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Fe/Co Alloys for the Catalytic Chemical Vapor Deposition Synthesis of Single- and
Double-Walled Carbon Nanotubes (CNTs). 2. The CNF+Fe/Co—MgAIl,O4 System

Pierre Coquay,! Emmanuel Flahaut} Eddy De Grave; Alain Peigney#
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

A detailed>"Fe Mossbauer study of the Mgre; »—Ca,AlO4 (y = 0, 0.05, 0.1, 0.15, 0.2) solid solutions and

of the CNT—Fe/Co—MgAIO, nanocomposite powders prepared by reduction y-@H, has allowed
characterization of the different iron phases involved in the catalytic process of carbon nanotube (CNT)
formation and to correlate these results with the carbon and CNT contents. The oxide precursors consist of
defective spinels of general formulas (Mg-?"Fe—3.2TFeT.C0o2TAlI 302~ . The metallic phase in

the CNT—Fe/Co—MgAIO, nanocomposite powders is mostly in the form of the ferromagretie/Co

alloy with the desired composition. For high iron initial proportions, the additional formation 46 Bad
y-Fe—C is observed while for high cobalt initial proportions, the additional formationyeFa/Co—C phase

is favored. The higher yield of CNTs is observed for postreactiefe, sdCoo 5o catalytic particles, which

form no carbide and have a narrow size distribution. Alloying is beneficial for this system with respect to the
formation of CNTSs.

Introduction carburization reactions, has a composition close & 50
and that avoiding the formation of & was indeed beneficial
for the formation of MWNTSs. The latter point was also reported

in the case of SWNTs and DWNT$:17

Catalytic chemical vapor deposition (CCVD) methods have
a great potential for low-cost, large-scale production synthesis
of carbon nanotubes (CNTs) and furthermore offer the pos- .
sibility to form the CNTs either inside a host material or very The gresent a_utljors have propos_ed an original .CC\./D
locally on patterned substrates. These methods, basically similaf™€thod® where pristine metal nanoparticles are formed in situ
to those used for several decades for the synthesis of filamentou&t @ temperature high enough for them to catalyze the decom-
carbon, involve the catalytic decomposition of a carbonaceous POSition of CH and the subsequent formation of CNTs. In this
gas (hydrocarbon or carbon monoxide) on transition-metal Method, an oxide starting material is reduced in a-8H,
nanometric particles. Although several mechanisms do exist, a&imosphere to produce a CNimetal-oxide powder. A study
CNTs with only one or two walls (SWNTs and DWNT, ©n CNT-M-MgAl.:O, (M = Fe, Co, Ni) nanocomposite
respectively) are mainly produced by catalyst particles below powders revegled that for all .t_he studle(_j transition metal
ca. 3 nm in diameteY=2 Iron and cobalt have both found to be  contents, the highest CNT quantities were given by cobalt, then
effective for the production of SWNTs and DWNTs, but iron, and then nickel and the best carbon qualities (notably
interestingly several authdrs have reported that Fe/Co alloys, 'eflecting a minimum of fiberlike species) are given by cobalt,
sometimes referred to as bimetallic catalysts, are even morethen nickel, and then iron. It was further shdvthat alloying
effective. The alloy formation or composition was not studied prowdes. |ntermfed|ate results in the case of Fe/Ni and Co/Ni
precisely, but the RgdConso composition was nevertheless but that, interestingly, Fe/Co alloys were found to produce more

sometimes singled out as a particularly interesting &reBy
contrast, the Fe/Co alloys involved in the formation of multi-
walled CNTs (MWNTsP 16 were often studied in greater detail,
notably by Mdssbauer spectroscépyt®and X-ray photoelec-
tron spectroscop}f Note that the size of these Fe/Co patrticles
is much higher, in the range 2@0 nm, and that the formation
mechanisms of the MWNTSs are different from those of the
SWNTs and DWNTSs. It was notably reportéd?that the most
efficient alloy, in terms of stability toward oxidation and
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CNTs than either Fe or Co although the carbon quality was
slightly inferior to that obtained for pure cobalt. The differences
between iron and cobalt could find their origin both in the
formation of cementite (R€) particles and in a higher particle
size in the case of iron. Indeed, studies of the carbon-free
nanocompsoite powdeéfgrevealed that the metal particle size
distribution is bimodal €30 nm and 56-200 nm) for Fe-
MgAI 04 but unimodal and rather narrow for Fe/Co- and-Co
MgAI,O, (10—15 nm).5"Fe MGssbauer spectroscopy investi-
gation of the CNTF-Fe—MgAl ,0,17-2223powders have revealed
three iron phases (ferromagnetie~e, ferromagnetic R€, and
ay-Fe—C alloy showing antiferromagnetic coupling below 80
K). The study suggests that (i) the particles that catalyze the
formation of the CNTs are RE in postreaction examination,
(i) the particles located inside the spinel grains@fiee particles



and smally-Fe—C particles, and (iii) the inactive carbon-coated
particles could end up as any of theFe, FeC, andy-Fe—C
forms.

In this context, we have performed a detaitéide Mossbauer
spectroscopy investigation of the Fe/Co alloys involved in the
formation of SWNTs and DWNTs for the CNT-Fe/€o
MgAIl O, system. Characterization of the same materials by
X-ray diffraction (XRD), electron microscopy and by a mac-

roscopical method based on specific-surface-area measure-

ment3824were reported elsewhe?édn particular, XRD pattern
have shown that the involved oxide solid solutions are pure,
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single-phase spinel phases. This work also builds on severalrigure 1. MS of Fe10C010 (a) measured at 80 K and corresponding

papers dealing with GeMgAl ,04,2° Fe—MgAl,O4,%2 Fe/Co—
MgAI,04,2t CNT-M—MgAI,O, (M = Fe, Co, Ni)!° and
CNT—Fe—MgALO472223composite powders, as well as the
relevant (Mg, Fe, Co)AD, oxides used as starting materials.
Results for the CNT—Fe/Co—MgO system will be reported in
a companion papéee.

Experimental Section

Synthesis.Spinel oxides were prepared by the nitrateea
combustion rout® as described elsewheré? Six grams of
oxide solid solution powders with the desired formuladég
Fey 2A1,04, Mgo gF&).15C00.05A1 204, Mgo gF&y.1C 0. 1Al 204, Mo &
Fen.05Cp.15A1,04 and Mg gCap 2AI 04 Were produced. For the
sake of brevity, the oxide powders will be referred to in the

guadrupole-splitting distributions of the #gb) and Fé" (c) doublets.

TABLE 1: Md'ssbauer Parameters of the Fe20, Fe15Co5,
Fel0Co010, and Fe5Co15 Oxide Powders Measured at 8G K

oxide para Fé* para Fé"

powder 0 AEq T P 0 AEq T P
Fe20 ((21)) 105 21 028 415 038 G5 042 %8°
Fe1s00s () 105 2lozs 3 O3, 0%, 00
100010, 09 105 21054 335 O, O3, 040 73
Fescots (0 199 2o,y 255 O OF, 0z 743

apara, paramagneticd, isomer shift (mm/s);AEq, quadrupole

following as Fe20, Fe15Co05, Fe10Co10, Fe5Co015, and Co020.splitting (mm/s); T, line width (mm/s) of elemental doublet; P,

The CNT—Fe/Co—MgAIO, nanocomposite powders were
obtained!°by selective reduction in at+CH, atmosphere (18
mol % CH;,) of the oxide powders prepared by combustion.

The reaction was carried out at atmospheric pressure in a fixed-

bed flow reactor. The thermal cycle was the following: heating
rate of 5°C/min up to 1070°C, 6 min dwell at 1070C, cooling
rate of 5°C/min to room temperature (RT). For the sake of
brevity, the CNF-Fe/Co-MgAl,O, nanocomposite powders
will be referred to in the following as Fe20R, Fel5Co05R,

FelOCo10R, Fe5C015R and Co20R, respectively, where “R”

stands for “reduced”.
Characterization. Mdssbauer spectra (MS) of the iron-
containing specimens were recorded with’@o (Rh) source

using a conventional time-mode spectrometer with a constant-
acceleration drive and a triangular-reference signal. Accumula-

tion of the data was performed in 1024 channels until a
background of at least #@ounts per channel was reached. The
spectrometer was calibrated by collecting at RT the MS of a
standardx-Fe foil and the isomer-shift values quoted hereafter

are with reference to this standard. Unless otherwise stated, th
spectra of the nanocomposite powders were analyzed assumin

symmetrical components with a Lorentzian line shape, while
those of the oxide powders were fitted with a superposition of
a ferrous and a ferric quadrupole-splitting distribution (QSD)

with Lorentzian-shaped elemental doublets. For most samples,
spectra were recorded at 80 K and at RT to detect a possible
evolution of the Fe phases. In addition, selected specimens werey

examined at different temperatures between 11 K and RT.

Results and Discussion

MdUssbauer Spectroscopy Study of the Oxide Powdera.
typical MS of the iron-containing oxide powders recorded at

proportion (%); (1) and (2) refer to the two components which are
recognized in the respective probability-distribution profiles.

previously observed for similar oxidésThe F&" QSD profiles
obviously are consistently composed of two more or less distinct
components, centered arour@.1 and~2.9 mm/s, respectively
(Figure 1b). Since the spinel lattice has octahedral and tetra-
hedral lattice sites, it is tempting to ascribe the two components
to F&" cations being distributed among these two coordination
types. Unlike the cobalt-free Mg«FeAl 04 powders, for which

the calculated F¢ QSD profiles are clearly bimodal, the
present Mg g(Fe/Co) Al 04 samples do not exhibit this feature.
The shallow bump in th@(AEg) curve observed foAEqg ~

1.8 mm/s (see Figure 1c) is insignificant and can be attributed
to an artifact of the fitting procedure. In view of the preceding,
this would imply that the ferric cations prefer only one type of
coordination. According to the isomer-shift data presented in
Table 1, this would likely be the octahedral site. More specific
details about the Fe cation distribution in the respective spinel

ephases cannot be concluded from the present MS.

Since for the syntheses of the involved oxides stoichiometric
ixtures of metal nitrates, aimed to eventually obtaingMg

(Fe/Co)2Al,0, spinels, were used, the presence cfFmplies
that the obtained products are defective spinels, of which the
general formula can be written as (Mg-?*Fe 30> Fex® Do
Co2TAI3M) 042~ in agreement with earlier resufts.

MdUssbauer Spectroscopy Study of CNFFe/Co—MgAl ;04
anocomposite PowdersThe MS obtained at 80 K and at
RT for Fe20R, Fel5Co05R, Fel0Co010R, and Fe5Co015R are
reproduced in Figures 2 and 3, respectively. The corresponding
Mossbauer parameters are listed in Tables 2 and 3, respectively.
The results for Fe20R are included for the sake of comparison.
Because of being irrelevant, the wealkéFeoublet (P= 2%)

80 K is shown in Figure 1. The relevant parameters obtained detected for Fe20R at RTis neglected in the present discussion.

from the two QSD fits are listed in Table 1. For specimens
with an iron content below 20 atom %, a slightly better fit of

Comparing the results for Fe20R and Fe1l5Co05R, it is noticed
that the MS, both at 80 K (Figure 2a,b) and at RT (Figure 3a,b),

the MS is obtained by adding a linear correlation between the exhibit similar global features, being composed of two sextets

isomer shift and the quadrupole splitting for both QSDs, as

and one singlet. The narrower sextdt{~ 250—-240 kOe) and
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Figure 2. MS of Fe20R (a), Fe15Co5R (b), Fe10Co010R (d), and Fe5C015R (f) measured at 80 K and corresponding hyperfine-field distributions
of the ferromagnetic Fe/Co alloys (c, e, and g, respectively).

the singlet in the Fe15Co5R MS have Mdssbauer parameterswith a cubic structure for the involved Fe-containing phase. The
that are similar to those of the f& sextet and the’-Fe—C isomer-shift value at RT is slightly positive, and the hyperfine-
singlet, respectively, resolved from the Fe20R spectra (Tablesfield value is in excellent agreement with the value reported by
2 and 3). Consequently, no Co atoms seem to be involved in Johnson et &7 for a body-centered cubic (bca)}Fey 76Cp 25
these two phases. Thedeeproportion, however, is much lower  alloy. It thus appears that the broad sextets present in the MS
in Fe15Co5R than in Fe20R. In contrast, the hyperfine fields of Fel5Co5 are due to an Fe/Co alloy with an average
Hps for the dominant sextet components in the MS of Fe15Co5R composition close to the targeted one. The observed line
are significantly higher than the corresponding values of the broadening can then be ascribed to compositional fluctuations
a-Fe sextet in Fe20R, the absorption lines for the former being and/or small-particle-size effects.

also broader and slightly asymmetric (see Figures 2a,b and 3a,b). Earlier MGssbauer spectroscopic measurements at various
The broadened sextet components could only be adequatelytemperatures in the range 11 K to RT for the Fe/GtgAl 04
fitted using hyperfine-field distributions (HFDs) with linear nanocomposite powders obtained by reduction in puyeatH
correlations between isomer shift and hyperfine field and 1000°C of Mg d~€.06C00.02A1 204 and Mg d-€n.064C 00 035A 204
between quadrupole shift and hyperfine field. The field data solid solutions! showed a unique sextet, with absorption lines
indicated in Tables 2 and 3 refer to the maximum-probability broadened with respect to the line width observed fouere
values. The adjusted values of respective correlation coefficients,foil and with Méssbauer parameters that are in agreement with
Ds andD,, as well as the widtd™ of the elemental sextet, are those found for the desired-Fe)gCoyo and o-FeygC0p 35

also included in these Tables. The hyperfine-field distributions alloys?2” It appears that the presence of carbon in the presently
at 80 K and at RT (Figures 2c¢ and 3c) show a short tail toward applied reducing atmosphere favors the formation gCFand
low-field values. The quadrupole-shift values corresponding to y-Fe—C in the obtained iron-rich CNTFe/Co—MgALO,
maximum probability are consistently equal to zero, consistent nanocomposite powder. As a consequence, an amount of Co
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Figure 3. MS of Fe20R (a), Fe15Co5R (b), Fe1l0Col0R (d), and Fe5Co015R (f) measured at RT and corresponding hyperfine-field distributions
of the ferromagnetic Fe/Co alloys (c, e, and g, respectively).

TABLE 2: Md'ssbauer Parameters of Fe20R, Fel5Co5R, Fe1l0Co010R, and Fe5Co015R Measured at 80 K

nonferro Fe (para

composite ferro Fe/Co (ferrai-Fe) ferro FeC y-Fe—C)

powder o) Hhn¢ 2€Q Ds D. I P o) His 2€Q T P o) T P
Fe20R 012 343 029 275 031 248 000 032 59 003 051 135
Fel5Co5R 0.15 375 0.00 0.0000 0.0014 025 72 030 240 002 045 19 0.03 0.38 9
Fel0ColOR 0.14 349 0.01 0.0001 0.0014 027 97 0.16 1.10 3
Fe5Co15R 0.14 339 0.00 0.0005 0.0010 0.25 96 0.23 0.70 4

aferro, ferromagneticHy;, hyperfine field at the maximum of the distribution (kOé);isomer shift (mm/s); &, quadrupole shift (mm/sPs,
linear correlation coefficient between isomer shift and hyperfine fiBld;linear correlation coefficient between quadrupole shift and hyperfine
field; T', Lorentzian line width (mm/s)P, proportion (%)? Fixed parameter Hyperfine-field distribution from 260 to 400 kO& Hyperfine-field
distribution from 200 to 400 kOe® Hyperfine-field distribution from 160 to 400 kOe

atoms in excess to the amount required to form a uniforgd-e 3) and hence the isomer shift can be considered constant for all
Cop 25 alloy composition with the still available Fe atoms, is hyperfine-field values considered in the distribution for Fe15Co5R,
present, resulting in compositional variations toward Co-richer both at 80 K and at RT. In contrast, the quadrupole shift seems
Fe/Co alloys. Knowing that these alloys exhibit lower hyperfine to increase with decreasing hyperfine field (positive linear
fields2” as compared to BesCay 25 the observed tail toward  correlation coefficient®, at 80 K and at RT), which could be
low-field values in the evaluated hyperfine-field distributions indicative of increased deformations of the cubic structure for
can be understood. The linear correlation coefficiznbetween lower-field values, i.e., higher Co contents. However, this
isomer shift and hyperfine field is negligible (see Tables 2 and conclusion should be considered with necessary reserve.



TABLE 3: Md'ssbauer Parameters of Fe20R, Fe1l5Co5R, Fe10Col10R, and Fe5C015R Measured at RT

nonferro Fe (para

composite ferro Fe/Co (ferrax-Fe) ferro FeC y-Fe—C)
powder o Hps 2€Q Ds D. T P Hus P 0 T P
Fe20R 000 332 027 28 0.18 206 0.02 56 -0.08 033 14
Fel5Co5R 0.03 366 0.00 0.0000 00016 026 705 019 210 0.06 054 195007 041 10
Fel0OColOR 0.02 344 001 0.0001 0.0011 0.26 95 0.08  1.05 5
Fe5Co15R 0.02 330 0.00 0.0004 0.0016 0.25 90 0.14 114 10

aferro, ferromagneticHy:, hyperfine field at the maximum of the distribution (kOé);isomer shift (mm/s); &, quadrupole shift (mm/sps,
linear correlation coefficient between isomer shift and hyperfine fiBlg;linear correlation coefficient between quadrupole shift and hyperfine
field; T, Lorentzian line width (mm/s)P, proportion (%) " Fixed parametert Hyperfine-field distribution from 260 to 400 kO&Hyperfine-field
distribution from 200 to 400 kOe.Hyperfine-field distribution from 160 to 400 kOe.

The MS of Fe10Co010R collected at 80 K and RT consist of

©

a broad and slightly asymmetric sextet and a weak single line
(Figures 2d and 3d). There is no indication whatsoever that a
contribution from an F¢C phase or any other carbide phase is &
present. The isomer-shift value of the weak singulet is consider- k3
ably higher than the value that is observed for {hée—C U s
component appearing in the spectra of Fe15Co5R and Fe20R.
Moreover, the former singlet is much broader and its fractional
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area is significantly higher at RT than at 80 K (Tables 2 and OB I 050 6 550 0.5 090 05 020
3). The broad, asymmetric sextet components closely resemble 'yinw F' Co o. 'yinh'ﬂgo Fé CO o‘
those observed for the Fe15Co5R sample and as for the latter e G240/ %24 A
were quantified by HFDs. The as such obtained maximum- Figure 4. Carbon conten€; (a) and CNT quantity parametessS (b)
probability Méssbauer parameters at RT (Table 3) are in very Yersus the Fe/Co alloy composition of the CNFe/Co—MgALO;
good agreement with those found fa+Fe, s¢C 0o 50 alloy 27 nanocomposite powders. The lines are guides to the eye.

M;— rl)ef Eztluéggiége r\évrilenzlrLgrlgre(;?mfso?r?g:\t?c?r?: éi r;g%\'/g tri]t: Fe5Co015R than for Fe1l0Col10R. Also, its fractional areas are
fractional area slightly decreases in favor of the sextet area When5|gn|f_|cantly higher, espec_|ally_at RT' Hence, It appears that
the temperature is lowered from RT to 80 K. The HFD profiles the smgle, cen_tral absorp_nor_] line is prc_)moFed by a higher Co
at 80 K and at RT show a longer tail toward low-field values proportion, which could |nd|c§te that it might arise from a
for Fe10Co010R as compared to Fe15Co5R (Figures 2e and 3e)gm;erseﬂta\t/)épreeé)efi\zl(;)%relié ;Vt'tt:ng’(;rf%(;g tSI tl'l:JCLUr:'tee.rT:r?:e
and the linear correlation coefficients between isomer shift and Y o . parts.
hyperfine field have a positive value (Tables 2 and 3). However, it is conceivable that theFe/Co fcc structure, with

Considering the mathematical formulation of the theoretical line g?;asrgﬁ dosc(;ﬁﬂg ir\?\/li'f\;]ogsri)gvr?:Jnl?n?sr;ili}[/iglraglseit}grfgeT;::;Fne]?tlon
shape adjusted to the experimental data, a positive sign implies P :

an increase of the isomer shift with decreasing hyperfine field Co structureo IS tj;e stable form at the applied reducing temper-
toward values similar to those of the isomer shift of the singlet. ature (107.0 C.)' In the presence of c.arbon, jaFe/Co—C

Considering the mathematical formulation of the theoretical line phase, which is most !|!<er paramagnetic down to low temper-
shape adjusted to the experimental data, the positive correlationatures’ could be stabilized at RT, even for Co contents lower

o ) :
implies an increase of the isomer shift with decreasing hyperfine Fhan the 90 atom /0 I|m|t_repprt(_ad by E.”'S and Gre|ﬁ§?|'.he
field and extrapolated to zero field the isomer shift reaches a increase of the isomer shift with increasing Co proportion could

value close to that of the isomer shift of the singlet. Together, Eltﬁg bigﬁgﬁ'gﬁgnbgﬁ de)gl;tfgecee())(f (I:;)rrlgit)igiltlf%nratlhf:eu?gzgf\/n;d
these findings could indicate superparamagnetic behavior for P P

the smallest particles in the distribution of the particle size of single absorption lines present in the MS of the Fe10Co10R

the Fe/Co alloy phase present in the Fe10Co10R powder. Theand Fe5Co15R powders. .
It can thus be concluded that a very large proportion (70.5—

superparamagnetic particles would then give rise to the singlet et
component in the MS, and consequently, being inherent to small-95 atom %) of the Fe species in the CNT—Fe/Co—MgAl
particle magnetic powders, the relative spectral area of the "anocomposite powders areFe/Co alloys of the desired
singulet decreases with decreasing temperature. However, thi€Omposition. The formation of € is promoted for high Fe
explanation for the presence of the weak central absorption hagProportions, but no carbide is detected for equimolar Fe/Co
not a very sound basis, and at this point it cannot be excluded proportions and higher Co proportions. For these compositions,
that a different phenomenon may be responsible. ay-Fe/Co—C phase, stable at RT, may be formed.

In the case of Fe5C015R, the HFDs at 80 K and at RT exhibit Relation between Fe Species and CNTAs shown earlief,
an even longer tail toward low-field values (Figures 2g and 3g) the carbon content (fin the CNT—Fe/Co—MgAJO4 nano-
and the linear correlation coefficients between isomer shift and composite powders increases from Fe20R to reach a plateau
hyperfine field show higher values as compared to those of for Fe15Co5R and Fe10Co010R and then decreases, the carbon
Fel0Co10R. The Mésshauer parameters at the maximum of thecontent for Co20R being lower than that for Fe20R (Figure 4a).
distribution at RT (Table 3) are in good agreement with the The CNTs quantity (AS) increases sharply between Fe20R and
targeted o-Fey »4C0on 75 alloy2” However, this composition Fel0Col10R and then decreases for Fel5Co5R, its value for
corresponds to an alloy at the border of the transition region Co20R being about double that for Fe20R (Figure 4b).
between the bca-Fe/Co structure and the face-centered cubic  The increase of the carbon content in the CNFe/Co—
(fcc) y-FelCo structuré® The isomer-shift values of the central  MgAl O, nanocomposite powders was consequently correlated
absorption line as detected at 80 K and at RT are higher for to the formation of CNTs. As mentioned above, studies of the
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