Fe5Co5R, Fe3.33C06.67R,

and Fe2Co8R (results from Table 5) by 43, and s,

respectively. For Col0R, the lattice parameter of MgO (Table

Franco—Belgian TOURNESOL program (T99/006-T99/045).
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