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In this article, we report the synthesis of metastable chromium dioxide at ambient temperature and
pressure. The formulation of this method is based on the fact that the CrO, particles used in
magnetic recording tapes are chemically unstable and react with the organic binder, leading to a
disproportionate reaction that produces nonmagnetic Cr(11YOOH and H,Cr(v1)O, compounds. This
suggests that it is also possible to synthesize CrQ, by reacting Cr{in) with Cr(v1) under appropriate
conditions. Thus, metastable chromium dioxide (Cr0,) powder was synthesized by mechanically
grinding a mixture of CrO; and Cr{OH); to induce a solid-solid reaction at atmospheric
temperature and pressure. The characteristics of the product obtained after mechanical grinding of
the above mixture depended on parameters such as the preparation conditions for the starting
material Cr{OH};, the grinding time, the rotational speed of the mill and the mole ratic of CrQ; and
Cr{OH};. An x-ray diffraction pattern of the product obtained under optimum conditions was in
excellent agreement with the profile of CrQ, . Furthermore, the powder was strongly ferromagnetic,
with saturation magnetization of 63 emu/g in an applied field of | T. © 2003 American Institute

of Physics. [DOI: 10.1063/1.1555988]

I. INTRCDUCTION

Of several oxidation states of chromium, CrQ, is the
only chromium oxide that is strongly ferromagnetic at room
temperature (Cr** is a 347 ion). And this has been of some
interest technologically as a magnetic recording medium.'
However, CrO, is metastable at atmospheric pressure and
temperature and synthesis with these requires stringent
conditions.*® Recently, it was reported that CrO, could be
prepared by decomposing Cr{NO;); impregnated in a poly-
crystalline rutile (TiQ,) support under ambient pressure.*
Another report claimed that CrQ; could be produced by re-
ducing CrO; with NH;I/NH,Br at temperatures between 120
and 150 °C and annealing the solid product at temperatures
below the decomposition point of CrO,.* However, further
simplification of the synthesis process is very much desired
to study the intrinsic properties of this oxide and also the
effect of potential dopants that could enhance the above
properties. In this article, we report a method by which to
synthesize CrO. by reacting Cr{in) with Cr{vi) compounds
mechanochemically. It was found that CrO, can be synthe-
sized by grinding a mixture of CrQy and Cr(OH);-#H,0 at
ambient pressure and temperature conditions. The product
obtained was strongly ferromagnetic and its x-ray diffraction
pattern was in excellent agreement with the pattern reported
for CrQs in the literature.
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I, EXPERIMENT

The raw materials for Cr{vi} and Cr{11) were reagent
grade CrO; and Ci(OH),-nH,0, respectively (supplied by
Wako Chemical Ce. Lid., Japan). A planetary ball mill
(Fritch Pulverisette-7, Germany) with two zirconia vials was
used to mechanically mill the mixture of reagents. The inner
diameter and volume of each vial were 80 mm and 45 cm’,
respectively. In our experiments, zirconia balls 15 mm in
diameter were used as the grinding media, and about 2 g of a
Cr{vi) and Cr(111) mixture was used as the starting material.
The ball/powder ratio was about 35:1. The phases present in
the ground products were identified by x-ray diffraction
{XRD) {Cu-MultiFlux, Rigaku, Japan) analysis. The mag-
netic properties were determined by a vibrating sample mag-
netometer {(VSM) (Tamakawa model TM-VSMI230-HHHS).
Thermal gradient/differential thermal gradient (TG/DTG)
analysis of the samples was performed at various stages of
grinding in a thenmal balance {(Rigaku Thermoplus TG-
8120). The morphology of the product was monitored by a
scanning electron microscope (SEM) {Hitachi S-4100).

{ll. RESULTS AND DISCUSSION

It has been reported® that the CrO, particles used in
magnetic recording tapes are chemically unstable and react
with the organic binder, leading to a noticeable loss in mag-
netization. Although the mechanism is yet to be completely
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FIG. 1. X-ray diffraction patterns of ground products obtained for different
grinding times.

understood, it is well established that a disproportionate re-
action produces nonmagnetic compounds given by

It can be noticed that part of Cr(1v)O, is converted into
Cr(m)OOH and the rest into H,Cr{vi)Q, . This implies that it
is also possible to synthesize CrQ; by reacting Cr{1n) with
Cr(v1) under appropriate conditions.

According to the reverse reaction in Eq. (1}, an oxidizing
agent, H,CrQy, and a reducing agent, CrOOH, were neces-
sary to synthesize CrO,. Here, we selected CrO5, which can
form H,CrQ, easily in the presence of water. Furthermore,
CrO; has a high electron affinity (EA) and could act as a
strong oxidizing agent. As for CrOOH, Cr{OH),- nH,0 was
annealed at a predetermined temperature for a specified pe-
riod of time. Based on the reaction Cr®* +2Cr* T =3Cr*,
the mixture of CrO; and Cr(OH); with molar ratio equiva-
lent of 1:2 was ground in the mill.

The XRD patterns of the ground powders obtained for
different grinding times are shown in Fig. 1. The diffraction
peaks corresponding to CrO, began to appear within 15 min
of grinding, and their intensities rose according to the
amount of grinding. However, it should be noted that for
grinding periods longer than 2 h, peaks corresponding to
Cr,0; and ZrQ, (grinding media) began to appear. On the
other hand, the peak intensities of CrO; also depended on the
rotation speed of the mill for a fixed grinding time of 2 h,
and reached a maximum at 700 rpm.

The saturation magnetization A, in 1 T applied fieldas a
function of the grinding time is shown in Fig. 2. The ferro-
magnetic fraction in the ground powder increased with
grinding time with M, reaching a maximum of 48 emw/g
after 2 h. On the other hand, the M, of the products obtained
for different rotation speeds reached a maximum of 48 emu/g
at 700 rpm. Thus, the optimum grinding time and rotation
speed were fixed as 2 h and 700 rpm, respectively.

Based on the above results, it is reasonable to assume
that the following solid—solid reaction has taken place during

milling:

CrO; +2Cr(OH), = 3Cr0, +3H,0. ()
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FIG. 2. Magnetization at 1 T of ground products obtained for different
grinding times.

However, diffraction peaks corresponding to Cr, 05 ap-
peared for powders ground for 2 h or more, irrespective of
the rotation speed. The formation of Cr,Oy could have been
due to overannealing of Cr{OH)4-nH,0, nonstoichiometric
ratio between the starting material in Eq. {2) and/or the re-
duction of CrQ;. In order to inhibit the formation of Cr,0,,
milling was carried out under varying initial molar ratios of
Cr0, :Cr(OH); and the XRD patterns of the ground product
are given in Fig. 3. It is clear that the intensity of the peak -
corresponding to Cr,0; was due to the nonstoichiometry of
reaction (2). The addition of CrO; in quantities slightly over
the stoichiometric requirement effectively inhibited the for-
mation of Cry0; in the ground product. It is believed that
when there was an excess of Cr(OH);, dehydration of it
would form Cr,0, according to the reaction.

2Cr{OH);=Cr,03+3H,0. o

The SEM analysis of the samples ground for different
durations clearly showed the progress of size reduction in the
mechanochemical reaction. Although the particle size of the
ground powder was reduced to submicron size with the
grinding time, agglomeration of the particles became very
pronounced as shown in Fig. 4. TG/DTG analysis of the
sample ground at 700 rpm for 2 h revealed that the product
was thermally stable until 400 °C and the loss of weight be-
low this temperature was due to the loss of water. However,
at temperatures higher than 400°C, the CrO, decomposed

Strength (arbitrary units)
&
(18]
Ly
{ (210)
cj_ .

12 i
N I'Z M s ___._:J WA
W t
0.95:2 i J‘;
I WL S A N
10 ) 0 40 50 80
/degrees

FIG. 3. X-ray diffraction patterns of ground products obtained for different
Cr(, and Cr{CH}y - nH,0 mole ratios.
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FiG. 4. SEM micrograph of the CrO, sample synthesized by ball milling for
2 hours at 700 rpm.

into CryO; and the corresponding weight loss was recorded.
This was confimrmed by XRD of the sample treated at 500 °C,
It is known that bound water in raw material of CrOOH
-nH,0 is necessary in order for it to react with CrO; and
form CrO; magnetic powder. And 16% of the water is con-
tained in Cr{OH);. Therefore, the saturation magnetization
of the powder could be improved by drying it at a specific
temperature. Thus the sample was annealed at 300 °C for 5 h.
The magnetic hysteresis loops of the samples before and af-
ter drying are shown in Fig. 5. The magnetization improved
by about 30% and the M| increased from 48 to 63 emu/g and
H_ from 128 to 190 Oe. However, the change in weight was
only 6%. The additiona] increase in magnetization is be-
lieved to be due to CrQ, crystal grain growth induced by
thermal annealing.

IV. CONCLUSION

Metastable CrO, magnetic powder was synthesized by
grinding a mixture of CrQ; and CrOOH-#H,0. The XRD
analysis and the magnetic properties of the powder con-
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FIG. 5. Magnetic hysteresis loops (a) before and (b) after annealing the
product obtained by grinding a CrO, and Cr{OH), - nH,0 mixture with ratio
of 1.05:2 for 2 h at 700 rpm.

firmed the formation of CrQ,. The quality of the product
depended on the mole ratio of CrQ; and CrOOH - # H,0, the
grinding time, and the speed of rotation of the mill. Further
enhancement of the magnetic properties of the powder was
obtained by annealing the sample at temperatures below the
decomposition temperature of CrO,. This synthesis method
is of practical importance for its simplicity, especially since
there is no requirement for the high pressure used in tradi-
tional methods.

ACKNOWLEDGMENT

The Education Ministry of China is gratefully acknowl-
edged for its financial support.

') Kubota, J. Am. Ceram, Sac. 44, 239 (1961).

B. L. Chamberland, CRC Crit, Rev. Solid State Mater. Sci. 7, 1 {1977}

*R. G. Egdell, E. Brand, and D. Kellet, J. Mater. Chem. 9, 2717 (1999),

K. Ramesha and J. Gopalakrishnan, Chem. Commun. {Cambridge) 1999,
1173 (1999).

*G. Basile, G. C. Boero, F. Garbassi, E. M. Ceresa, and F. Montino, MRS
Bull. 17, 1197 (1982).

Downloaded 06 Mar 2005 to 130.34,87.102. Redistribution suhject to AIP license or copyright, see htfp:Hjap.aip.orgfjap.'copyright.jsp



Available online at www.sciencedirect.com
SBCIENCE @DIREGT'

PRESS Joumnal of Colloid and Interface Science 263 (2003) 80-83

ACADEMIC

JOURNAL OF

Colloid and
Interface Science

www.clsevier.com/locateficis

Synthesis of size-controlled cobalt ferrite particles with high coercivity
and squareness ratio

C.N. Chinnasamy, M. Senoue, B. Jeyadevan,* Oscar Perales-Perez, K. Shinoda, and K. Tohji

Department of Geoscience and Technology. Tohoku University, Sendai 980-8579, Japan
Received 19 September 2002; accepted 5 March 2003

Abstract

Cobalt ferrite particles with diameters ranging from a few micrometer to about 15 nm were synthesized using a modified oxidation process.
The fine controt of the particle size was achieved by introducing various concentrations of Fe?* jons at the beginning of the reaction. Among
the particle sizes obtained by using this method, particles with a grain size of about 36 nm showed a magnetization (M;) of 64 emu/g and a
maximum coercivity ( f,) of 2020 Oe at room temperature. The corresponding squareness ratio was found to be 0.53.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

There is an increasing interest in magnetic ferrite nano-
particles because of their broad applications in several
technological fields including permanent magnets, magnetic
fluids, magnetic drug delivery, microwave devices, and high-
density information storage [1-3]). Though y-FeyOs; and
Co-doped magnetites are already being used in recording
media, renewed interest is being shown to cobalt ferrite
{CoFe04), which is considered a potential candidate for
high-density recording, This is because of its magnetic prop-
erties such as strong anisotropy and hence high coercivity at
room temperature and moderate saturation magnetization,
along with good mechanical hardness and chemical stabil-
ity. These characteristics, and also the fact that the magnetic
properties of the ferrite particles are strongly dependent on
their size, justify any effort to produce size-tuned cobalt
ferrite particles with diameters ranging from the superpara-
magnetic threshold of 10 nm to the critical single-domain
size of 70 nm [4,5]. The CoFe;04 prepared by the con-
ventional coprecipitation method [6] has resulted in particle
sizes ranging from 5 to 25 nm and their magnetization, Mj,
and coercivity, H,, are about 60 emu/g and 550 Oe, respec-
tively. The poor magnetic properties are due to the presence

* Corresponding author.
E-mail address: jeya@nid.carth.tohoku.ac.jp (B. Jeyadevan).

of a large fraction of superparamagnetic particles. In spite
of the development of a variety of solution-based synthe-
sis routes, the production of cobalt ferrite particles with the
desirable size and magnetic properties is still a challenge.

In a recent report, the authors developed a method to
achieve a fine-tuning of the size of cobalt ferrite nanopar-
ticles. This method has made possible the production of
nonaggregated primary particles of size of 40 nm exhibit-
ing a coercivity value as high as 4.3 kOe at 300 K [7]. The
as-synthesized powder, i.e., without size selection, showed
a H, of 2.9 kOe only due to the presence of a significant
fraction of superparamagnetic particles.

On the other hand, Tamura and Matijevic¢ [8] proposed a
method to produce cobalt ferrite particles having different
morphology. Their method was based on the development
of the ferrite structure from ferrous hydroxide gels in the
presence of a mild oxidizing agent. The as-prepared cobalt
ferrite particles were submicrometer in size and exhibited
various compositions depending on the synthesis conditions.
Though the magnetic properties of these particles were not
reported, it is understood that generally the micrometer-size
particles have small coercivities compared to that of single
domain size particles. Taking their approach as a reference
line and with an attempt to improve the room-temperature
magnetic properties of the nanometer-sized cobalt ferrite
particles, the present work explores the possibilities of fur-
ther lowering the size of the ferrite particles by restricting the

0021-9797/03/% - sce front matter © 2003 Elsevier Science (USA). All rights reserved.
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particle growth to the range from 10 to 100 nm by modify-
ing the oxidation method [8] using various concentrations of
Fe** ifons at the beginning of the reaction to induce the for-
mation of nuclei at early stages and promote heterogeneous
nucleation,

2. Experimental
2.1. Materials

All reagents were of analytical grade and were used with-
out any further purification. Required weights of FeSO4-
TH30, Fez(S04)3-nH30, and CoS04-6H;0 salts were used
to achieve a Fe/Co mole ratio of 2. Potassium nitrate, KNOs,
was used as a mild oxidizing agent. The intermediate com-
pound was precipitated by contacting the metals and ni-
trate solutions with suitable amounts of sodium hydroxide
(NaOH),

2.2. Synthesis of cobalt ferrite

Prior to the precipitation and oxidation experiments, ni-
trogen (N2} gas was purged into the aqueous solutions of
NaOH in order to minimize the content of residual dissolved
oxygen. To this oxygen-free solution, 0.085 M of ferrous and
0.0425 M of cobalt sulfate salts were added. In all batches
of the experiments, the total concentration of iron ions was
kept constant but the Fe(III)/Fe(II) mole ratio was adjusted
by dissolving suitable amounts of ferric and ferrous sulfate
salts in the starting solutions. The reaction vessel contain-
ing the mixture of iron and cobalt ions was then contacted
with NaOH solution. The effect of concentration of the ox-
idizing nitrate ions on particle size and morphology was
evaluated by dissolving vanable amounts of KNQOj3 salt into
the metal solutions. The aqueous suspension containing the
ferrite precurser, considered to be a mixture of cobalt and
iron hydroxides, was heated up to 93 £ 2 °C under a con-
tinuous purging of nitrogen gas to prevent the atmospheric
oxidation of the ferrous species. A reaction time of 2 h was
found to be sufficient to convert the intermediate hydroxides
into the ferrite compound.

2.3. Characterization

The X-ray diffraction (XRD?) analyses of the synthesized
ferrite powders were carried out in a RIGAKU X-ray diffrac-
tometer using CuK, radiation. The particle morphology was
examined by using a scanning electron microscope (SEM,
Hitachi S-4100) and a high-resolution transmission electron
microscope (HRTEM, Hitachi HF-2000). The magnetiza-
tion measurements were carried out at room femperature
by using a Vibrating Sample Magnetometer (Model TM-
VSMI1230-HHHS) with a maximum applied fieldof 1.5 T.

3. Results and discussion

Tamura and Matijevic [8] have studied the effect of Fe/Co
mole ratio in the starting solutions on the particle size. They
found that the cobalt ferrite particles were spherical with dia-
meters ranging from a few micrometers to about 100 nm
depending upon the Fe/Co mole ratio. The reaction time
required for the complete conversion of the hydroxides to
ferrite was nearly 20 h. In our approach, ferrous species were
partially oxidized by nitrate ions to give CoFe;O4 particles
of well-defined morphology with a fairly uniform and nar-
row size distribution.

It is also found that the properties of the particles are de-
pendent on the concentration of the reacting components,
the pH, and the nature of anions and cations in the aging
system. In view of this and also in order to optimize the
preparation conditions, leading te a further decrease in the
size of cobalt ferrite particles to the range from 10 to 70 nm,
the effect of the following factors were systematically in-
vestigated: concentration of oxidizing (NO5') species, sto-
ichiometric excess of precipitating OH™ ions with respect
to the requirement for the hydroxide formation and the
Fe(III)/Fe(Il) mole ratio in starting solutions. The basic idea
is to explore the possibilities to enhance the nucleation rate
by controlling the formation of ferric entities in the sys-
tem and restrict the particle growth and/or aggregation by
increasing the electrostatic repulsive force between the neg-
atively charged particle surfaces, an effect expected with
excess of OH™ ions.

3.1. Effect of KNO3 and NaOH concentration

On the consideration that the higher the availability of
the oxidizing agent the larger and faster the generation of
ferric species, experiments with various concentrations of
KNOj3 (0.015-0.03 M) were undertaken. The XRD patterns
corresponding to the particles produced at different concen-
trations of nitrate ions and with 2 h of reaction time showed

" only CoFez(4 phase with an average grain size of 52 nm

irrespective of the KNQj concentration. The magnetic mea-
surements gave 71 emu/g for M;, 1360 Qe for H,, and a
squareness ratio of 0.61 for the cobalt ferrite produced in the
presence of 0.02 M KNO; in starting solutions. The high
squareness ratio is attributed to a small volume fraction of
superparamagnetic particles. Above 0.02 M of KNO;, the
oxidation potential might have reached a saturation value
that caused the oxidizing conditions to be more or less con-
stant. On this basis, 0.02 M of KNO5 was considered the op-
timum amount of oxidizing agent to obtain well-crystallized
CoFe;04 particles.

On the other hand, the effect of an excess concentration
of OH™ ions was investigated between 0.225 and 0.56 M
for two levels of KNO3, namely, 0.02 and 0.03 M. Though
the stoichiometric requirement of NaOH was 0.255 M for
the total moles of cobalt and ferrous ions, CoFe20Q4 particles
were synthesized in the presence of 0.225, 0.25, 0.312, and
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0.375 M of OH™ ions for a fixed concentration of 0.02 M
of KNOs. When the OH™ concentration was less than the
stoichiometric requirement, the reaction was not completed
within 2 h and also the FeOOH phase was detected in the
XRD analysis along with the ferrite phase. No peaks cor-
responding to cobalt hydroxide were identified in the XRD
pattern. The XRD data suggest that some of the iron, prob-
ably generated by incomplete precipitation of cobalt ions,
was not incorporated into the ferrite structure; instead it
was oxidized and precipitated as an isolated phase. In turn,
the cobalt ferrite particles produced at OH™ concentrations
above the stoichiometric requirement were of cubic mor-
phology with well-defined crystal habits, which could be
due to the direct crystal growth mechanism [9]. The average
crystallite size was estimated to be about 58 nm. The SEM
observations clearly showed the aggregation of primary par-
ticles to give large and irregular polycrystals. This effect
could be attributed to the agpregation of extremely small
. primary particles that nucleated inside the hydroxide precur-
sor, with their subsequent growth taking place through the
contact-recrystallization mechanism [10]. Similar trends in
particle size were observed for the experiments carried out in
the presence of 0.03 M of KNOs3. Therefore, the increase of
OH™ concentration beyond the stoichiometric concentration
does not help to synthesize CoFez04 particles below 70 nm.
Furthermore, the coercivity of these particles at 300 K was
as low as 1300 Oe.

3.2. Effect of the concentration of ferric ions

The oxidation of ferrous ions would promote the ferrite
nucleation rate and lead to a decrease in the particle size.
This could be achieved either through stronger oxidizing
agents or the addition of ferric ions from the very beginning.
In view of this, the experimental conditions were set up to
synthesize cobalt ferrite particles in the presence of ferrous
and ferric ions in starting solutions. The percentage values of

ferric ions were 13, 20, 25, 35, and 50 of the total iron con-
centration. The total Fe/Co mole ratio was kept constant as
2:1. The concentration of NaOH was adjusted depending on
the stoichiometric requirements for the metal ion mixture.
All the products synthesized under these conditions con-
sisted of the ferrite phase. Under these experimental con-
ditions, the coexistence of ferrous and ferric ions from the
beginning would give an equal probability for the forma-
tion of both magnetite and cobalt ferrite. However, the peak
positions at high angles of the XRD patterns and the calcu-
lated lattice parameters confirmed the presence of CoFe; 0.
This fact suggests that the formation of CoFe; 04 might have
been kinetically favored over the magnetite formation. Also,
the concentration of ferric tons in the starting solution had a
marked effect on the average grain size estimated from the
(311) XRD peak, as seen from the data in Table 1. The SEM
and TEM micrographs of the ferrite powders produced for
various concentrations of ferric ions are shown in Fig. I.
It is evident from these micrographs that the particle size
of the ferrite powders decreased with increase in ferric ion
concentration. The addition of ferric ions led to a decrease
in the ferrite particle size that dropped from 100 to less than
I35 nm when the ferric ion fraction in the starting selutions

Table 1
The effect of Fe*¥ ion concentrations on the structural and magnetic prop-

ertics of the CoFep Q4 at 300K

Fei* Average Particle size M H, Sq. ratio
conc. grain size from SEM (emu/g) (Oc) (M. /M)
(%) from XRD and TEM

(nm) (nm)

0 53 100-110 71 1360 0.61
15 30 60-90 60 1150 0.41
20 28 60-90 64 1870 0.51
25 30 60-70 69 1860 0.51
35 36 30-40 64 2020 0.53
50 14 15-20 61 631 0.30

Fig. 1. The SEM and TEM micrographs of CoFe; 04 particles synthesized under various ferric ion concentrations. The Fe3+/Fel* ratios are (a) 0, (b) 0.15,

{¢10.20, (d) 0.25, {e) 0.35, and (f) 0.50.
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Fig. 2. The relattonship between the average particle size and the coercivity
of CoFez04 at 300 K (the continuous line is guide to the eye).

changed from 0 to 50%, respectively. The discrepancy in the
particle sizes obtained from XRD and SEM measurements
especially for the powders produced at lower concentrations
of ferric ions suggests that at higher ferric ion concentrations
the particles are probably single crystals while they become
polycrystals at lower concentrations. The coercivity and the
magnetization of the ferrite synthesized at the 50% ferric ion
concentration in the starting solution are comparable to the
values reported for cobalt ferrite produced by the conven-
tional coprecipitation method [6],

Table 1 also shows the results of the magnetization mea-
surements of the ferrite products. The magnetization is be-
tween 60 and 71 emu/g. The relationship between the aver-
age particle size and coercivity is shown in Fig. 2. The coer-
civity first increases as the particle size decreases, reaches a
maximum value of 2020 Oe between 3040 nn and then de-
creases for any further decrease in particle size. The square-
ness ratio of the particle exhibiting the highest coercivity
is 0.53. The value of 2020 Oe for the coercivity at 300 K is
the highest reported so far for this ferrite produced through
the low temperature synthesis technique. As the single do-

main size of cobalt ferrite is reported to be around 70 nm [5],
the magnetization mechanism for particles below and above
the single domain size will be different. This mechanism also
contributes to the variation observed in the coercivity values.

4. Conclusions

Cobalt ferrite particles with diameters ranging from a few
microns to about 15 nm have been synthesized by using the
modified oxidation method. The effect of the concentration
of the oxidizing agent namely, the nitrate ions, and the ad-
dition of ferric ions from the very beginning of the reaction
on the size and magnetic properties of the particles has been
studied in detail. The cobalt ferrite particles synthesized un-
der optimum conditions had an average grain size of 36 rm
and showed coercivity as high as 2020 Oe and squareness
ratio of 0.53 under a 1.5 T applied magnetic ficld at room
temperature.
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Nearly monodispersed CoFe,0, nanopatticles with average sizes between 8 and 100 nm were
synthesized by using seed-mediated growth dominant coprecipitation and modified oxidation
methods, X-ray diffraction and Mossbauer spectroscopy analyses confirmed the spinel phase and a
stoichiometric composition of (CogqsFen5)[CogrsFey 25104 for powders with different particle
diameters. Rotational hysteresis loss (#,) analysis showed an average switching field (H,) of 17
kOe and a magnetic anisotropy field (#,) of 38 kOe for the 40 nm CoFe,0, particles. The
corresponding magnetocrystalline anisotropy energy constant (K) was about 5.1X 10° ergicc. The
H . and f{, results suggest that the critical single-domain size of CoFe, 0, is about 40 nm. The room
temperature coercivity {#,) of the 40 nm CoFe,0, particles is found to be as high as 4.65 kQOe.
© 2003 American Institute of Physics. [DOI: 10.1063/1.1616655]

The presence of a large magnetocrystalline anisotropy
with a reasonable magnetization value makes CoFe, O, as
promising hard magnetic and recording materials, provided
they can be obtained in a stable single domain particle state.!
However, for nanometer sized CoFe,0, particles, the room
temperature (RT) coercivity values are reported to be 500~
2000 Oe, far below the theoretically estimated one.? The ob-
served wide range of coercivities could be related to the dif-
ference in the composition and grain size of the samples
investigated. In order to obtain a large diameter of the par-
ticles, and hence, high coercivity, CoFe,0Oy particles are
grown by annealing at high temperatures. This process in-
duces particle growth beyond the single-domain size limit,
and consequently, lowers the coercivity. Since it is very dif-
ficult to produce CoFe,0, particles with narrow size distri-
bution, the estimation of single-domain size of CoFe, 0y par-
ticle has not been discussed for more than four decades since
the work of Berkowitz and Scheule.® They synthesized sto-
ichiometric cobalt ferrite with different average grain sizes
by a low temperature treatment (<<800 °C) of coprecipitated
metal oxalates. And, the critical size of a single-domain par-
ticle of CoFe, 0, at RT has been claimed to be 70 nm, simply
based on the coercivity measurements.® Since a mixture of
superparamagnetic and single-domain particles would influ-
ence the coercivity values, any estimate of the critical
single-domain size in their study could be only an approxi-
mate one. Therefore, the aim of the present work is to pro-
duce nearly monodispersed CoFe,0, nanoparticles between
$ and 100 nm directly without any postannealing steps and to
determine the single-domain size based on the coercivity and
the switching field /,, data, obtained by torque analysis. The
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authors have proposed seed-mediated growth dominant
coprecipitation’ and modified oxidation® methods to synthe-
size particles with diameters in the ranges 840 and 70-100
nm, respectively. In the seed-mediated growth dominant co-
precipitation method, various weight fractions of the copre-
cipitated colloidal CoFe,0, were used as seeds to produce
particles with diameters as large as 40 nm. At RT a maxi-
mum coercivity {H,) of 2.91 kOe was obtained for the
sample synthesized with a seed concentration of 3.33 g/l.
Since the seeded CoFe,(; has the mixtures of superpara-
magnetic and single-domain sized particles, size selection’
was carried out and nearly monodispersed particles of 8, 20,
and 40 nm in diameter were produced. In the modified oxi-
dation method, the initial concentration of the ferric ions in
the ferrous and ferric ion mixture was controlled and nearly
monodispersed particles of about 70 and 100 nm were
obtained.

X-ray diffraction (XRD) analyses of the synthesized
CoFe,0, powders were catried out in a RIGAKU x-ray dif-
fractometer using Cu K a radiation. The particle morphology
was examined by using a scanning electron microscope
(SEM, Hitachi $-4100) and a high-resolution transmission
electron microscope (HRTEM, Hitachi HF-2000). Hysteresis
loops were measured using a superconducting quantum in-
terference device magnetometer under a maximum applied
field of 50 kOe. The rotational hysteresis loss was evaluated
at RT using a torque magnetometer under a maximum ap-
plied field of 25 kOe. The *’Fe Mossbauer experiments were
performed for the 100, 70, 40, and 20 nm particles of
CoFe,0, in a Wiessel Mossbauer spectrometer with a 25
mCi 3'Co/Rh source kept at RT. The spectrometer was
calibrated with a natural iron foil before and after the
measurements.

® 2003 American Institute of Physics
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FIG. I. SEM and TEM micrographs of nearly monodispersed CoFe,0y
nanoparticles: (a) 100 nm, (b) 70 nm, (c) 40 nm, (d) 20 nm, and (e) & nm.

The XRD analysis of all the samples showed the pres-
ence of spinel CoFe,0, phase only. The SEM and transmis-
sion electron microscopy (TEM) micrographs in Fig, | show
the degree of monodispersity of the particles of sizes be-
tween 8 and 100 nm.

Maossbauer spectroscopy measurements were carried out
for cobalt ferrite particles of various sizes to determine the
cation distribution in the spinel structure. The RT Mossbauer
spectra for samples of particle sizes 100, 70, 40, and 20 nm
are shown in Figs. 2(a)-2(d). In Figs. 2(a)-2(d), the dots
represent the experimental data and the continuous curve is
as a result of the least-squares fitting of the data using the
Bent program.® The Mossbauer spectra have been fitted with
three sextets, one corresponding to Fe’* jons in tetrahedral
(A) sites and the other two corresponding to Fe’* ions in
octahedral (B) site with two different average nearest-
neighbor environments. A superparamagnetic doublet was
not observed for all the samples except for the sampie of 70
nm particle size with a small relative intensity of 6%. The
values of the center shifts are characteristic of Fe®* ions.
From the relative intensities of the sextets the cation distri-
bution has been arrived at as (CogasFeq 75)] Cog 7sFe; 2510,

Transmission (arb. units)

2 8 4 0 4 8 12
Velocity (mmvs)

FIG. 2. Room temperature Mossbauer spectra for the nearly monodispersed
CoFe; 04 nanoparticles of various sizes,
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FIG. 3. Coercivity vs particle size of CoFe;04 measured at 300 and § K in
an applied field up to 50 kQe.

for all the samples and the ratio of the population of Fe**
ions in 4 to B sites is 0.60, which is close to the value of
0.67 obtained by Moumen efal. for their 5 nm size
particles.” The weighted average hyperfine field for the 100,
70, and 40 nm samples was 480 kOe, whereas for the 40 nm
particle it was 450 kOe, only due to a large fraction of sur-
face spins with smaller magnetic moments.

Figure 3 shows the variation of coercivity as a function
of particle size at RT and 10 K. The coercivity increases with
particle size and reaches a maximum of 4.65 kOe at RT for
the 40 nm particle size, and thereafter it decreases with any
further increase in particle size. At 10 K, the coercivity is
higher compared to the values at RT for a given particle size.
This can be due to the increase in magnetocrystalline anisot-
ropy at low temperatures.'® It could be noted that the H, of
4.65 kOe for the 40 nm CoFe, 0y particles at RT is the high-
est and also close to the theoretical value of 5.3 kQe. The
value of squareness ratio (M,./M,) of 0.66 indicates that the
system consists of randomly oriented equiaxial particles with
cubic magnetocrystalline anisotropy.'' The particle size de-
pendent coercivity studies reveal that the single-domain size
of the CoFe,Q, is about 40 nm.

To confirm the single-domain size limit of CoFe,0,,
rotational hysteresis loss analysis using a torque magnetome-
ter was performed. The inset of Fig. 4 shows the representa-
tive magnetic field dependence of the rotational hysteresis
loss (W,) for the 40 nm CoFe,0, particles. With increasing
field, W, gradually increases and shows a peak at 17 kQe.
The peak corresponds to the average switching field /,, the
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FIG. 4. Room temperature coercivity /., peak field H,, and magnetic
anisotropy field A, vs particle diameter of the CoFe,0, nanoparticles. The
inset shows the plot of rotational hysteresis loss W, vs applied magnetic
field H for 40-nm-sized CoFe, 0y particles (continuous line is a guide for the
eye).
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field at which irreversible magnetization reversal occurs.
With a further increase of the magnetic field, ¥, gradually
decreases. It is to be noted that ¥, still does not vanish even
at a high applied field of 25 kOe. The magnetic anisotropy
field H, is determined'>"® at W,=0 by extrapolating the
linear part of W, and it is 38% 1 kQe. The magnetocrystal-
line anisotropy K(K=M H,/2; where M =53 emu/g at RT
for the 40 nm particles) is estimated to be about 5.1
% 10° ergs/ce, and is in good agreement with the value of the
bulk CoFe,0,."

Figure 4 shows the anisotropy field H; and the switching
field H,, of CoFe,0; particles plotted against the particle size
in the range 20-100 nm. For comparison, H, at RT is also
shown in Fig. 4. Both H, and #f,, show a maximum at 40 nm
and they are very small for smaller particle sizes. /,, shows
a smaller value of about 2-3 kOe for the 70 and 100 nm
particles. It is found that #, is much larger than H,. for the
particles in the 20-40 nm particle size regime, while H,, is
comparable to A, for the 70— 100 nm particle sizes. Numeri-
cal analysis of an assembly of single-domain particles,
whose easy axes of magnetization are three-dimensionally
oriented, shows that /,, will be larger than /. provided that
the magnetic exchange interaction between particles is low."!
Since the SM plot'™ of the nearly monodispersed 40 nm
particle shows a negative maximum, we can say that the
magnetic exchange interaction between the particles is neg-
ligible. Therefore, the fact that #, is much larger than A, for
the particles in the 20—40 nm size regime implies that the
particles are in the single-domain state. On the other hand,
the M, values, which are comparable to /. for the 70-100
nm particles, can be explained only if we assume that the
magnetization reversal mechanism of the particles is domi-
nated by domain wall motion, i.e., the particles are in the
multidomain state. Thus, the /, and /,, studies suggest that
the critical size of the single-domain CoFe,0, particles is
about 40 nm and not 70 nm as reported by Berkowitz and
Schuele.?

Chinnasamy ef al.

In conclusion, CoFe,0, nanoparticles with average sizes
between 8 and 100 nm were synthesized using the seed-
mediated coprecipitation method followed by size separation
and also the oxidation method. Particles synthesized by these
methods were confirmed to have a similar cation distribution
of (CogysFey 7s)[ Cog 7sFe; 25] from Mossbauer spectroscopy
analysis. The RT magnetic anisotropy field A/, and magneto-
crystalline anisotropy K values were 38 kOe and 5.1
X 10% erg/ce, respectively. The CoFe,0, particles of about
40 nm in size exhibited a coercivity value of 4.65 kOe and a
squareness ratio (M ./ M) of 0.66 at 300 K. Both the switch-
ing field H,, obtained by the magnetic torque analysis, and
the coercive field . suggested that the critical size of
single-domain CoFe,0, particles was 40 nm.
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and material functions that differ from the bulk because of

their distinct geometrical shapes and strong quantum
confinement. These qualities could lead to unique device
applications. OQur mass spectral analysis of CdSe nanoparticles
reveals that (CdSe),, and {CdSe),, are extremely stable: with a simple
solution method, they grow in preference to any other chemical
compositions to produce macroscopic quantities. First-principles
calculations predict that these are puckered (CdSe),;-cages, with
four- and six-membered rings based on the highly symmetric
octahedral analogues of fullerenes,accommodating either (CdSe); or
(CdSe), inside to form a three-dimensional network with essentially
heteropolar sp*-bonding. This is in accordance with our X-ray and
optical analyses. We have found similar mass spectra and atomic
structures in CdS, CdTe, ZnS and ZnSe, demonstrating that mass-
specified and macroscopically preduced nanoparticles, which have
been practically limited so far to elemental carbon', can now be
extended to a vast variety of compound systems.

Single-sized, stable nanoparticles are highly valuable because they
have well-defined structures that ¢an be identified with atomic
precision. Their specific physical and chemical properties can be
aralysed, or realised, on the basis of their particular atomic
arrangements. Such assemblies of atorns may serve as versatile building
blecks for functional materials in nanometre science and technology.
Recent extensive studies show that they could be produced not just in
carbon butin other elements and compounds that may have electronic,
optical and medical applications: examples are metal-encapsulated Si
clusters’, polyhedral-shell-like BN**, and size- or shape-controlled
II-VI compounds®”. Here we report the synthesis and identification

N anoparticles under a few nanometres in size have structures

ratur: materials | VOL 31 FEBRUARY 2004 | waew.nature.com/naturematerials

of mass-selected (CdSe),, and (CdSe),, nanoparticles in solution.
These constitute the first compound nanoparticles that are stable and
macroscopically produced at precisely specified numbers of constituent
atoms with their stoichiometric composition identical to the bulk solids.

(CdSe), nanoparticles were prepared in reverse micelles (see
Methods). The sample in toluene was dried on the target plate of a time-
of-flight mass spectrometer equipped with a nitrogen laser, Curve 1 in
Fig. I shows the mass spectrum of positive ions from this sample
produced by laser vaporization without cooling by carrier gas injection
inthe vacuum chamber. It shows three dominantpeaksat # = 13,33and
34 with 1:1 stoichiometry of Cd/Se as in the bulk, together with much
weaker peaks for off-stoichiometric particles. The peak width represents
binomial isotope distributions of naturally abundant Cd and Se atoms,
The intensitiesof the peaks at 33 and below tend to increase relative to 34
as the laser power increases, indicating that particles of n < 33 may also
be produced by fragmentation of 33 and 34. The characteristic feature of
curve Listhatonlythe two peaksat n = 33 and 34appear prominently in
a region of the plot that covers a very wide range of mass (more than
19 CdSe units), indicating that only (CdSe},; and (CdSe),, are grownin
the solution because of their extremely selective stabilities. From atomic
force microscopy (AFM) measurement of the step height on a few-
monolayer film deposited on graphite, we determined the diameter of
these nanoparticles to be 1.5nm.

To see the stability of these nanoparticles further, we measured mass
spectra from laser ablation of bulk crystaltine samples of CdSe, CdS, ZnS
and ZnSe. Theyall show appreciable peaksat n = 13,33 and 34, whichare
produced even in the viclent ablation process, which would be expected
to fragment the clusters into lower-mass particles, This indicates the
extreme stability of particlesat n = 33and 34 withoutligandsas noted in
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Figure 1 Time-of-flight mass spectra of positive ions. Curve 1 is for nanoparticles
of CdSe prepared in toluene. Other mass spectra are produced by laser ablation of bulk
powders of CdSe {curve 2), CdS (curve 3) and ZnS (curve 4).

curves 2, 3and 4 of Fig, 1, which show CdSe, CdS and ZnS, respectively.
Martin® finds a similar tendency for Zn$S with helium gas cooling
duringablation.

Measurements of optical absorption in solution give additional
evidence that our sample contains stable mass-selected nanoparticles.
Curve 1 of Fig. 2 has a sharp excitonic peak at 415 nm together with
smaller peaks at 382 nm and 352 nm, blueshifted considerably from the
bulk value of 680 nm. This indicates that the sclution contains only
specific sizes of nanoparticles. These three peaks are reproducible, not
only in spectral positions, but also in the relative intensity ratios in each
sample rmeasured. The blueshifted peak at 415 nm for our nanoparticles
of diameter 1.5 nm is also consistent with the value of energy estimated
from the size-dependent spectraof Murray etal.>. The main component
of our sample in toluene, therefore, is identified as only (CdSe);; and
{CdSe},,. The spectral profile of curve 1 is practically identical to those
reported by Murray er al® and Ptatschek et alf, who estimated the
diameters of the nanoparticles to be 1.2 nm and 1.7 nm, respectively.
These results show that these nanoparticles are especially stable, as they
will grow under a wide range of preparation conditions.

Curve 2 of Fig. 2 shows the absorption spectrum of the solution
prepared at 80 °C. A new broad peak appears at 480 nm, indicating that
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Figure 2 Optical absorption spectra at reom temperature. Curve 1 isfor CdSe
nanoparticles prepared intoluene at 45 °C. Curve 2is for a sample prepared at 80 °C,
showing a new broad peak at 480 nm, with the sharp peak at 415 nmin curve 1 remaining
without shift. At higher temperatures and longer times, the broad peak redshifts and its
intensity increases, whereas the sharp peak decreases without shift.

particles of a new typebegin to growwitha mean diameter of 2.0 nmand
adistribution of ~10%, whichis typical of small crystalline-like particles
prepared with conventional colloid methods®4. Thisbroad peak shiftsto
longer wavelength with increasing temperature and time as the particle
size increases. The sharp peak at 415 nm in curve 1 remains in curve 2
without shift, showing that (CdSe),, and (CdSe},, have particularly
stable structures that are highly resistant against ripening even under
conditions that favour the growth of larger particles.

Figure 3 shows X-ray diffraction profiles on our sample dried in air
after removing the excess surfactant (curve 1), and on a powder sample
of crystalline CdSe {curve 2). Curve 1 shows a series of five clear peaks
indicated by arrows below 28 = 15°. The first peak, at 2.80°, is the
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Figure 3 X-ray analysis of (CdSe),, and (CdSe),, structures. Curve 1 isthe X-ray
diffraction profile of a dried sample containing {CdSe),, and (CdSe),,, taken with Cu-Ka
radiation, and curve 2 is for a powder of bulk wurtzite CdSe. The curves 1’ and 2’ inthe inset
show the Fourier transform of EXAFS spectra at the Se-K edge of the nanoparticle and
powder samples, respectively. r:nearest-neighbour distance.
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Figure 4 Structures of the (CdSe}, core-cage nanoparticles calculated to be most stable, viewed down a threefold symmetry axis. a, (CdSe),, has 3 four-membered and 10
six-membered rings on the cage of 12 Se {dark brown} and 13 Cd (white) ions with a Se (ight brown) icn inside. b, {CoSe),, has a truncated-octahedral momphoiogy formed bya (CaSe),,
cage {Se, dark brown; Cd, white) with & four-membered and 8 x 3 six-membered rings. A{CdSe), cluster{Se, light brown; Cg, green) encapsulated inside this cage provides additional

network and stabiity.

fundamental reflection of the next four higher-order ones, These low-
anglereflections show aself-assembled stack constructed from (CdSe),,
and {CdSe),, with the surfactant acting as a spacer. Qur wet chemical
analysis and energy-dispersive X-ray (EDX) measurement of the solid
sample show 1:1 stoichiometry of Cd/Se.

Atangles of 28 > 20° there are only weak features in curve 1 where
crystalline peaks of the bulk wurtzite CdSe would appear (curve 2).
The width and shift of these weak features indicate that the range of
structural ordering is ~1 nm in the arrays. EXAFS {extended X-ray
absorption fine structure) measurement on (CdSe),, and (CdSe),, in
toluene (Fig. 3,inset) showsaclear Fourier transform peak fora nearest-
neighbour atom distance of0.260 nm compared with 0.263 nm for bulk
CdSe with tetrahedral bonding. The coordination number of Se ions
is estimated to be 3.2 as compared with 4 in the bulk and 3 in the
empty cage structure of, for example, Cg and (BN),. Peaks for
further neighbours are weaker and much spread around the bulk
second neighbour peak at 0.40 nm. These results show that our
nanoparticles have basically three-dimensional sp*-bonded Cd-Se with
the modifications expected in particles of less than 100 atoms’,
consistent with our theoretical analysis given below.

First-principles calculations using ultrasoft pseudopotentials and
the generalized gradient approximation'® show (CdSe),, to be cage-like
polyhedrawith sp’-like zigzag networks of alternately connected Cd and
Se ions forming four- and six-membered rings similar to (BN}, (ref. 3)
but highly puckered. Further stabilization occurs by filling the cage with
acore connected to the cage. The choice of ahighly symmetric cage with
the right size of core imposes stringent restrictions for the stable
nanoparticles if they are to retain a tetrahedral-like 3D network
internally. This novel 3D core—cage structure shows magic behaviour
{certain ‘magic numbersare strongly favoured) entirely different from
fullerenest?, BN-cages*4, shell structures of metallic clusters® and bulk
fragments of compound nanoparticles®”. The smallest polar cages with
the highest possible symmetry (octahedral) are for n= 12, 16 and 28.
Cages with 1= 12 and 28 can accommodate, respectively, (CdSe), and
(CdSe), inside as just the right sizes to form basically tetrahedral
networks, making up stable (CdSe},, and (CdSe),, (Fig.4) after
rearranging their structures to maximize the binding energy.
For (CdSe),;, (CdSe); fits well into the (CdSe),,-cage, keeping a stmilar

natuee paaterials | VOL 31 FEBRUARY 2004 | wwnw.nature.cony/naturemnaterials

network. The encapsulation of (CdSe), into an n=16 cage is
unfavourable as the inner space is too small. The optimal structure
of (CdSe),; is a low-symmetry n = 18 cage encapsulating (CdSe), with
a local maximum in the binding energy leading to its weak magic
nature (Fig. 1).

(CdSe),;has 12 Se and 13 Cd ions making up the puckered cage and
a Se ion at the centre connected with four Cd jons 0.282 nm apart
(Fig.4a). The mean Cd-Se bond length is 0.264 nm. Itis 0.6 14 eV lower
in energy than an empty n = 13 cage, showing the preference for a 3D
network. Fragments of bulk wurtzite and zinc blende? structures
transform significantly on relaxation and lie a few electron volts higher

5,16
5,14
5,12

5.10—

- Binding energy (eV per CdSe)

5.08 1

28 29 30 31 32 33 34 35
{CdSe),

Figure § Calculated binding energies. The binding energies are calculated per CdSe
molecule of (CdSe), composed of a cage-like (CdSe),, with (CdSe) . inside {7 = 28 + m,
m=01,...,7)
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in energy than the core—cage structures, ruling out the possibility that
(CdSe),; and {CdSe},, have the bulk structure. The bond lengths in
(CdSe),, (Fig. 4b) vary from 0.255 to 0.284 nm with the mean value of
0.266 nm, as compared with 0.268 nm calculated for the bulk. The mean
nearest-neighbour coordination is 3.18. These results agree well with
our EXAFS analysis. The largest diameter (1.45 nm) of (CdSe),, also
agrees with our AFM estimate of 1.5 nm as well as the previous®
estimates. The binding energy is maximum for (CdSe),, among
(CdSe)y5, o with m =0, 1,...,7,as (CdSe),, -, is just the right size to fit
inside a (CdSe),-cage, resulting in its extreme stability (Fig. 5).
The binding energy decreases only slightly for (CdSe),, with m=35.
Qur calculations also predict such nested cages with a core for other
11-V] compounds, for example, ZnS and CdS, again supporting our
experimental results, However, core—cage structures are less stable for
HI-V nanoparticles. For example, (BN),;, with N at the centre is less
stable than the empty (BN),, and {BN),,-cages’.

Our investigations dernonstrate that (CdSe),, are extremely stable
at some specific n, with novel core~cage structures predicted by theory.
This sharply selective stability provides a definitive identification of
stable compound nanoparticles of particular atomic numbers and
compositions. Such ‘'magic clusters' have long been sought or proposed
on the basis of experiments. Our methods should allow their
production in macroscopic quantities,

METHODS
PREPARATIGN

{CdSe), nanoparticles were prepared in reverse micelles at a temperature of 45 °C under ambient
pressure. Cadmium nitrilotriacctate, obtained by dissolving 0.16 g of Cd50, and .21 g of sodium nitrilo-
triacetic acid in 10 ml of water, was mixed with 1.2 ml of decylamine (CH,{CH,),NH,) as surfactant.
The cadmiurn ions bind 10 the amine groups of the surfactant. The solution is further mixed with 15 ml

102

aqueous solution of sodium selenosulphate {Na,5¢50,1 which dissociates in alkaline conditions i yield
S On adding toluene to this solutior, the micelies move up into the 1eluene and transform inta everse
micelles in which ranoparticles of Cd5¢ form. Within a few minutes the toluene urns uniformly
greenish vellow, whereas the water remains colourless. The total seaction yield is more than 20%.

MASS SPECTROMETRY

The time-of-flight mass spectrometer used was a Bruker Daltonics, Reflex I11, equipped with a

niirogen laser.
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Abstract

We investigated the electronic properties of the radial single-walled carbon nanotubes (SWCNTS) by using the Raman and the
UV-Vis-NIR spectroscopy. The radial SWCNTs for the analysis were synthesized by the arc-discharge method with Ce as a
catalyst. The yield of the radial SWCNTs with 1.55 nm diameter and 60 nm length was as high as 20% in the soot. From the
UV-Vis-NIR spectrum and the tangential mode of Raman spectra, the radial SWCNTs were confirmed to be composed of
semiconducting (0.64 and 1.14 eV for V| — C] and V2 — C?) and metallic (1.60 eV for V., —C!) nanotubes.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The discovery [1,2], high-yield synthesis {3] and pu-
rification [4,5] of single-walled carbon nanotubes
(SWCNTs) with novel properties have inspired scientists
from various disciplines working on a range of potential
applications [6~9]. Physical [10], chemical [11] and me-
chanical [12] properties of SWCNTs depend on their
diameter, chirality and morphology. In the SWCNTSs,
there are two type morphologies; one is a tens of mi-
crometer long SWCNTSs, the so-called ‘highway junction
type SWCNTS’ and the other is a tens of nanometer long
radial SWCNTs, often referred to as ‘sea urchin type
SWCNTSs'. Highway junction type SWCNTSs have been
synthesized by means of the arc-discharge method or the
laser vaporization method using the bi-metal catalyst,
Ni/Co, Ni/Fe, NifY and Rh/Pd. Also, the optical
properties of the highway junction type SWCNTSs have
been studied in detail and have been found to be com-
posed of both semiconducting and metallic tubes {13,14].
On the other hand, radial SWCNTs with 1.5-2.0 nm in
diameter and 50-100 nm in length are grown radially

" Corresponding author. Fax: +81-22-217-7391,
E-mail address: hige@buckyl. kankyo.tohoku.ac.jp (Y. Sato).

0009-26I4/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2004.01.004

around the core metal particles. They have been syn-
thesized by an arc-discharge [15-17} and solar focused
production method [18] using a metal catalyst such as,
Y, La, Ce and Gd. However, the production efficiency of
the radial SWCNTs has been reported to be very low
(roughly 6% by volume from visual inspection of TEM
images [19]) and no detailed study has been carried out
to improve the production efficiency. As a result, there is
little or no information about their electronic properties
[18,20]. Alvarez et al. [18,20] have synthesized the radial
SWCNTs by the solar focused production method using
La as a catalyst. They measured the Raman spectra of
radial SWCNTs with diameters from 1.5 to 1.8 nm using
the incident light energy of 1,92, 2.41 and 2.54 eV and
reported that the tube possesses semiconducting char-
acter due to no Breit-Wigner-Fano (BWF) lineshape
resonance. However, in order to investigate the metallic
nature of these nanotubes, Raman spectroscopic mea-
surement with laser energy close to 1.5 eV will be nec-
essary and the electronic structure of the radial
SWCNTSs is yet to be clarified. Here, we discuss the
parameters that need to be optimized for efficient pro-
duction of radial SWCNTs by using the arc-discharge
method with Ce as a catalyst. And also, we report their
electronic structure by using Raman and UV-Vis-NIR
spectroscopy.
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2. Experimental

Radial SWCNTSs were synthesized by a direct current
arc-discharge between a pure graphite cathode and a
metal loaded graphite anode in helium atmosphere. A
16 mm diameter and 50 mm long pure graphite rod
(purity 99.9%) and a 6 mm diameter and 85 mm long
graphite rod (99.9%) loaded with CeQ, powder {99.99%)
as the source of Ce metal were used as cathode and
anode, respectively. The soot samples were synthesized
by varying the He gas (99.99%) pressure from 100 to
1500 Torr and the arc-discharge current from 60 to
100 A. The sample for the investigation was collected
only from the inner wall of the chamber and burned in
air at 533 X for 1 h to remove the amorphous carbon.
Transmission electron microscope (TEM) (Hitachi HF-
2000) with a field emission type electron gun was used to
observe the morphology of the soot. Raman spectrom-
eters, Jobin-Yvon T64000 with Ar ion (Leonix Co.) and
He-Ne (NEC Co.) lasers and Jobin-Yvon LabRam HR-
800 with dicde laser (TOPTICA Photonics AG.), were
used to analyze the physical properties of radial
SWCNTs. Samples were measured using 488.0, 514.5,
632.8 and 785.0 nm exciting lasers under backscattering
configuration. The UV-Vis-NIR spectrum of the radial
SWCNTs thin film was measured with a Hitachi U-4100
spectrophotometer. The used film was prepared by the
method described below. First, 10 mg of radial
SWCNTs soot was ultrasonicated in 100 mL of butyl
acetate to prepare a homogeneous dispersion. Finally,
the suspension was sprayed on a quartz plate using an
airbrush. Then, the film was dried at 473 K in vacuum
(10~* Torr) for 24 h to remove the butyl acetate ab-
sorbed on SWCNTs.

3. Results and discussion

Fig. 1a—c show the Raman intensity ratio /g//p of the
soot synthesized under a varying He gas pressure, arc

1.Tat.% Ce, 70A

1.7 at.% Ce,He 500 Torr

current and Ce concentration, respectively. Here, the
Raman spectra were measured using the incident light of
2.54 eV, Raman scattering peaks corresponding to E,
vibration modes at 1568 and 1590 cm~! in the tangential
mode range were due to the zone folding effect of the
SWCNTs. Since the peak at 1350 cm~! is the Raman
active mode of the defective carbon network, the in-
tensity is roughly proportional to the amount of amor-
phous carbon in the sample. Therefore, the Raman
intensity ratio I //p of the peaks at 1350 cm™! (D-band)
and 1590 cm™! (G-band) is a good index for the evalu-
ation of SWCNTs abundance. As seen in Fig. 1, the
productivity of radial SWCNTSs was very sensitive to He
pressure and arc current for the soot synthesized with Ce
concentration of about 1.7 at.%. In the arc-discharge,
the temperature of the arc plasma changes by the gas
pressure, arc-discharge current, or convection [21-23].
We suppose that the production of radial SWCNTs is
influenced very much by the temperature distribution
and its gradient around the arc plasma [24]. Thus, the
optimum synthesis condition for a high yield of
SWCNTSs was found to be Ce concentration of 1.7 at.%,
He pressure of 500 Torr and arc-discharge current of
70 A. We characterized the radial SWCNTs synthesized
under the above condition,

Fig. 2 shows the typical low magnification TEM im-
ages of the soot synthesized under He gas pressures of
{a) 100 Torr and (b) 500 Torr, while the Ce concentra-
tion in the anode and arc-discharge current were
1.7 at.% and 70 A, respectively. In the soot synthesized
under the He pressure of 100 Torr, radial SWCNTs were
not produced as seen in Fig. 2a. Also, most of the Ce
metal nanoparticles were buried in spherical amorphous
carbon particles. On the other hand, large quantities of
radial SWCNTSs were observed in the soot synthesized at
the He pressure of 500 Torr. Fig. 2c is the high-resolu-
tion TEM image of the radial SWCNTSs soot. From the
TEM observation, it is found that the average diameter
of SWCNTs was 1.6 nm in the range between 1.4 and
2.1 nm. The length was distributed between 50 and
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Fig. 1. The Raman intensity ratios /g //p of the soot synthesized under varying: (a) He gas pressure; (b) arc current; (¢) Ce concentration. Raman

spectra were measured using the incident light of 2.54 eV,



Y. Sato et al. | Chemical Physics Letters 385 {2004) 323-328 325

Fig. 2. Typical low magnification TEM images of the soot synthesized under 2 He gas pressure of (a) 100 Torr (b) 500 Torr while the Ce con-
centration in the anode and arc-discharge current were 1.7 at.% and 70 A, respectively. (¢) A high-resotution TEM image of radial SWCNTs soot
synthesized under a He gas pressure of 500 Torr shows (A) radial SWCNTs with Ce carbide metal particle at the core, {B) radial SWCNTs with small
metal particles at the core, (C) amorphous carbons and (D) Ce carbide particles.

70 nm and was shorter than that of the highway junction
type. The diameter of bundles grown from Ce com-
pound core was not always uniform and but it varied
between 5.0 and 16.0 nm. The soot consisted of
(arrow A) radial SWCNTs with Ce carbide metal par-
ticle at the core, (arrow C) amorphous carbon and (ar-
row D) Ce carbide particles as shown in Fig. 2c.
However, not all of the core metals can be formed in the
radial SWCNTs; there are some radial SWCNTs with
the aggregated small metal particles around the core as
shown in arrow B. The yield of radial SWCNTs was
estimated to be about 20% from the TEM observations.

Fig. 3a, b show the radial breathing mode (RBM) and
tangential mode (TM) ranges of Raman spectra using
exciting laser with various photon energies for the soot
synthesized at Ce concentration of 1.7 at.%, He pressure
of 500 Torr and arc-discharge current of 70 A and
subsequently burned in air at 533 K for 1 h. As shown in
Fig. 2, the radial SWCNTs were self-assembled into

bundles and the diameter distribution of radial
SWCNTs was determined from the Raman line in RBM
range using the equation

viem™) = 223.5(cm™'nm)/d{nm) + 12.5

derived from the van der Waals interaction of the
nanotube packing [25]. To suppress the resonant Raman
effect, an incident light with photon energy of 2.54 eV
was used along with 2.41 eV {14]. From the peaks at 149
and 159 ¢cm=!, the mean diameter of the radial SWCNTs
was estimated to be about 1.55 nm. These results were in
good agreement with the diameter observed from the
TEM images. In the profiles obtained by using the in-
cident lights of 1.96, 2.41 and 2.54 eV in the TM range,
the peak often observed in graphite at 1580 ¢cm~!, split
into two peaks with their peak positions at 1570 and
1590 cm™'. On the other hand, in the Raman spectrum
measured using the incident light of 1.57 eV, a strong
peak at 1588 cm~! followed by a weak one at 1566 cm™!
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Fig. 3. Raman spectra in (2) RBM and (b) TM ranges using exciting laser with various photon energies for the soot synthesized at Ce concentration
of 1.7 at.%, He 500 Torr and arc-discharge current of 70 A and subsequently burned in the air at 533 K for 1 h.

and a shoulder around 1550 cm™! was observed. Ac-
cording to the relationship between diameter and the
allowed optical transitions (transfer integral 2.9 eV)
derived from band structure calculation based on the
tight binding approximation [13,26], a SWCNT with a
diameter of 1.5-1.6 nm will be exited by the incident
light with energies 1.96, 2.41 and 2.54 eV only when the
nanotube is a semiconductor. On the other hand, the
metallic nanotube will be exited by an incident light of
1,57 eV. In the TM range, the shape of Raman spectra
depends on the laser energy [27-29] and the splitting of
the spectra into narrow and symmetric lines is assigned
to the resonance from semiconducting SWCNTs, while
the broad and asymmetric BFW lineshape type peak
[13,30] that centered around 1550 cm™! was assigned to
the resonance from the metallic SWCNTs. Therefore,
the broad lineshape around 1550 cm~! was due to the
presence of metallic SWCNTs.

UV-Vis-NIR spectroscopy is an established tech-
nique for characterizing the electronic band structure of
SWCNTs [13,14,31-34]. Fig. 4 shows the UV-Vis—NIR
spectrum of the soot synthesized at a Ce concentration
of 1.7 at.%, He gas pressure of 500 Torr and arc-
discharge current of 70 A and subsequently burned in
air at 533 K for 1 h. The three peaks at 0.64, 1.14 and
1.60 eV were identified after the strong background due

to m electron plasmon of two-dimensional carbon was
subtracted from the raw data (inset in Fig. 4). By
comparing the peak positions with the values calculated
based on the zone folding method [26], these features

-
-
.
-
-
e

Optical density (arb, units) ]

[ X 1.0 1.8 2.0
s Photon energy (eV) R

Optical absorbance (arb. units)

05 1.0 1.5 2.0
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Fig. 4. UV-Vis-NIR spectrum of the soot synthesized at Ce concen-
tration of 1.7 at.%, He 500 Torr and arc-discharge current of 70 A and
subsequently burned in the air at 533 K for | h. Inset shows the raw
UV-Vis-NIR spectrum. Asterisk () indicates absorption peak due to
the quartz substrate.
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were assigned to the allowed optical transitions (transfer
integral 2.9 eV) between Van Hove singulatities of
the density of states in the SWCNT with a diameter of
1.5-1.6 nm. The peaks at 0.64 and 1.14 eV were attrib-
uted to the electronic transitions between pairs of sin-
gularities in semiconducting SWCNTs (V! —»C! and
V2 C2, respectively), whereas the peak at about 1.60
eV was predominantly from the first pair of singularities
(V! — Cl ) in metallic SWCNTs. The appearance of the
absorbed energy of the Mj; band appears at about
1.60 eV confirmed the presence of metallic SWCNTs.
This result was in good agreement with the electronic
band structure of SWCNTSs measured from the Raman
scattering spectra. The reason for its appearance at a
higher-energy side compared to the calculated §;; is due
to the Coulomb interaction between SWCNTs {33].

4. Conclusion

We have succeeded in improving the production ef-
ficiency of the radial SWCNTSs to a value as high as
about 20% (by volume from visual inspection of TEM
images) using 1.7 at.% of Ce in anode, He gas pressure
of 500 Torr and arc-discharge current of 70 A. From
the TEM measurement and radial breathing mode of
Raman spectra, the average length and diameter of the
SWCNTs were determined to be 60 and 1.55 nm, re-
spectively. Also, we have clarified the nature of the
clectronic structure of the radial SWCNTs. The pres-
ence of the metallic and semiconductor type SWCNTs
was confirmed from the UV-Vis-NIR spectrum and
the tangential mode of Raman spectra. In the carbon
materials, conducting amorphous carbon has played an
important role on the composites such as the electrode,
conducting paints and conducting rubber. The nano-
tube-filler used in these applications is required to be
conducting and easy to disperse in polymer and the
nanotubes could be used to form the conducting
channel within the polymer. The radial SWCNTs are
more easily dispersed in polymer than the semi-finite
long SWCNTs. We believe that the radial SWCNTs
are applied as the conducting filler.
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