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A series of Fe catalysts, with different mean diameters, supported on alumina with different molar
ratios, was studied before and after carbon single walled nanotubes growth using magnetic
measurements and Raman scattering techniques (laser excitation wavelengths from 1.17 to 2.54 eV)
to follow changes on catalyst particle size and composition, as well as the relationship between
particle size and diameter of nanotubes grown. In all cases, an increase and redistribution of the
particle size after the growth was concluded based on the blocking temperature values and Langevin
function analysis. This is explained in terms of agglomeration of particles due to carbon-induced
liquefaction accompanied with an increase in the catalyst mobility. For large particles no direct
correlation between the catalyst size and the nanotube diameters was observed. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2335396]

I. INTRODUCTION

Many potential applications of carbon single walled
nanotubes (SWNTs) require reasonably homogeneous (diam-
eter and chirality) materials." Even though extensive effort
has been made to control the diameter, chirality, and type
(metallic or semiconducting) of the nanotubes, by varying
the catalyst size and composition, support/substrate materi-
als, synthesis temperature, and hydrocarbon gases,z_12 syn-
thesis of nanotubes with given characteristics is still very
challenging. The size of catalyst particles is one of the key
issues in the growth of SWNTs. Transmission electron mi-
croscope (TEM) images of catalyst particles at the ends of
the nanotubes have been used to show that diameter of nano-
tubes is determined by initial catalyst particle size. 2131 A
similar conclusion has been presented based on the diameter
of grown nanotubes (d) and the nearly monodisperse initial
Fe catalyst size (R)."> Meanwhile, no relationship has been
established between particle size and nanotube diameter
grown on isolated Fe nanoparticles.16 Moreover, the growth
of nanotubes with diameters from 0.6 to 2 nm with catalyst
sizes varying from 1 to 3 nm has been reported lately.l7
Therefore, for a controllable synthesis it is crucial to reveal
the role of the catalyst size on the nanotube diameter and
chirality. For this purpose, among the established nanotube
growth methods, the chemical vapor deposition (CVD) is the
most suitable. However, the use of TEM for direct study of
catalyst nanoparticle sizes and their evolution during SWNT
growth by CVD is extremely difficult, as the small catalyst
particles are buried inside the pores of the support material.

In the present work, combining magnetic and Raman
measurements we studied the change of the catalyst particle
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size and composition during carbon SWNT growth by CVD,
and the relationship between particle size and the corre-
sponding nanotube diameter. In general, we observed that the
catalyst particle size and its composition vary during the
nanotube growth due to carbon-induced liquefaction, creat-
ing difficulties to control the growth by controlling the initial
catalyst diameters, unless appropriate interfacial interaction
between catalyst and support is provided. Moreover, for rela-
tively big catalyst particles, the nanotube diameter is not nec-
essarily the same as the catalyst diameter.

Il. EXPERIMENTAL METHOD

Four different groups of catalyst particles were synthe-
sized and used for the growth of SWNTs by CVD. Two
groups of narrowly dispersed iron catalysts, with average
diameters of 8 and 4.5 nm (further in the text referred as
samples S1 and S2, respectively), were obtained by thermal
decomposition of iron acetate in glycol solution under nitro-
gen atmosphere (Fig. 1).'"® The reaction time and iron
acetate/glycol ratio were changed to control the size of the
nanoparticles.18 After the nanoparticles were formed, alumi-
num oxide powder was added to the solution (molar ratio
Fe:Al,05=1:8.5). The solution was then stirred for 4 h, fol-
lowed by the evaporation of the solvent under a flow of
nitrogen gas. The third and fourth groups of catalysts were
prepared by a common wet catalyst method, using iron (II)
sulphate and alumina support powder with molar ratios
Fe:Al,O5 of 1:14 (S3) and 1:15 (S4), with the in situ forma-
tion of the iron nanoparticles inside the pores of the support.
This method provides good dispersion of the catalyst par-
ticles and is very convenient and inexpensive for large-scale
production of carbon SWNTs. The particles were calcined at
450 °C for 2 h and then heat treated under Ar gas flowing at
820 °C (same condition as SWNT growth only without pro-

© 2006 American Institute of Physics
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FIG. 1. TEM micrographs showing nearly spherical Fe oxide nanoparticles
with mean diameters: (a) 4.5 and (b) 8 nm. The inset in each panel is the
histogram of the particle diameter distribution.

viding hydrocarbon gas). The particular Fe: Al,O; molar ra-
tios of 1:14 and 1:15 were chosen because they are very
common and give relatively high carbon SWNT yield (see
Ref. 10).

The CVD growth of SWNTs at 820 °C, using methane
as carbon source [gas flow rate 60 SCCM (SCCM denotes
cubic centimeter per minute at STP)], was performed as de-
scribed elsewhere.’ Prior to the introduction of the hydrocar-
bon gas, the catalyst particles were reduced under H,/He gas
mixture at 500 °C.

A superconducting-quantum-interference-device
(SQUID) magnetometer (MPMS, Quantum Design) was
used to follow particle evolution to fields up to 55 kG, in the
temperature range of 5—-300 K. Recently, magnetic measure-
ments were used for characterization of impurities in a
SWNT sample.l9

Raman spectra were collected using a Bomem DA3
+FT spectrometer with Nd:YAG (yttrium aluminum garnet)
laser excitation 1.17 eV (A=1064.5 nm). A JY-ISA HR460
single grating spectrometer with charge-coupled device
(CCD) detector and a holographic notch filter (Kaiser Opti-
cal) was used to collect spectra with 2.54 eV (488 nm),
241 eV (514.5 nm), and 1.92 eV (647.1 nm) excitations
(mixed gas Ar-Kr ion laser). The Raman spectra for 532 and
785 nm excitations were collected in a Thermo Nicolet
Almega Raman spectrometer equipped with a CCD detector.

Transmission electron microscopy (Philips CM300
Ultra-Twin FEG) was used for further characterization of the
SWNT samples.

J. Appl. Phys. 100, 044321 (2006)

lll. RESULTS AND DISCUSSION
A. Magnetic characterization of initial catalysts

The wet chemistry method used to prepare samples 3
and 4 is one of the most common approaches for the prepa-
ration of supported catalyst particles for CVD growth of
SWNT. Because of the in situ formation of the nanoparticles
inside the pores of the support material, it is impossible to
directly verify the particle size by TEM. Magnetic character-
ization of the catalyst particles can be an alternative tool for
nondestructive evaluation of particle size before and after
SWNT growth. To support this approach, we use the mag-
netic characterization data of specially prepared samples 1
and 2, with well-defined diameters measured by TEM, to
interpret and validate the magnetic data of samples 3 and 4.

The magnetization curves of the four different groups of
iron oxide catalysts supported on Al,O5 powder are shown in
Fig. 2. The iron oxide particles with diameters of 8 nm (S1)
and 4.5 nm (S2) supported on Al,O53 (molar ratio 1:8.5) and
prepared from solution with molar ratio 1:14 (S3) showed
hysteresis loops with characteristic values of remnant mag-
netization (M,) and coercivity at 5 K, while at room tem-
perature no hysteresis loop was detected. This magnetic be-
havior is well described in terms of superparamagnetism in
nanoparticles with size less than single domain particle re-
gime (<20 nm for Fe). A distinguishing feature of S3 is the
increase in the magnetization without saturation with the in-
crease of the applied magnetic field up to 55 kG at 300 K.
Decreasing the Fe content to a molar ratio 1:15 (S4) leads to
nonsaturated magnetic curves in all the temperature range
studied (5-300 K). Taking into account the paramagnetic
behavior of S4 and the fact that the saturation of magnetiza-
tion (M,) decreases from 131 to 102 and 70 emu/g for
samples S1, S2, and S3, respectively (Fig. 2), we conclude
that decreasing of Fe: Al,O5 ratio leads to a decrease of par-
ticle size d,>d,>d;>d,.

The magnetic characterization provides also information
about catalyst particle composition. The M, value for pure
bulk Fe is ~220 emu/g. It is established that the oxide lay-
ers can be present as nonmagnetic shell,> superparamagnetic
due to very fine grain size,”! ferromagnetic with a noticeable
M, of 45 emu/ g,22 or as ferromagnetic with 80 emu/g (M,
of bulk Fe oxide). Therefore, the magnetic contribution from
the oxide surface layers around the particle can vary from
0 to 80 emu/g. Hence, the observed values of M can be
attributed to the presence of an iron oxide shell on the pure
Fe core, with different thicknesses (different fractions of iron
oxide) depending on the particle size, which is consistent
with particle preparation method (calcinations under flowing
air). For S1, a magnetization of 131 emu/g results in the
variation of pure iron content in the particle from 59.5 wt. %
Fe coated with 40.5 wt. % of nonmagnetic oxide layer to
36 wt. % Fe and 64 wt. % iron oxide, depending on the mag-
netic state of the oxide layer. Taking into account the particle
mean diameter determined by TEM (8 nm), the density of
the Fe core (7.86 g/cm?) and the density of the oxide shell
(5.23 g/cm?), we obtained that the Fe core diameter varies
from 6.24 to 5.0 nm, when Fe-O thickness changes from
0.88 to 1.5 nm, respectively. For S2 with mean particle size
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FIG. 2. Magnetization curves of the alumina supported Fe oxide nanoparticles before carbon SWNT growth at 300 and 5 K corresponding to samples (a) 1,
(b) 2, (c) 3, and (d) 4. No hysteresis loop was observed for S4 at all studied temperature region. Magnetization units are emu/g of total sample (iron oxide
particles+alumina). Units on the insets are also emu/g for magnetization value and kilogauss for external magnetic field.

~4.5 nm, which as expected shows a magnetization satura-
tion lower than S1, the core diameter varies from
2.16 to 3.12 nm, when the oxide thickness changes from
1.17 to 0.69 nm corresponding to a wt % Fe in the range of
15.7-46.36 wt %. The magnetization value of ~82 emu/g
Fe observed for S3 is lower than for samples S1 and S2. This
is attributed to a smaller particle size,21 which leads to a
higher contribution from the surface oxide layer and smaller
contribution from a pure Fe core. This fact is supported by
the results in Ref. 21, where the magnetization decreases
linearly when plotted against the inverse of the radius of
small Fe particles, showing that the magnetization is influ-
enced by the surface of the particles. Indeed, the lack of
magnetization saturation for S3 up to an external field of
55 kG indicates a dominant presence of smaller particles and
the noncollinear spin structure of these small particles.zy25
Similarly, we conclude that sample S4 shows paramagnetic
behavior in all studied temperature range (5-300 K) due to
the very fine particles (smaller than those of sample 3) with
likely dominant iron oxide phase (large surface contribution)
and noncollinear magnetic structure.

Thus, the initial catalyst particles, with diameters related
as d;>d,>d;>d, have a core-shell structure Fe—(Fe-0),
with contribution from the oxide layer increasing with the
decrease of particle size.

The catalyst particle composition can also be indepen-
dently verified from the blocking temperature (Tp), as it is

related to the magnetic anisotropy energy (K), which is sen-

sitive to particle structure and composition, by the
expression26
Ty = K(V)/25kg, (1)

assuming that particles are spherical and uniaxial. K is the
magnetic anisotropy constant, kz=1.38 X 1072 J is the Bolt-
zmann constant, and (V) is the volume of the particle. For
S1, as the particle mean diameter was measured by TEM, the
determination of T would allow us to estimate K. For esti-
mation of T, the temperature dependence of the magnetiza-
tion under zero field cooling (ZFC) and field cooling (FC)
conditions was investigated, further confirming the super-
paramagnetism of these Fe nanoparticles (Fig. 3). The ZFC
magnetization measurements showed a peak at T,,,, =74 K,
indicative of a characteristic blocking temperature for super-
paramagnetic particles. Above Tp, the noninteracting Fe
nanoparticle showed zero remanence and zero coercivity be-
cause of the thermal energy that allows the magnetization to
flip between easy directions surpassing the energy barriers at
zero fields [Fig. 2(a)]. Below T, the thermal activation is no
longer able to overcome the magnetic crystalline anisotropy
of the Fe nanoparticles and becomes magnetically frozen. As
a result, a magnetic loop appears on the plot of the magne-
tization versus the applied external magnetic field [Fig. 2(a)
inset]. Using the average spherical particle size of ~8 nm
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FIG. 3. Temperature dependence of the magnetization (M) curves under
ZFC and FC (200 Oe) for S1. The inset is the thermal variation of 1/M
under ZFC showing interacting particles in S1.

estimated from TEM images, the Ty value of 74 K, and Eq.
(1), we obtained the effective uniaxial anisotropy constant
value of K=1.96 X 10° ergs/cm?. This value of K is larger,
by an order of magnitude, than for pure Fe (~4.5
% 10° ergs/cm?) and pure Fe oxide (4.4Xx10* and 1.2

J. Appl. Phys. 100, 044321 (2006)

X 10* ergs/cm®  for 83 and 6.5nm particles,
respectivelyzg’”). On the other hand, the obtained value is
close to previously published results for small particles with
pure Fe core coated with oxide layer21 (K varies from 2.1
X 10% until 4.9 X 10 ergs/cm® when particle core size
changes from 3.3 to 12.1 nm, respectively) obtained from
the law of approach to saturation.”’ This again confirmed the
core-shell structure of our initial catalyst particles. It is im-
portant to notice that, experimentally obtained values of ef-
fective anisotropy constant result from combined contribu-
tions (magnetocrystalline anisotropy, shape anisotropy and
surface anisotropy). Therefore, the reason for the slight dis-
crepancy could be partly explained by the core-shell struc-
ture of the particles, which, along with shape anisotropy and
surface anisotropy, may add shell contribution because of
surface strain.”"*

B. Magnetic characterization of catalyst after SWNT
growth

The magnetization curves for all samples after carbon
SWNT growth are shown in Fig. 4. As one can see, the
growth of carbon SWNTs resulted in a superparamagnetic-
ferromagnetic phase transitions for S1, 2, and 3, while the S4
showed a paramagnetic-superparamagnetic transition. The
ferromagnetic nature of the nanoparticles in samples S1, 2,
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FIG. 4. Magnetization curves of the alumina supported Fe particles after carbon SWNT growth corresponding to samples (a) 1, (b) 2, (c) 3, and (d) 4. Only
catalyst S4 shows superparamagnetic behavior at temperatures lower than 300 K after nanotube growth. Units on the inset to panel (d) are emu/g for
magnetization value and kilogauss for external magnetic field.



044321-5 Harutyunyan et al.

1.0 @

-1.0-%@W

—T— T
-15000 -10000 -5000 0

——— T
5000 10000 15000

1.0{®

-1.04

T T T T T
-15000 -10000 -5000 0 5000 10000 15000

H/T (A/mK)

FIG. 5. The best fit for Langevin function for (a) catalyst S1 before carbon
SWNT growth and (b) catalyst S4 after carbon SWNT growth.

and 3 is also indicated by the ratio of remnant to saturation
magnetization at 5 K, which was M,/M¢=0.5. For S4 the
M ,/M¢=0.18 pointed to the superparamagnetic nature of
nanoparticles. We attribute these phase transitions to an in-
crease of particle size during SWNT growth for all four
groups of catalyst.

As S1, 2, and 3 showed ferromagnetic behaviors up to
300 K, we were not able to estimate the average particle size
for these catalysts after SWNT growth. However, it is pos-
sible to do it for S4, as it exhibited superparamagnetic be-
havior, from the plot of magnetization as a function of H/T
using a Langevin function fitting,

MIMg = coth(uH/kyT) — kyT/uH, 2)

where M is the saturation magnetization, w is the true mag-
netic moment of each particle, kg is the Boltzmann constant,
and T is the absolute temperature. The magnetic moment u is
given by the relation of M V), where (V) is the average
particle volume. Thus, fitting of this data would give us the
mean magnetic moment of our particles and, therefore, a
mean particle diameter. For example, the magnetization data
for S1 before nanotube growth revealed a moment w
~5500up [Fig. 5(a)], which corresponds, assuming core-
shell structure for the particles, to a mean diameter ~7.1
(x0.6) nm. This value is close to the result obtained by TEM
(~8 nm). The discrepancy is attributed to magnetic interac-

J. Appl. Phys. 100, 044321 (2006)

tion between particles, as it is clear from the thermal varia-
tion of 1/M under ZFC that obeyed the Curie-Weiss law
(inset in Fig. 3) for temperature greater than 200 K. The best
fit for the Langevin function for the sample 4 after SWNT
growth is shown in Fig. 5(b). From this fitting, the mean
magnetic moment per particle was found to be u
~ 12 500up. For estimation of the mean particle size from
the value of w it is required to know its dominant phase
composition. Because before nanotube growth the particles
were rigorously reduced in situ at 500 °C using H,/He
mixed gas atmosphere we may exclude the presence of oxide
layers. However, M| for this sample is 130 emu/g, which is
less than the value for pure iron indicating the presence of
other possible phases. Formation of iron carbide phases dur-
ing carbon SWNT growth has been discussed previously in
the literature based on in siru TEM, Mossbauer spectra
analysis, and magnetic propertie:s.30_34 Those studies con-
cluded that the Fe—C alloy particles are possibly responsible
for the nucleation and growth of the nanotubes. A detailed
analysis of carbon nanotube formation mechanism using the
Fe—C phase diagram was described in Ref. 35. These results
are in good agreement with our recent studies,”® where, using
calorimetry measurements, we concluded the formation of
iron carbide phases during carbon SWNT growth. The satu-
ration magnetization of small iron carbide particles, includ-
ing Fe;C, FesC, and Fe;,C; with 5—-10 wt. % free carbon,
reached 117 (Ref. 37 and 38) and 140 emu/g for bulk iron
carbide.” By considering Fe;C as a dominant phase on the
particle (magnetization saturation ~120 emu/g at 300 K and
density of 7.4 g/cm?) we inferred a mean particle diameter
from the Langevin fitting, Eq. (2), of d~5.8 nm. Hence,
even for S4, which has the lowest metal:support ratio (1:15),
the catalyst particle mean size increased dramatically after
nanotube growth becoming ~5.8 nm. Once particle size was
known, we estimated the anisotropy constant from Eq. (1)
and obtained a value of K~ 4.7 X 10% ergs/cm?, considering
Tg=150 K (T, for ZFC magnetization measurements in
Fig. 6). The estimated value of K is of the same order as
reported before for Fe-C nanoparticles (K~1.7
X 107 ergs/ cm3).40 One distinction in the ZFC curve in Fig.
6 is a flat maximum located around 150+30 K, indicating a
broad particle size distribution after carbon SWNT growth.
This suggests that after carbon SWNT growth the catalyst
particle size significantly increased with subsequent redistri-
bution, resulting in a broadness of the size distribution. This
is also accompanied with changes on the particle composi-
tion.

To understand the mechanism of the increase of catalyst
particle size during SWNT growth, the magnetic character-
istics of S4 were studied after heat treatment under analo-
gous conditions than the synthesis, only without providing
hydrocarbon (CH,) gas (heat treatment under Ar gas flow at
820 °C). Comparison of Figs. 7 and 2(d) shows that there is
no significant variation of the magnetic characteristics before
and after the heat treatment of S4 under Ar gas flowing.
There are some changes on the magnetization value at 5 K
[inset of Fig. 2(d)], which could be attributed to the partial
phase transitions of Fe oxide particles due to the heat treat-
ment. Nevertheless, adding the methane gas resulted in nano-
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300 K after heat treatment at 820 °C under H,/Ar mixed gases flow.

FIG. 6. Temperature dependence of the magnetization curves under ZFC

and FC (200 Oe) for S4 after carbon SWNT growth.

tube growth and a paramagnetic-superparamagnetic phase
transition [Fig. 4(d)]. In Ref. 36 and 41 based on calorimetry
measurements combined with Raman spectroscopy measure-
ments we showed that the growth of carbon SWNTSs requires
the liquefaction of the catalyst particles by carbon diffusion
as an initial stage. Therefore, we attribute the increase of

particle size during SWNT growth to the high mobility of the
liquefied particles that resulted in their agglomeration. Our

TABLE 1. Carbon SWNT diameters estimated from radial breathing mode (RBM) frequencies of Raman
spectra. The diameters were estimated from d=223.5/wgpy— 12, where d is the tube diameter (nm) and wrgy
the RBM frequency (cm™!). The data with “+” are tubes which are out of resonance for particular laser

excitation energy. The letters “vw,

or strong, respectively.

” <

2

w,” “m,” and “s” mean that the RBM signal is very weak, weak, moderate,

Laser excitation

Raman RBM frequency

Tube diameter

studies revealed that even in the case of molar ratios
Fe: Al,O5 of 1:25 or 1:50, the growth of nanotubes still led
to paramagnetic-superparamagnetic transition for the catalyst
particles. Thus, even though the initial catalyst particle size
can be very small, the growth of SWNTs resulted in a dra-
matic increase of their size. Consequently, the distance be-

Catalyst (nm) (em™) (nm)
S1 1064 168w; 172m; 180m; 260w; 1.43; 1.40; 1.33; +; +; 0.70
265w; 331m
785 150s; 175w; 195w; 236m; 1.62; 1.37; +; +; 0.89
263m
647 212m; 220w 1.19; 1.07
532 ~250vw 0.94
514.5 180w; 238vw; 262m 1.33; 1.00; 0.90
488 186vw; 202w; 210w; 262m; 1.28; 1.17; 1.13; 0.89
S2 1064 168s; 176s; 262s; 311m; 329m 1.43; 1.37; +;0.75; 0.71
785 157vw; 164w; 263vs 1.55; 1.47; 0.89
647 211m; 220w 1.19; 1.07
532 165w; 177s; 187m; 195m; 1.46; 1.35; 1.28; 1.22; 1.13; 1.04; 0.95;
210w; 226w; 247vs; 258w 0.91
514.5 ~234vw; 260w 1.00; 0.90
488 169vw; 179vw; 186w; 202w; 1.42; 1.34; 1.28; 1.17; 1.13; 0.75
210w; 308w
S4 1064 159vw; 180vw; 230w; 262s; 1.52; 1.33; +; +; +; 0.82; 0.75
274vs; 285s; 308w
785 150s; 161vw; 175w; 195w; 1.62; 1.50; 1.37; +; +; 1.00; 0.89
206w; 236m; 263m
647 174m; 192s; 212s; 222m; 1.38; 1.24; 1.12; 1.06; 0.90; 0.83; 0.79
250m; 260m; 280m; 295m
532 165w; 177s; 187m; 195w; 1.46; 1.35; 1.28; 1.22; 1.13; 1.04; 0.95;
210w; 226w; 247vs;
514.5 165m; 180m; 230w; 262m 1.46; 1.33; 1.03; 0.89
488 162m; 180s; 203s; 258w 1.49; 1.33; 1.17; 091
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tween initial catalyst particles and their interfacial tension
value, for the given support material, are very crucial for
controllable synthesis of small diameter carbon SWNTs by
controlling the catalyst particle size. Redistribution of Ni
catalyst particle size supported on amorphous carbon film
during carbon SWNT growth was also reported in Ref. 42.

C. Raman studies

Finally, we discuss the relationship between catalyst par-
ticle size and the diameter of grown carbon SWNTs. In Table
I, we display the SWNT diameters (d) synthesized using as
catalyst S1, 2, and 4. The d were calculated from the expres-
sion wgpm(d)=a/d+ B, using the observed radial breathing
mode (RBM) frequencies (wgpy) and the corresponding en-
ergies (E;) of interband transitions v;—c¢; determined on
base of the plot of Kataura et al..® with parameters v,
=2.9 eV for the nearest neighbor carbon-carbon interaction
energy and ac_c=0.144 nm for the nearest neighbor carbon-
carbon distance. These parameters and the values «
=223.5cm™! and B=12.5 cm™! have been successfully ap-
plied for describing resonant Raman spectra of SWNTs.*46
The wgpy for different samples were obtained by Lorentzian
or an appropriate sum of Lorentzian fittings of the breathing
modes of Raman lines. We consider that only nanotubes with
resonant energy window (Ej,+0.1 eV) have a high prob-
ability for giving a strong signal in the Raman
measurements.’’ As one can see from Table I, for all catalyst
particles, the obtained SWNT diameters are in the range
0.70<d<1.71 nm. TEM images taken on SWNTs exhibit
also significant numbers of individual tubes with the diam-
eters up to 8 nm, especially in the samples obtained on base
of the catalyst with smaller particles (S4). We could not reg-
ister the RBM from the tubes with big diameter due to the
range limitation of the Raman spectrometers used. Consider-
ing a relationship between catalyst particle size and tube di-
ameter of R/d~ 1,2’13_15 the observation of nanotubes with
big diameter when using the catalyst with the smallest initial
particle size (S4) confirms that the particle size increased
dramatically during the growth of the tubes. Nevertheless,
we cannot exclude that small diameter tubes may also grow
from large particles, e.g., nanotubes obtained using catalysts
S1, 2, and 3, with particle mean diameter significantly bigger
than S4, showed, after the tube growth, RBM peaks corre-
sponding to very small diameter tubes (Table I). In Fig. 8, we
show TEM images of the sample synthesized using catalyst
S1, which had an initial particle size of ~8 nm. The images
show SWNTs with a broad diameter distribution
(1.3-7.5 nm) [Figs. 8(a) and 8(c)] and also multiwalled
nanotubes [Fig. 8(b)]. The inset in Fig. 8(a) shows an ex-
ample where the ratio between particle size and tube diam-
eter is R/d~1.6. These observations point out that once the
particle size is bigger than ~3 nm, the tube diameter may
not necessary correlate with the particle size.

It is noticeable, that for the laser excitation of 647 nm
very few RBM features are observed for nanotubes grown
using relatively bigger initial catalysts, samples 1 and 2
(wggm=192 and 212 cm™'). The laser photon energy of
1.92 eV (647 nm) corresponds to transitions E, and E3; of

J. Appl. Phys. 100, 044321 (2006)

FIG. 8. TEM images of the carbon nanotubes synthesized using catalyst S1.
The carbon material contains (a) very broad distribution of nanotube diam-
eter, (b) SWNTs with big diameter and relatively thick walls, and multiwall
nanotubes and (c) carbon SWNTSs with different bundle sizes.

semiconducting tubes with diameters ~0.82 and ~1.64 nm
and can also excite the E;; of metallic tubes. Thus, in the
case of these catalysts the RBM intensity of the tubes re-
sponsible for mentioned transitions either is very weak (not
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suitable for resonance) or very few tubes are present in the
sample. In the meantime, well-resolved group of RBM peaks
appeared in the spectra of sample 4 (smaller initial catalyst
particles) corresponding to nanotubes with metallic E;; tran-
sition and E,, semiconducting transition.

IV. CONCLUSION

The SQUID magnetometer is a valuable tool for evalu-
ation of catalyst particle size and composition before and
after nanotube growth. The decrease of the catalyst/support
ratio resulted in the formation of smaller particles (for the
studied range) embedded in the support material. The mag-
netic data of the initial catalyst particles indicated a core-
shell (Fe-Fe oxide) structure, with the volume fraction of
shell contribution increasing when decreasing particle size.
The growth of nanotubes leads to particle agglomeration
with increase of their size, broadening of the size distribu-
tion, and formation of Fe—C phases. This becomes one of the
main barriers to control the growth of small diameter
SWNTs by controlling the initial catalyst size. Therefore, not
only catalyst size and compositions are very crucial but also
the interfacial interaction with the given support material.
Finally, no direct correlation between catalyst size and nano-
tube diameters was found for big particles.
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