N

N

A Study of the Formation of Single- and Double-Walled
Carbon Nanotubes by a CVD Method
Alain Peigney, Pierre Coquay, Emmanuel Flahaut, Robert E. Vandenberghe,
Eddy de Grave, Christophe Laurent

» To cite this version:

Alain Peigney, Pierre Coquay, Emmanuel Flahaut, Robert E. Vandenberghe, Eddy de Grave, et al.. A
Study of the Formation of Single- and Double-Walled Carbon Nanotubes by a CVD Method. Journal
of Physical Chemistry B, 2001, 105 (40), pp.9699-9710. 10.1021/jp004586n . hal-03604646

HAL Id: hal-03604646
https://hal.science/hal-03604646
Submitted on 10 Mar 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03604646
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Cuverta

OpenArchive TOULOUSEArchive Ouverte QATAO)

OATAO is an open access repository that collectswork of Toulouse researchers
makes it freely available over the web where pdssib

This is an author-deposited version published hitp://oatao.univoulouse.fr
Eprints ID : 10387

Tolink tothisarticle : doi:10.1021/jp004586n
URL : http://dx.doi.org/10.1021/jp004586n

Tocitethisversion : Peigney, Alain and Coquay, Pierre and Flahaut,
Emmanuel and Vandenberghe, Robert E. and De Gealely, and
Laurent, Christophe A Study of the Formation ofgh#r and Double-
Walled Carbon Nanotubes by a CVD Method. (2001) Jtn@nal of
Physical Chemistry B, vol. 105 (n° 40). pp. 9699:97ISSN 1520-
6106

Any correspondance concerning this service shoelddnt to the repositc
administrator staff-oatao@listes-diff.inp-toulouse.fr




10.1021/jp004586n

A Study of the Formation of Single- and Double-Walled Carbon Nanotubes by a CVD
Method

Alain Peigney, Pierre Coquay,;f Emmanuel Flahaut,” Robert E. Vandenberghet
Eddy De Grave} and Christophe Laurent*:’

CIRIMAT UMR CNRS 5085 / LCMIE, Centre Interuniversitaire de Recherche et diledge des Matgaux,
Universite Paul-Sabatier, 31062 Toulouse Cedex 4, France and NUMAT, Department of Subatomic and
Radiation Physics, Ghent University, Proeftuinstraat 86, B-9000 Gent, Belgium

The reduction in HCH, atmosphere of aluminum—iron oxides produces metal particles small enough to
catalyze the formation of single-walled carbon nanotubes. Several experiments have been made using tf
same temperature profile and changing only the maximum temperature 1800°C). Characterizations of

the catalyst materials are performed using notabife Mdssbauer spectroscopy. Electron microscopy and a
macroscopical method are used to characterize the nanotubes. The nature of the iron speciasHge
y-Fe—C, FgC) is correlated to their location in the material. The nature of the particles responsible for the
high-temperature formation of the nanotubes is probably arfFalloy which is, however, found as &by
postreaction analysis. Increasing the reduction temperature increases the reduction yield and thus favors tt
formation of surface-metal particles, thus producing more nanotubes. The obtained carbon nanotubes at
mostly single-walled and double-walled with an average diameter close to 2.5 nm. Several formation
mechanisms are thought to be active. In particular, it is shown that the second wall can grow inside the first
one but that subsequent ones are formed outside. It is also possible that under given experimental condition
the smallest €2 nm) catalyst particles preferentially produce double-walled rather than single-walled carbon
nanotubes.

Introduction formation mechanisms are also different. A crucial difficulty

thus is to design a way to obtain nanometric metal particles at
The report by lijima on carbon nanotubes (CNTs) prompted the temperature (usually higher than 700) required for the

a significant research effort on their synthesis, their structure, formation of CNTs by CCVD methods.
and the study and measurement of their properties. An increasing
fraction of the research work is now driven by the very high
potential of CNTs, notably single-walled carbon nanotubes
(SWNTSs), for technological applications. This requires the
availability of large quantities of CNTs of well-determined and
reproducible characteristics. Understanding the formation mech-
anisms of the CNTs is therefore a key issue for the development

of furtherlresee;]rch. n thlhs topg: ' q p ISeveral parameters related to the catalyst material have been
Severg mechanisms have been propose (see Lau're t(.at""'investigated to increase the proportion of SWNTSs. They include

for a reV|_ew), mvolvmg the interaction of carbon species with the iron content, the crystallographic forr,and the specific

a metal in a different form (atom, cluster, nanoparticle, etC.) g, face argaof alumina-based solid solutions. The nature of

dependlng on the.synthe3|s metho.d.. Chemical methods knpwnthe metallic phase (Fe, Co, Ni, and their binary alloys) was also
as catalytic chemical vapor deposition (CCVD) are becoming investigate8® using MgALO,-based solid solutions. The so-

increasingly attractive because of their great potential for the jp. .4 products are CNTs-metal-oxide composite powders
production of large quantities at a low cost. These methods are, i, o very homogeneous dispersion of the CNTs that cannot
basically similar to those used for several decades for the . \atched by methods involving a mechanical mixing. Dense
synthesis of various filamentous forms of carbon, including ceramic-matrix composites have been prepared from such

hoIIow_fibers (see quriguézfor a review). They involve the_ powders, showing acceptable mechanical properties in addition
catalytic decomposition of hydrocarbons or carbon monoxide 1, 5 electrical conductivity of the order of 1 S/cm because of

on trlansition-meltgl pl?rticles, the r(ljwajorhdiffer(e;ncg Iyin?r:n”the the percolation of the CNTs netwotk!! Furthermore, it was
catzystf_rgatena |tEe : Agv?/ﬁlq_oseh tot epfroh UCt'Onf o_olw also shown that when using €EdMgO catalysts, a simple
carbon fibers, to obtain S, the size of the metal particles soaking in HCI allows to separate the CNTs from the catalyst

has to be very small (a few nanometers in diameter). The yaerials without damaging theliThe so-obtained CNTs, 90%
Towh § hould be add 4. Tel.: 33 (0)5 61 55 of which are SWNTs and DWNTs (double-walled carbon
*To whom corresponaence shou e addressed. lel.. i YT i i i
61 22. Fax: 33 (0)5 61 55 61 63. E-mail: laurent@chimie.ups-tlse.fr. panotubes), are individually d!spersed'l'n the matrix rather than
t Université Paul-Sabatier. in bundles and have a very high specific surface area (ca. 950
*Ghent University. m?/g for carbon)'® The diameter distribution spreads in the range

The present authors have proposed an original CCVD method
based on the selective reduction of oxide solid solutions in a
H,/CH,4 gas mixturée* The reduction ofx-Al ; oFe 103 produces
pristine Fe nanoparticles at a temperature high enough for them
to catalyze the decomposition of GEnd the in-situ formation

of CNTs. The so-obtained powders contain an enormous amount
of SWNTs and MWNTs (multiwalled carbon nanotubes).



0.5—5 nm, and more than 90% have a diameter lower than 3
nm, which is in excellent agreement with the theoretical and
experimental results reported by Hafner et4al.

The effects upon the CNT formation of some parameters
related to the experimental conditions of the reduction, such as
the composition of the WMCH, atmospheré? the reduction /
temperature (7, and the time spent at that temperatfiteave £ Y N
also been examined. In particular, the increas@&,dfom 900
to 1000 °C, using the same composition of the reducing
atmosphere, was fouh€ito produce an increase in the amount Figure 1. Sketch showing the temperature profile of two runsTat
of CNTs but was also found to favor tube thickening and the 29 atT2) in Hz/CH, atmosphere.

deposition of nontubular carbon species. ments. It is attempted first to correlate the nature of the iron
Obviously, the influence of the temperature depends on the species to their location in the material and to determine which

nature of the carbonaceous gas. Dai et’aleported the  are active for the CNT formation and second to investigate the

formation of SWNTSs together with a small amount of DWNTSs formation mechanisms.

by disproportionation of CO at 1208 on AlLOs-supported

Mo particles. The SWNTs,-15 nm in diameter, are found with  Experimental Section

a single catalytic particle of commensurate diameter located at

the tip. Larger particles are covered by a few graphene layers

and are inactive for the CNT formation. Hafner et4l.

synthesized a mixture of SWNTs and DWNTs by catalytic

decomposition of gH, at 700-850°C over Mo— and Fe/Mo-

Al,O3 catalysts. They report that the DWNT proportion increases

from 30% at 700°C to 70% at 850C. lvanov et al reduced batches of the solid-solution powder were reduced in/&H,

a zeolite-supported Co catalyst |@N:?H2 gnd obtained a Sm"."” gas mixture. The heating/cooling rate to the desired temperature
amount of MWNTs (2-3 walls) 4 nm in diameter together with (T, = 800, 850, 910, 990, 1050, and 10%T) and back to room
. . r— 1 1 ’ 1 ’

T““t%h tglcker_ttgbes.flncreasmg tlﬁe;‘wrom 50080 SOU(d: resu“;’ it temperature was 35C/min. No dwell was applied at.. Note
Icnr stZIIir?itpozlfltohr:e%onmc%rr?trim()rg) rﬁ?eslga;rgnHir;ne:gi 2%953 € that because the heating/cooling rate is small, one cannot

y Y grap YETS. . consider that all runs are dependent upBnonly. On the
passed I}!hydrogarbon (acetylepe, ethylene, propylene, and contrary, a run at a givem; is an extension of an experiment
methane) gas mixtures over+8i0; catalyst at 700, 750, and performed at a lowerT,, as illustrated in Figure 1. The
SOO.C’. an_d they notably report that, at 700, the MWNT composition of the gas mixture (18 mol % @Hwvas chosen
quality is higher when using acetylene and that no carbon at all from the results of a previous studyThe flowing gas was

is deposited when using methane. Colomer &¢ e¢ported the dri : o
i N ried on BOs, and its composition was regulated by massflow
synthesis of individual CNTs and bundles of SWNTs at 1080 controllers. The flow rate was fixed at 250 sccm. For the sake

°C in N/CzH, over (Fe, Co, Ni) particles dispersed on@y/ of brevity, the so-obtained CNTs-Fe4ez-Al ,0; powders will

SIiO;, substrate. Similar results were achie¥feat 1000°C in o o afier he denoted as R800, R850, R910, R990, R1050, and
H,/CH,4 over a Ce-MgO catalyst. Cassell et &.claimed to R1070, according to the correspondifig

have prepared gram quantities of SWNTSs free of defects and Characterization. The powders were studied using conven-

of amorphous-carbon coating by CCVD of ¢Hit 900°C on : : e : :

. . tional scanning and transmission electron microscopy and high-
an FejMo catalyst supported on a new2®d/$|02 hybr.'d . resolution transmission electron microscopy (SEM, TEM, and
mate'nal. DWN'I.'s. are also present but their proportion is HREM, respectively), X-ray diffraction (XRD) using Cd<s,
considered negl|g|ble. Other researcﬁ%?$have alsoreported - qiovon (A= 0.17902 nm), and’Fe Mdssbauer spectroscopy.
the sgnthess of .SWNTS by decomposngl of Cat 800- The Mossbauer spectra (MS) were recorded witiGo (Rh)
1?23V§Tog/er (;/Iarlogjs dcatalysts._(_:hen?fet bre[;z_;lreﬂ rOPES source with a conventional time-mode spectrometer with a
8 h lijn es by ecompoﬂlgglgooﬁgocegt lop erc'jeh constant-acceleration drive and a triangular reference signal.

enzene hydrogen mixtures at andreportedthe  Aceymylation of the data was performed in 1024 channels until
presence of impurities such as carbon nanoparticles and catalys(tjl background of at least 4@ounts per channel was reached

particles. The spectrometer was calibrated by collecting at room temper-
The aim of the present paper is to study the influence of the atyre the spectrum of a standardre foil, and the isomer-shift
temperature on the CNT formation by reduction ofoal 1 & values quoted hereafter are with reference to this standard. The
Fey.203 solid solution in H/CHj. One of the notable effects of  measured absorbers were prepared with the amount of powder
increasing the temperature while maintaining constant the corresponding to 10 mg of iron atoms per square centimeter.

»
>

Reduction temperature
7/

v

Time

Synthesis of Carbon NanotubesAn o-Al 1 gF&y 203 powder
was prepared by decomposition in air at 400 and further
calcination at 1000C of the corresponding mixed-oxalate as
described elsewhef@.The powder is made up of 20 um
agglomerates of submicronic or nanometric primary grains. Its
specific surface are&s; is equal to 9.0+ 0.3 n?/g. Several

composition of the reducing atmosphere is that the 8tper-  The spectra were generally analyzed assuming symmetrical
saturation level increas®suntil the maximum temperature is  components with Lorentzian line shapes. However, asymmetrical
reached. Mdéssbauer patterns were fitted with a model-independent

The obtained materials have a fairly complex microstructure hyperfine-field or a quadrupole-splitting distribution with
with several iron species of various sizes dispersed inside andLorentzian shaped elemental subspectra. The quoted isomer-
at the surface of the alumina matrix and with several carbon shift and quadrupole-shift values are in that case average values
species including SWNTs. Characterizations are performed onfor the distributed parameters. Measurements between 14 K and
one hand for the catalyst material before and after reduction RT were performed using a closed-cycle refrigerator.
using mainly>’Fe Mdssbauer spectroscopy, and on the other Macroscopical Evaluation of the CNT Quantity and of
hand for the CNTs using electron microscopy as well as a the Carbon-Species Characteristicsin addition to the electron-
macroscopical method based on specific-surface-area measuremicroscopy characterizations, a method based on chemical



analysis and specific-surface-area measurerhéfitsvas used TABLE 1. MS Parameters of the Al gFep 03 Oxide Powder
to characterize the composites at a macroscopical scale and thudleasured at 80 K and at RT*
produce data which are more representative of the material than weakly ferroa-Fe0; superpara Fe
those derived from local techniques. Two parameters represent- = —
ing the quantity of CNTs and what is called the quality of the T) o0 He 29 I' P 0 AR ' P
deposited carbon are calculated, a higher quality parameter 8 047 530 -0.15 031 12 040 055 040 88
principally corresponding to more carbon in tubular form or RT® 035 510 —022 021 6 029 055 037 94
CNTs with fewer walls or less bundled CNTs. Parts of the  2Weakly ferro: weakly ferromagnetic; superpara: superparamag-
CNTs-Fe/FeC—Al,O3 powders were oxidized in air at 90C netic; Hy: hyperfine field at the maximum of the distribution (kOe);
to eliminate all the carbon, as required for the specific-surface- 0:_(average) isomer shift (mm/skEq: quadrupole splitting (mm/s);
area study. The specific surface areas of the powders obtained¢: average quadrupole shift (mm/g); Lorentzian line width (mm/
after reduction (§ and of the specimens oxidized at 900 s); P:_proportion (%).” Hyperfine-field distribution from 500 to 550

. . kOe. ¢ Hyperfine-field distribution from 480 to 530 kOe.
(So) were measured by the BET method usingadsorption at
liquid N, temperature in a Micromeritics FlowSorb 11 2300 B R,
apparatus. This instrument gives a specific-surface-area value N ”
from one point (i.e., one adsorbate pressure) and requires 951 |
calibration. The reproducibility of the results was determined |
to be in the+3% range. The carbon content was determined
by flash combustion with an accuracy ©P%.
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Results and Discussion velocity (mm/s)

X-ray Diffraction. The XRD pattern of the oxide shows the 25 0 0
presence of a small proportion @fFe,O3 besides the peaks of 202 SN €,Ys]
the alumina-hematite solid solution in the corundum form. 15l \
This reveals that the crystallization from the metastable oxide ol . .
solid solution takes place with some degree of phase partitioning, Lo \
producing a mixture of alumina-rich ggemajor phase) and 0-5-/ \

hematite-rich ¢, minor phase) corundum forms. The solubility 00 e s 50 sa0 " o%
limit of a-Fe&Os; in o-Al;O3 in the present experimental H,, (kOe)
conditions is thus below 10 cat. %¥€i.e.,x < 0.1 ino-Al -
Fex0s3). Other workers have reported various solubility limits
when using other synthesis roufés3! The reduction in pure
H, of the a, phase is know#32to be relatively easy and to
produce fairly large Fe particles (330 nm) located at the 80 K. SuperparamagneticFe0s particles at RT are typically
surface of the AlO; (or partially reducedy;) grains, whereas  smaller than 10 nr& Such small sizes also explain why most
the H reduction of theoy phase produces nanometric Fe of them do not show the Morin transition (and hence remain
particles (<10 nm) located both inside and at the surface of the weakly ferromagnetic) even at 80 K, as proved by the negative
matrix grains. The size distribution of the Fe particles is thus value of the average quadrupole shiff,= —0.15 mm/s) at
bimodal. that temperature. The sextet thus mostly represents hematite
Analysis of the XRD patterns of the present reduced powders particles (¢ phase) formed by phase partitioning during the
reveals the increasing presencefe and FgC upon the crystallization as mentioned in the above XRD section. The

P (H,) (%)

Figure 2. MS (a) ando-Fe0; hyperfine-field distribution (b) of the
Al gFey 205 oxide powder measured at 80 K.

increase inT, besides a corundum phase accountingd@ ,03 doublet represents Feions substituting for At ions in the
or a partially reduced:-Al ;> Fe,Os (y < 0.1) solid solution alumina-rich corundum o;) lattice and also theo-FeO3
(corresponding to the above-mentioned phase in the un- particles (@) that are superparamagnetic at the measurement

reduced material). It is difficult to clearly separate the patterns temperature. However, the ¥eions in thea; lattice may also
of a-Fe and FgC because the peaks are rather wide and overlap. give rise to a hematite sextet, depending on the measurement
The absence of the-FeO3 peaks even for a low, indicates temperature and the degree of their agglomeration.
the complete reduction of thie, phase in agreement with earlier The MS of R800 (a), R850 (b), R910 (c), R990 (d), and
studies?”32 y-Fe or ay-Fe—C alloy may also be present, but R1070 (e) measured at 80 K are shown in Figure 3 and the
cannot be resolved on the XRD patterns becausg-fhe (111) adjusted parameters at 80 K and at RT are given in Tables 2
diffraction peak ¢111 = 0.208 nm) is masked by the corundum and 3, respectively. The-Fe,03 phase is not detected in these
(113) (dh13= 0.209 nm) and the BE (121) @121 = 0.210 nm) spectra, even not for R800, in agreement with the XRD results.
peaks. Besides the F& doublet, two sextets and a singlet were used
5"Fe Mussbauer Spectroscopy.The oxide powder was to fit the spectra. The more intense sextet accounts for
measured at 80 K and at RT (Table 1 and Figure 2). The MS ferromagnetia-Fe and the weaker one for ferromagnetig&e
were fitted with a doublet accounting for Feand a sextet, (cementite* The singlet corresponds to a nonferromagnetic
which can be attributed to a magnetic phaserdfe,Os. The iron phase. Considering the MS proportions at 80 K with
sextet clearly shows a hyperfine-field distribution, and ranges increasing T, (Figure 4a and Table 2), it appears that the
500—550 kOe and 480530 kOe were used in the fits of the proportions of F&" gradually decrease, that the proportions of
MS at 80 K and RT, respectively. The evaluated distribution Fe;C and of the singlet phase increase, and that the proportions
profiles clearly show a tail toward low-field values. The of a-Fe at first decrease and subsequently increase. The RT
proportion of the sextet is higher at 80 K than at RT, and this MS (Figure 4b and Table 3) reflects the same trends but with
feature suggests a size distribution of the particles, the smallesta shift of theo-Fe proportions toward lower values in favor of
ones exhibiting superparamagnetic relaxation down to at leastthe F&* proportions.
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Figure 4. Proportions of the iron phases in the reduced powders as
calculated from the MS measured at 80 K (a) and at RT (b) vs the
reduction temperature (jTof the specimen.

decreases in favor of the Pedoublet upon increasing the
measuring temperature, while for the latter a broadening of the
quadrupole-splitting distribution toward higher values (Figure
5c and 5e) is obvious. The hematite contribution can thus be
explained by the agglomeration of some3Fdons in the
corundum (@) lattice. From the MS recorded at temperatures
exceeding 75 K, this sextet cannot be resolved in the fits. In
addition, above 75 K, the contribution of theFe sextet begins

transmission (%)

transmission (%)

&) R1070 to decrease gradua_lly with increasing temperature. This is
e compensated by an increase of thé*Fgroportions while the
velocity (mm/s) Fe;C and singlet proportions do not seem to be affected. This
Figure 3. MS of R800 (a), R850 (b), R910 (c), R990 (d), and R1070 behavior cannot correspond to a phase transition but must be
(e) measured at 80 K. explained by a phenomenon related to the Méssbauer measure-

ment itself. Zhang et & have described a similar absorption

To obtain more information about the iron phases and the decrease in the MS of cementite particles with a diameter larger
variation of their proportions, R990 was studied at different than 15 nm by vibration amplitudes in the order of Angstso
temperatures between 14 K and RT (Figure 5 and Table 4). Up because of their encapsulation in graphite. As shown later in
to 75 K, a distributed sextet was included in the fit in addition the electron-microscopy section, TEM observations reveal that
to the four patterns detected at RT and at 80 K. Its hyperfine- some particles with a diameter of about 20 nm are enclosed in
field distribution profile is bimodal (Figure 5b). The high-field the inner pores of the matrix. If we assume that these particles
maximum again can be attributed to a hematite phase while area-Fe, enhanced vibration with increasing temperature could
the second one remains unclear. The proportion of this sextetthen explain the absorption decrease of thEe sextet. If it

TABLE 2: MS Parameters of R800, R850, R910, R990, and R1070 Measured at 8G K

superpara Fe ferroo-Fe ferro FeC nonf erro Fe
0 AEq r P 0 Hhe  2eq T P o Hhie  2€q r P 0 r P

R800 039 054 036 80 011 341 0 0.27 12 031 247 0 077 6 0.19 0.17 2
R850 039 054 034 71 011 340 0 021 8 0.31 246 D 052 14 0.08 0.62 7
R910 039 053 036 59 012 338 0 029 115 031 246 0 0.38 18 0.03 055 115
0
0

o o T oo

R990 039 055 048 33 011 341 037 255 0.30 248 0 049 23 0.00 052 185
R1070 039 058 088 13 011 341 031 32 0.31 249 0 036 32 -0.02 043 23

@ Superpara: superparamagnetic; ferro: ferromagnidtic; hyperfine field (kOe)d: isomer shift (mm/s)AEq: quadrupole splitting (mm/s);
2¢q: quadrupole shift (mm/s): line width (mm/s); P: proportion (%) Fixed parameter.

TABLE 3: MS Parameters of R800, R850, R910, R990, and R1070 Measured at RT

superpara Fe ferroo-Fe ferro FeC nonf erro Fe
é AEQ I P 6 th 2€Q I P (3 th 26Q I P (3 I P

R800 030 053 034 81 000 330 "0 031 105 0.19 206 0.02% 0.83 55 -0.07 0.27 3
R850 029 054 032 71 0.00 330 b0 0.29 6 019 204 0011 059 125-0.04 0.79 105
R910 029 054 035 63 -001 329 6 0.29 7 019 203 0025 051 175-0.11 056 125
R990 029 055 041 39 -0.01 327 6 032 19 019 205 0026 044 23 —-0.13 042 19
R1070 0.30 056 0.78 17 —0.01 327 ©® 034 275 019 207 0.025 030 31 —0.13 034 245

@ Superpara: superparamagnetic; ferro: ferromagnbic; hyperfine field (kOe): isomer shift (mm/s)AEq: quadrupole splitting (mm/s);
2¢q: quadrupole shift (mm/s): line width (mm/s); P: proportion (%) Fixed parameter.
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K.

TABLE 4: MS Parameters of R990 Measured at Different Temperatures
superpara Fg¢ o-Fe04d ferroa-Fe ferro FeC nonfe rro Fe
T(K) 0 AEq ' P 0 Hy 2, I P 6 Hy2 I' P 0 Hy 2 I P & I P
14 0.40 055 0.29 23 0.40 386-0.09 0.34 9.5 0.11 344 0 0.35 26 0.32 253—-0.01 0.41 22 0.00 0.77 195

510

30 0.39 0.50 0.29 24 0.36 3806-0.02 0.30 8 0.12 343 "0 0.35 25 0.32 252-0.02 0.44 23 0.01 0.74 20
515

50 0.39 0.55 0.33 26.5 0.46 396-0.10 0.12 5 0.12 342 "0 0.37 26 0.33 251-0.01 0.43 225 0.02 0.64 20
510

75 0.38 055 0.33 28 0.41 396-0.08 0.09 3 0.11 341 "0 0.37 26.5 0.31 250-0.01 0.44 225 0.01 0.58 20
490

100 0.37 0.55 0.36 31 0.10 341°00.38 25 0.30 247-0.01 0.47 24 0.01 0.55 20

125 0.37 0.55 0.38 31.5 0.10 339 O 0.40 255 0.29 244-0.01 0.47 235 0.00 0.51 195

200 0.33 0.55 0.40 34 0.06 334 O 0.44 235 0.25 232 0.01 0.46 22.50.04 0.49 20

RT 0.28 0.55 0.39 37.5 —0.01 328 O 046 20 0.18 206 0.02 0.48 23 —0.12 0.48 195

a Superpara: superparamagnetic; ferro: ferromagnktic; hyperfine field (at the maxima of the distribution fp(kOe); d: (average) isomer
shift (mm/s);AEq: quadrupole splitting at the maximum of the distributfofmm/s); 2¢: (average) quadrupole shift (mm/$); Lorentzian line
width (mm/s); P: proportion (%} Fixed parameter. Quadrupole-splitting distribution from 0.20 to 1.00 mnf#lyperfine-field distribution from
300 to 550 kOe.

appears to be the best explanation, several remarks musttypical bulk a-Fe behavior. Third, the proportion decrease of
however, be made about this hypothesis. First, the size of thethe a-Fe sextet should affect the three other proportions of the
involved a-Fe particles, even if in agreement with Zhang et MS and not only the F& doublet one. Concerning this last
al. % seems a bit large to the present authors. Second, it couldpoint, it can be suspected that another phenomenon is also
be expected that the isomer-shift values ofdhiee sextet would involved. Indeed, in relation with the Debye temperature of the
be affected by the particle vibrations, whereas they show a material, oxide phases may have a slightly different MGssbauer-
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Figure 6. MS of R9900x measured at 80 K (a) and at RT (b).

fraction evolution with temperature as regards metallic phases,
influencing also the measured proportions. In the following, the

MS proportions given by the spectra at 80 K will be considered

as the most representative (Figure 4a and Table 2).

The singlet exhibits a clear broadening at low temperatures.
This is typical ofy-Fe showing an antiferromagnetic coupling
at low temperature® The presence of-Fe at such a temper-
ature can be explained by the small size of the parfi¢lasd
by the presence of carbon atoms in the neighborhood offron.
Indeed,y-Fe particles have never been observed in&eO3
powders prepared by reduction in pure¥432:3940The singlet
is therefore attributed to @-Fe—C alloy, in agreement with
earlier results on CNTs-Fe—Mg#D, powders

With the aim to retrieve more information about the location
of the different iron phases inside the matrix grains or on its
surface, R990 was oxidized in air at 680, and the MS of the
resulting powder (denoted as R9900x in the following) were
recorded at 80 K and at RT (Figure 6 and Table 5). Comparing
the MS parameters of R990 and R9900x measured at 80 K
(Tables 2 and 5), it appears that the®F@roportion remains
constant while the/-Fe—C proportion slightly decreases and
thea-Fe proportion considerably decreases. No mog€fan

with an FeAbO, phase, although the isomer-shift value is rather
small for Fé* ions#3 Comparing the MS of R9900x measured
at 80 K with that at RT shows that the proportions of the
y-Fe—C singlet and of the FefD, doublet remain more or
less constant while the proportion afFe decreases similarly

to what was observed for R990. At RT, only omd-e,05 sextet

is detected, showing a typical weak ferromagnetic phasg (2
= —0.19 mm/s). Moreover, the total proportion of hematite
decreases between 80 K and RT in favor of thétRioublet,
again suggesting a superparamagnetic behavior. It can thus be
concluded that (i) the~-Fe—C pattern corresponds mostly to
particles that were protected from the oxidation and thus that
are embedded inside the matrix grdth@ote that this implies
that some of the carbon formed by decomposition of4,CH
diffuses into the matrix and alloys with Fe, stabilizing the
form), (ii) the FgC particles are on the surface of the matrix
grains, and (iii) thea-Fe particles are found both inside the
matrix grains (mostly in the inner pores of the matrix as assumed
hereabove) and on the surface of the grains.

These results allow us to propose some explanations for the
evolution of the phase compositions with changifiigon the
basis of the Méssbauer results obtained at 80 K (Figure 4a and
Table 2). It is obvious that the surface species are reduced before
those located in the bulk of the corundum)lattice. For R800,
the latter F&" ions are mostly unreduced, and accordingly the
proportion of they-Fe—C pattern is very low. For highé,
this proportion gradually increases showing the progressive
reduction of the matrixd; lattice). Note that, as indicated by
the discrepancy of the-Fe proportions between 80 K and RT,
it was assumed that a fraction of theFe also corresponds to
particles dispersed in the inner porosity of the matrix. The
remaining of then-Fe pattern and the g€ pattern correspond
to surface particles. It is proposed that thg particles are
reduced into relatively large-Fe particles (noted ea») and
that the surface P& ions form smallero-Fe particles (noted
ex-Fé™), which can react with carbon and eventually fornaGe
For R800, the super-saturation of ¢Hn the reduction
atmosphere is still low at that temperature and only a fraction
of these ex-F&" o-Fe particles form R, whereas for higher
T, (specimens R850 and R910), they probably all forrgG-e

be detected but two extra sextets and one extra doublet wereFor R850 and R910, the-Fe proportion is indeed lower than

included in the fit. The two sextets are both characteristic of an
o-Fe03 phase showing the coexistence of antiferromagnetic
(2eqg = 0.30 mm/s) and weakly ferromagnetieFe0Oz (2eq =
—0.10 mm/s). This reflects either a size distribution of the
o-Fe0; particles or a partial substitution of Al ions in
o-Fe03.42 The doublet is very broad, and its MS parameters

for R800. It is proposed that the-Fe pattern corresponds to
the larger surface particles, that is, the largergx»particles.
For higherT, (R990-R1070), the increase of tleeFe propor-
tion is mostly due to the formation of intragranular particles,
and the increase of the & proportion is mostly due to the
transformation of the ex-Fé a-Fe particles that are continu-

are consequently not accurate. The quadrupole-shift value agreesusly produced at the surface of the matrix grains. The particles

TABLE 5. MS Parameters of R9900x Measured at 80 K and at RF

weakly ferro/antiferrax-Fe,0s ferroa-Fe
5 Har 2¢, r P He 2¢q T
80K 0.47 0.47¢ 540! 530! 0.30 —0.10 0.25 0.25°¢ 12 23 0.09 337 D 0.53 11
RT 0.36 516 —0.19 0.23 29.5 4] 323 (o} 0.50 7
para FeAJO, superpara Fe paray-Fe-C

0 AEq r P A AEq r P 0 r P

80K 0.50 1.56 1.39 115 0.39 0.52 0.38 30.5 —0.04 0.41 12
RT 0.44 1.10 1.11 14 0.29 0.54 0.38 36 —-0.14 0.40 13.5

aFerro: ferromagnetic; para: paramagnetigi: hyperfine field at the

maximum of the distribution (kO@); (average) isomer shift (mm/s);

AEq: quadrupole splitting at the maximum of the distribution (mm/g);: 2(average) quadrupole shift (mm/g); Lorentzian line width (mm/s);
P: proportion (%)? Fixed parametert Coupled parameteré Hyperfine-field distribution from 500 to 550 kO&Quadrupole-splitting distribution
from 1.20 to 2.20 mm/s.Hyperfine-field distribution from 470 to 530 kOéQuadrupole-splitting distribution from 0.80 to 1.80 mm/s.
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Figure 7. Carbon content (§ in the nanocomposite powders (a), specific surface area of the nanocomposite p&dens (Of the specimens
oxidized in air ($) (b), AS= S, — S, representing the CNT quantity in the composite powdersAE)G,, representing the carbon quality in the
composite powders (d). The dashed lines are guides to the eye.

+ 0.3 n?/g) and increases witfi,.. As pointed out earliet:$28
it is the deposition of carbon in the composite powder,

TABLE 6: Carbon Content (C,) and Specific Surface Area3
Characterizing the Composite Powders

Ca S St S AS ASIG, particularly in the form of CNTs, which is responsible for most
(wt%) (m¥g) (m?lg) (mAg)  (m7g) (m?g) of this supplementary surface area. The Fe qCFgarticles
R800 1.7+0.1 99 7.7 7.6 2305 134431 located at the surface of the matrix grains can also contribute
R850 29+01 144 76 76  6.&07 233+23 to this increase of surface area, but only to a much smaller
Sgég g:gi 8:1 %g:i ;:g’ ;:g 12:; 8:2 gigi ig extent. After all t_h_e carbon is eliminated by ai_r oxidation af[
R1050 7.5+02 219 71 70 14909 200+ 10 900 °C, the specific surface area of the resulting powders is
R1070 8502 218 6.9 6.9 14909 177+£12 measured (& - Table 6).S; for the powders R806- R990

can be considered as equalSg = 7.6 n¥/g, which will be
used for further calculations (Table 6). Since for these powders,
the reduction is performed at a temperature lower than that (1000
°C) used for the calcination of the solid solution, it is a

that could be connected to the CNT formation are those located"®asonable assumption that only a little sintering of the matrix
on the surface, and the above results show that the surfacedrains occurred during the reduction thermal treatment. In
partides appear as-Fe and Fg(: in postreaction Mossbauer contrast, for R1050 and R1078Q: is lower than for the preViOUS
analysis. However, the surfageFe particles are relatively large, ~powders, which could indicate that a significant sintering of
as indicated above, and it is unlikely that they would contribute the matrix grains has taken place during the reduction. Thus,
to the CNT formation. This agrees with a previous sttidyn Sz values will be taken as equal 8; values for these powders.
CNTs-Fe—MgAbO, showing that the particles responsible for S, values are plotted in Figure 7b. As proposed in previous
the nucleation and possibly growth of the CNTs are found as works#628AS= S, — S,» (Table 6 and Figure 7c) represents
FesC by postreaction Méssbauer analysis. The exact nature ofthe surface area of the carbon present in the nanocomposite
the catalytic particle is not known but it is probably a very small powder, which essentially corresponds to that of the CNTs. Thus
carbon-containing (ex-F¢) Fe particle in which some still  the evolution ofAS reflects the increasing quantity of CNTs
po_orly e_stablished driving f_orces make car_bon atoms to par- (more precisely of nanotube bundles) with increasingThis
ticipate in the CNT formation. The catalytic particle would s i good qualitative agreement with the above observation that
evolve toward the F3€ form only after termination of the CNT the reduction yield increases with, and thus that there are
grov_vth. However, |t_was_also shotirthat some (_)f the surface more catalyst particles, and also with the increase of the
particles that were inactive for the CNT formation also end up proportion of particles detected assEein postreaction MS

as FeC. .
analysis.

Carbon Content and Specific Surface AreasThe carbon _ _ )
content (G — Table 6 and Figure 7a) increases witHfrom 1.7 ASC, (Table 6 and Figure 7d) can be considered as a quality

wt % (R800) to 8.5 wt % (R1070). The specific surface area of data’®28a higher figure forAS/G, essentially denoting more
the nanocomposite powdeS,(Table 6 and Figure 7b) is higher  carbon in tubular form or tubes with fewer walls, or bundles
than the specific surface area of the starting solid solution (9.0 made up of less CNTs (i.e., smaller diameter bundl&S)G,

a S, value measured for the composite powdr; value measured
for the powder oxidized at 900C; S, value retained for the
calculations;,AS = S, — S, represents the CNT quantity (see text);
ASIG, represents the carbon quality (see text).
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Figure 8. SEM images of R850 (a, b), R910 (c), R990 (d), R1070 (e), and SER images of the carbon species at the surface of a matrix grain
in R990 (e, f).

increases from R800 to R850, reaching a plateau at R850 R910 (Figure 8c) and R990 (Figure 8d), the CNTs bundles are
R990, and decreases for R1050 and R1070. As observed inmuch more numerous and are also long. A weblike network of
earlier studie$; 215the maximum of the quantity parameter is bundles thus covers the matrix grains. In R1070 (Figure 8e and
not simultaneously obtained with the maximum of the quality f), the CNTs bundles are thicker (up to about 50 nm in diameter)
parameter. Electron microscopy observations presented in theand the network is more dense. On higher resolution images of
following section may help to give a better understanding on R990 obtained with a field-effect-gun microscope (SEM-FEG)
the evolutions ofAS and AS/G.. (Figure 8g and h), it is possible to resolve individual CNTs about

Electron Microscopy. SEM images of carbon filaments at 5 nm in diameter either isolated or within a bundle (Figure 89).
the surface of the matrix grains in R850, R910, R990 and R1070 Spherical Fe or £ particles are revealed at the matrix surface
are shown in Figure 8. TEM studies on similar powdefg® (Figure 8h). The diameter of these particles falls into one of
have demonstrated that these filaments are mostly bundles oftwo populations: not larger than 5—6 nm or in the range-25
CNTs. The observations show that the quantity of bundles 40 nm. The former are ex-Feparticles and the latter are ex-
increases with increasing;, in agreement with the above oy particles. Figure 8h also shows a short fiber, about 30 nm
macroscopical study. No bundles were detected in R800. Somethick, the formation of which was catalyzed by an@xtarge
bundles are observed in R850 (Figure 8a) and are connected tgarticle that seems to be located at the tip. Such a short, thick
the matrix grains at their two tips (Figure 8b). The small species fiber is similar to some species commonly observed in works
appearing as white dots or elongated dots at the grain surfaceon filamentous carbon Its formation mechanism is different
(Figure 8b) are either Fe/E@ particles or very short CNTs. In from those thought to occur in the case of CNTs.
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Figure 9. TEM (a—d) and HREM (e-f) images of composite powders: individual CNTs, some Fe an@ particles and part of a matrix grain
(R990 — a), 2 bundles of CNTs (R1076 b), an Fe or F¢C particle covered of 2 or 3 graphene layers (R99@), some Fe or € particles
located within a matrix grain or at the matrix grain surface (R1670), SWNTs, DWNTs, and 3WNTs with external diameter in the-65m
range (e, f).

TEM and HREM images of R850, R990, and R1070 are Observation of the matrix grains (Figure 9d) reveals that many
shown in Figure 9. It is noteworthy that no amorphous carbon inner pores contain Fe particles larger20 nm) than those
coating of the CNTs is observed. On Figure 9a (R990), many located at an intragranular position§ nm). Each large particle
individual CNTs (2—5 nm in diameter) are observed together is produced by the coalescence of several smaller ones inside
with a matrix grain and some Fe andsEeparticles (2—12 nm the inner pore. The presence of such particles could account
in diameter). Two intersecting bundles are shown in Figure 9b for some data presented in the above Méssbauer spectroscopy
(R1070). Figure 9c (R990) shows an Fe ogCearticle, 10 section. The CNTs shown on HREM images (Figure 9e and f)
nm in diameter, partially superimposed with a matrix grain. The are representative of the individual CNTs observed in the
particle is too large to have been active for the catalytic growth different powders. Three SWNTs (1.7, 2.7, and 3.2 nm in
of a CNT and has been encapsulated by two graphene sheetdiameter, respectively) and one small DWNT (1.8 nm in outer
Such individual CNTs, bundles of CNTs, and Fe ors&e  diameter) are shown in Figure 9e. One DWNT (2.1 nm in outer
particles have been observed on all three powders. However,diameter) and three three-walls-CNTs (3WNTS, 2.5, 3.7, and
the proportion of bundles versus that of individual CNTs is small 4.8 nm in diameter, respectively) are shown in Figure 9f. CNTs
for R850, larger for R990, and much larger for R1070. Indeed, with 4—6 walls were very marginally observed. Bundles of very
the increase in the CNT quantity favors bundling, which may small SWNTs (0.7 nm) as those reported by Colomer ét#.
contribute to the decrease ASC, as noted above (Figure 7d). were not observed, indicating that the involved mechanism,



70 SWNTs and DWNTs is higher than 90%. It decreases to 73%
e for R990, which contains less DWNTs and more 3WNTs and
| T R850 (Nm=187) 4WNTs than R850, and to 70% for R1070, which contains less
| A R0 (Nm =2,08) | SWNTs and more 3WNTs and 4WNTs than R850. Note that
L= @ -RI070 (Nm =2,18) | the difference between R990 (73%) and R1070 (70%) is small.
The average number of walls was calculatdg (n Figure 10),
but note that it is only a statistical parameter since it is not an
integer. The trend is clearly th&d, increases withl, (from
1.87 to 2.08 and to 2.18 for R850, R990, and R1070). This
could reflect the thickening of the CNTs by formation of
additional walls with increasind, or the formation of CNTs
4 with more walls from the freshly formed catalyst particles.
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The distributions of the diameters of SWNTs and of the inner
1 2 3 4 5 6 diameters of DWNTs and 3WNTs are plotted in Figure 11 for
each of the three powders R850, R990, and R1070. The width
Figure 10. Distributions of the numbers of walls of the CNTs in R850, .Of the _dlameter distributions for the SWNTS in R850 and R990
R990, and R1070 conducted on the HREM images (typically as those 1S S|m|!ar to that (15 nm)ireported for_SWNT_s p_repf_zlred_ by
shown in Figure 9) of 100, 167, and 111 CNTs, respectively. catalytic method4?14.17.20.22-2The peak in the distribution is

rather narrow, 70% of the SWNTs being between 2 and 3.2
where bundles grow from a single bigger catalyst particle, is nm in diameter (i.e., within one of the classes 2.2, 2.6, and 3.0
not operative in the present experimental conditions. nm), which is markedly higher than the peak usually reported

However, it is not possible to determine the variation of the (1.2—1.7 nm). As pointed out by Dai et al.a distribution in

CNT characteristics from a sample to another from the observa-tube diameter reflects a mechanism in which the diameter is
tion of only a few images. Thus, more than 100 images of CNTs established by the catalytic particle. The present diameter
for each of the three powders R850, R990, and R1070 weredistribution is in excellent agreement with the theoretical and
captured, allowing a statistical study. The distributions of the experimental resulté showing that catalyst particles below ca.
numbers of walls (Figure 10) show that most CNTs are SWNTs 3 nm in diameter produce CNTs while larger particles are
or DWNTs. Indeed, for R850, the sum of the proportions of encapsulated.

Number of walls
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Figure 11. Diameter distributions of SWNTs and inner-diameter distributions of DWNTS and 3WNTs in R850, R990, and R1070, successively,
measured on HREM images (typically as those shown in Figure 9). Each class noted by & malueorresponds to CNTs (inner) diameters
contained betweer — 0.2 nm andx + 0.2 nm.



By contrast, the inner diameter distributions of the DWNTSs this is valid only if the feedstock for metal particles is not
and 3WNTs are larger. For DWNTs and 3WNTSs, as opposed exhausted, that is, if F& ions remain available for reduction
to SWNTSs, a large proportiorn~(30%) of the inner diameters  in the oxide matrix lattice.
is within the smaller diameter classes (i.e., 1.0, 1.4, and 1.8
nm). Two explanations could be proposed. First, this could Conclusions
reflect the internal growth of the second wall, possibly by the
yarmulke mechanisi¥. A characteristic of this mechanism is
that the outermost layer grows first. A second carbon cap
(yarmulke) can form underneath the first, spaced by roughly
the interlayer spacing of graphite and forcing it to lift up by

. . . profile and changing only the maximum temperature (800
formmg a tupe whose open end remains chemlsorbed to.the1070°C). Characterizations of the catalyst material before and
catalytic particle. Second, another phenomenon is that at a given

T th I talvii ficles (<2 ive th after the reactions are performed using chiéffye MGssbauer
r (N€ smafler catalylic particles (<2 nm) are more active than spectroscopy. Electron microscopy and a macroscopical method
the larger ones because of a higher surface curvature and thu

d b idl d theref Id q Are used to characterize the nanotubes. The nature of the iron
?or?mulg\?vrlil]'?rser;?r:ecr)rtlhrgr?rg\/r\ml'rsy' and therefore could ten tOspecies (F¥, o-Fe, FeC, y-Fe—C) is correlated to their

location in the material. The particles responsible for the

Comparing the inner diameters for DWNTs and 3WNTS (for nycleation and possibly growth of the carbon nanotubes are
powder R990) shows that the distribution is less skewed toward probably an Fe—C alloy but are found asEey postreaction

the small diameters for 3WNTS. This indicates that the third Mossbauer ana|ysisl |ncreasing the reduction temperature

wall forms outside, probably because the increased curvaturejncreases the reduction yield and thus favors the formation of
involved in an inner nucleation would impose too great of a surface metal particles, thus producing more carbon nanotubes.
strain. The values found for the inner diameters are neverthelessThe carbon nanotubes are found mostly as single-walled and
much smaller than those reported elsewléf@Furthermore,  double-walled tubes with an average diameter close to 2.5 nm.
for a given T, many DWNTs and 3WNTs have an inner Several formation mechanisms of the base-growth kind are
diameter in the same range of the diameters of SWNTSs, showingthought to be active. In particular, it is shown that the second
that an outer growth of the second and third walls also occurs. wall can grow inside the first one but that subsequent ones are
In fact, the enlargement of the diameter distribution suggests formed outside. It is also possible that under given experimental
that several base-growth mechanisms of CNTs simultaneouslyconditions, the smallest<2 nm) catalyst particles are more
operate, depending on the actual characteristics of the involvedactive and preferentially produce double-walled tubes rather than
catalytic nanoparticle and also of the temperature. single-walled tubes.

From R850 to R990, the average diameter of SWNI:s (
Figure 11) decreases from 2.85 to 2.59 nm. Similarly, from R850 Acknowledgment. The authors would like to thank Mr. L.
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