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Figure 2. FT-IR spectra of purified MWCNTs synthesized by arc-
discharge method (top), condensed-MWCNT films (middle), and
hydrophile-MWCNT films (bottom).

hand, the Ip/lg of hydrophile-MWCNT films and condensed-
MWOCNT films was approximately 1.07 and 1.08, respectively,
and is greater than that of purified-MWCNTs. This indicates
that both hydrophile- and condensed-MWCNT films possess
covalent functionalization, and the number of functionalized
covalent bonds to the nanotube is very similar.

The degree of functionalization has been determined by TG-
Mass from 303 to 1173 K under a helium gas flow. As water
in the samples was vaporized in vacuo (1073 Torm) at 333 K
for over 12 h prior to TG-mass analysis, water molecules were
not observed. The generation of CO; (m/z 44) was confirmed
around 473 K and between 773 and 1073 K for both samples
(Figure 3). According to other studies on activated carbon'? and
carbon nanofibers!'® with oxygen surface groups, the maxima
on the CO, profile are due to the decomposition of carboxylic
groups. In the same way, the generation of CO; from the
nanotube films is attributed to the decomposition of carboxylic
acid, ester, lactones, and carbonyl groups under a helium gas
flow at less than 1073 K. In the range from 473 to 673 K, the
amount of CO, gas generated from hydrophile-MWCNT films
was marked at 500 K (Figure 3a). On the other hand, the amount
of CO, gas generated from condensed-MWCNT films was
marked at 515 and 623 K (Figure 3b). Condensed-MWCNT
films showed a new CO,-generating maximum at 623 K, in
sharp contrast to that of hydrophile-MWCNT films, which might
be due to the decomposition of ester bonds. We consider that
the difference in temperature associated with the generated CO-
is dependent on the functional groups (here, ester groups) and
the nanotube surface site (end or body of the nanotube) that
the functional groups are bonded to, and where the decomposi-
tion energy of carboxylic groups and derivatives into CO;
differs. Although CO gas was confirmed between 573 and 1073
K for both samples, the generated CO gas was very low.
According to studies of surface oxidation on fishbone-type
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Figure 3. Generation of CO, (m/z 44) of (a) hydrophile-MWCNT and
(b) condensed-MWCNT films in a helium atmosphere.

carbon nanofibers,'S the generated CO gas was very high around
873 K using TGA-mass analysis, and the evolution of CO is
attributed to the decomposition of quinones, hydroquinones, and
phenols. The reason the generated CO gas is low in our samples
is due to the geometry of graphene structure. In fishbone- or
herringbone-type carbon nanofibers, as the graphitic planes are
oriented at an angle to the fiber axis,'® the surface oxidation of
groups such as phenol and quinones abundantly occurs at the
edges of the graphitic planes in comparison to the basal plane
of the graphene of carbon nanotubes. Given the aforementioned
results, it was determined that functional groups such as
carboxylic acids and esters decompose into CO; by ca. 1173
K.

The typical weight loss for the hydrophile-MWCNT films
and condensed-MWCNT films up to 1173 K was approximately
12.2 and 11.5 wt %, respectively (Figure 4). As water is
produced by the dehydration—condensation reaction, the dif-
ference in weight loss percentage of both films is represented
by the ratio of water produced. As the difference in weight loss
percentage between hydrophile-MWCNT and condensed-
MWCNT films by 1173 K is essentially a weight percentage
of the water molecules generated, the molar (X) of the water
molecules generated is as follows:

X =W, — W )Mo}/ 1800 (mol)

Here, W, is 12.2 wt % of weight loss percentage for the
hydrophile-MWCNT films at 1173 K and Weong is 11.5 wt %
of weight loss percentage for the condensed-MWCNT films at
1173 K. My is the total weight of the films. As the apparent
density of both samples is 0.59 g/cm?, the molar amount of the
water molecules generated per unit apparent volume (cm®) of
MWCNT films is 2.29 x 1074 mol/cm?. Assuming that ester
bonds are uniformly formed all over the condensed-MWCNT
films, as a water molecule is produced and an ester bond is
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Figure 4. TG curves of hydrophile-MWCNT (dashed line) and
condensed-MWCNT (solid line) films. Wy and Wng represent the
decreasing weight percentage of hydrophile-MWCNT and condensed-
MWCNT films, respectively, at 1173 K.

formed, the number of ester cross-links formed per unit apparent
volume of condensed-MWCNT films is 1.37 x 10% bonds/
cm?. In the same way, the molar amount (¥) of the carbon of
the nanotubes per unit apparent volume of MWCNT films is
as follow:

Y= [(W cond ™ Wineta)Mioia /1200 (mol)

Here, W ong is 88.5 wt % of the weight percentage (100 — Wegng)
for the condensed-MWCNT films from which the functional
groups decomposed following condensation, and Wi is 0.5
wt % of the weight percentage of metal in the condensed-
MWCNT films. Mo is the total weight of the films. When
the apparent density of the condensed-MWCNT films is 0.59
g/em?, the molar amount of the carbon of the nanotubes per
unit apparent volume of MWCNT films is 4.32 x 1072 moV/
cm?. The number of carbon atoms of the nanotubes per unit
apparent volume of condensed-MWCNT films is 2.60 x 10%
carbon atoms/cm>. Consequently, the ratio (cross-linkege/
Chanotube) Of the number of ester cross-links and carbon atoms
of the nanotubes per unit apparent volume (cm?) of MWCNT
films is 5.27 x 1073, Given the inherent uncertainty associated
with TGA measurements, it is difficult to accurately estimate
the number of ester cross-links. However, this ratio (cross-
1inKegier/Cranowbe) Might represent a new estimation relating cross-
links and mechanical properties.

Figure Sa shows the SEM image of a fractured surface of
the condensed-MWCNT films. Films were composed of two-
step nanotube layers with many MWCNT ends being observed
(Figure 5b). In fact, a fractured surface composed of several-
step nanotube layers was observed. It is believed films were
composed of several-step nanotube layers resulting from the
filtration process of hydrophile-MWCNTs when forming
MWCNT films. Hydrophile-MWCNTs gradually aggregated
into DMF in the absence of dispersion treatment such as
sonication and stirring. As the filtration time passed, the filtration
rate of hydrophile-MWCNTs decreased. In this time, nanotubes
partially aggregated into DMF and aggregated nanotubes were
deposited on the initial MWCNT-deposition film. The tensile
stress—strain curve of the condensed-MWCNT and hydrophile-
MWCNT films are shown in Figure 6. The tensile stress —strain
curve of the condensed-MWCNT films reflects brittle fracture
behavior. The tensile measurement of condensed-MWCNT films
revealed that the tensile strength to break value was 15 MPa
on average, three times stronger than that associated with the
hydrophile-MWCNT films (Table 1). On the other hand, the

Ogino et al.

Figure 5. (a) Typical low-magnification SEM image of condensed-
MWCNT films. (b) Box in SEM image a shows the border of the SEM
image.
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Figure 6. Tensile stress—strain curves of hydrophile-MWCNT and
condensed-MWCNT films.

tensile stress—strain curve of the hydrophile-MWCNT films
reflects brittle fracture behavior after the tensile stress revealed
a constant value in the process of tensile measurement. This
type of stress—strain curve was observed in the condensed-
MWCNT films with low tensile strength. The tensile strength



MWCNT Films from Hydration Condensation Reaction

J. Phys. Chem. B, Vol. 110, No. 46, 2006 23163

TABLE 1: Mechanical Properties of Hydrophile-MWCNT and Condensed-MWCNT Films

apparent Vickers number of
density tensile yield elongation to hardness cross-links
(g/cm?) strength (MPa) break (%) (MPa) (bonds/cm?®)
hydrophile-MWCNT films 0.59 4826 6.0k1.5 49402
condensed-MWCNT films 0.59 15£52 45+ 1.1 92+£13 1.37 x 102

values of condensed-MWCNT films were more scattered than
those of the hydrophile-MWCNT films, ranging from 9.7 to
20.2 MPa. This can be attributed to a number of factors
including the difficulty in uniformly cross-linking the nanotubes
due to the small number of carboxylic acid and hydroxyl groups
and the low condensation reaction efficiency. The average
elongation to break values, 6.0%, for hydrophile-MWCNT films
is 1.3 times in comparison to that for condensed-MWCNT films.
This indicates that each nanotube of hydrophile-MWCNT films
gives rise to slipping (reflected by the plateau in the stress—
strain curve) given the absence of nanotube cross-linking and
the load does not transfer all over the films. In the case of
condensed-MWCNT films, the improved stress reflects the fact
that the stress is transferred to the entire film given the cross-
linking of each nanotube. Vickers hardness of samples was
estimated by the size of the indentation added by a constant
load with a diamond Vickers indenter, where the indentation
decreases with increasing hardness. For condensed-MWCNT
films, the average Vickers hardness of 9.2 MPa was slightly
higher than that of hydrophile-MWCNT films. The hardness
can be considered to be the degree of cross-linking between
carbon nanotubes. This suggests that the resistance to form
indents results from the force dispersion by the presence of
cross-linking in the entire condensed-MWCNT films, whereas
large indents are simply formed by the concentration of the force
at the indenter as hydrophile-MWCNT films represented the
only nanotube assembly without cross-linking. Here, an ester
cross-linking is formed for 189 carbon atoms of the nanotubes
per unit apparent volume of condensed-MWCNT films. If the
cross-linking of each nanotube is increased in condensed-
MWCNT films, the mechanical properties of the nanotube films
would be expected to be even more marked.

Conclusion

In summary, confirmation that MWCNT films cross-linked
through ester bonds were prepared by a condensation reaction
in the presence of 1,3-dicyclohexylcarbodiimide (DCC) was
determined by Fourier transform-infrared spectroscopy. Assum-
ing that the ester bonds are uniformly formed all over the
condensed-MWCNT films, the ratio of the number of ester
cross-links and carbon atoms of the nanotubes per unit apparent
volume (cm?) of condensed-MWCNT films was 5.27 x 1073
using TGA. The tensile strength of condensed-MWCNT films
achieved an average of 15 MPa, and is 3.1 times in comparison
to those of hydrophile-MWCNT films. The mechanical proper-
ties of condensed-MWCNT films might be significantly im-

proved through a condensation reaction by making improve-
ments in ester cross-linking such as chemical modifications with
a large number of carboxylic acid and hydroxy! groups thereby
increasing the amount of condensation through dense contacts
between each carbon nanotube.
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Synthesis of Fe-Co Alloy Particles by Modified
Polyol Process
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The successful synthesis of Fe-Co nanoparticles by using a modified polyol process is reported. The formation of the alloy nanoparticles
was confirmed by X-ray diffraction and X-ray extended absorption fine structure analyses. The concentration of iron in these particles
could be varied between 40% and 90% by controlling the reaction conditions such as initial Fe/Co ratio, reaction temperature and
hydroxyl ion concentration. The shape of the particles changed from spherical to cubic when the concentration of Fe was increased from
40 to above 60 at. %. The highest magnetization of 225 emu/g was recorded for Fe;o Coso nanoparticles. The magnetization of these
particles decreased by about 20% when exposed to severe oxidizing atmosphere for seven days.

Index Terms—Chemical synthesis, Fe-Co nanoparticles, polyol process, soft magnetic materials.

I. INTRODUCTION

OBALT when alloyed with iron causes an increase in

Curie temperature and saturation magnetization. In addi-
tion, the alloy possesses low coercivity, low anisotropy and high
permeability and is considered for ac and dc devices. Though
the synthesis of Fe-Co nanoparticles by thermal decomposition
has been reported recently [1], [2], the technique has been
very tedious, time consuming, not environment friendly and
expensive. On the other hand, Su et al. made an attempt to
synthesize Fe-Co nanoparticles by reducing the metal ions by
hydrazine hydrate and sodium hydroxide in alcohol at room
temperature [3]. In 1996, Viau er al. [4] made an attempt to
synthesize Fe-Co bimetallic particles by polyol process. How-
ever, the alloy composition could not be freely manipulated and
the maximum concentration of Fe in Fe-Co particles was about
20%. The successful synthesis of Fe-Co nanoparticles can
only be realized if the reduction conditions of both Fe and Co
are established. The synthesis of Fe particles was considered
difficult. On the other hand, the reduction of Co ion in polyol
is considered comparatively easy in the presence of hydroxyl
ions [5]. Recently, Justin e al. reported the reproducible syn-
thesis of Fe by polyol process [6]. In this report, we present
the successful synthesis of Fe-Co alloy particles with varying
composition by using a modified polyol process. And also we
report the magnetic and structural properties of Fe-Co alloy
particles.

II. EXPERIMENT
A. Synthesis Procedure

Fe-Co alloy particle with varying chemical composition was
prepared by using FeCl, - 4H50, Co(Ac); - 4H,0 and NaOH in
ethylene glycol (EG). The EG-metal salts-NaOH solution was
heated up to the boiling point of EG, refluxed at this temperature

Digital Object Identifier 10.1109/TMAG.2006.880072

for 2 hours and cooled to room temperature. The black precipi-
tate obtained was recovered from polyol and washed and stored
in ethanol. The total concentration of metal salts was fixed at
0.01 moV/l, while the Fe:Co molar ratio was varied depending
on the target alloy composition. Experimental parameters such
as metal ion concentration, hydroxy!l ion concentration and re-
action temperature were varied to control the size and shape of
the particles.

B. Characterization

The morphology of the particles was analyzed by using scan-
ning electron microscope (SEM) and transmission electron mi-
croscope (TEM). The composition of the particles was analyzed
using X-ray fluorescence and TEM-EDX. The crystal phase and
local atomic structures of the magnetic powders were deter-
mined by using the X-ray diffractometer (XRD) and extended
X-ray absorption fine structure (EXAFS) respectively. The mag-
netic properties of the particles were measured using a vibrating
sample magnetometer (VSM). The stability of the magnetic par-
ticles was determined by exposing the powder samples to a
highly oxidizing atmosphere and measuring the magnetization
at regular time intervals.

II1. RESULTS AND DISCUSSION

To synthesize pure Fe-Co alloy nanoparticles, the synthesis
conditions for co-reduction of Fe and Co metals should be con-
sidered. It may be noted that the synthesis of Co particles can
be established even at temperatures below the boiling point of
polyol. However, the synthesis of the same at temperatures as
low as 393 K was not realized. In contrast to this, iron parti-
cles with reasonable yield are formed at temperatures as low as
393 K. And also, in the case of Fe-based alloys, a control on
the concentration of hydroxyl ion could reduce the gap in the
reduction temperature between iron and other metals. If these
cannot be tuned well, depending on the reaction temperature, the
alloy composition becomes rich in either metal. The synthesis
of Fe-Co particles by controlling the hydroxyl ion concentra-
tion and reaction temperature to facilitate the co-reduction of Fe

0018-9464/$20.00 © 2006 IEEE



KODAMA et al.; SYNTHESIS OF Fe-Co ALLOY PARTICLES BY MODIFIED POLYOL PROCESS

B

2797

lntensity (arb. u.)

PDF §6-0696 a-Fe (bec)

N |

|

PDF 05-0727 a-Co (hep)

40 60 80

T T T Y v T Y

i . |
100 120 140

Diffraction angle (deg.)

Fig. 1.

XRD pattern of the Fe-Co particles synthesized by modified polyol process.
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Fig. 2. The k% weighted EXAFS spectra at Fe-K and Co-K edges of Fe-Co particles.

and Co was attempted. Though the synthesis of Fe-Co in polyol
has been reported in the past using a similar procedure, the re-
sults were not convincing enough to confirm the formation of
the alloy. Furthermore, even in our study, unfavorable synthesis
conditions led to the formation of additional phases such as
«-Co and ferrite. To avoid the formation of multiple phases, pre-
cautionary measures such as purging the system with nitrogen,
controlling the heating rate (to avoid the system remaining at
any fixed temperature for an extended period of time), reaction
temperature, etc were taken.

The XRD pattern of the particles synthesized under favor-
able condition by reacting the precursors at the boiling point
of polyol is very similar to that of either Fe or Fe-Co [Fig. 1}.
On the other hand, the presence of either a-Co or oxide phases
was not observed, From the stability of the particles in the at-
mospheric conditions, the formation of pure Fe was ruled out.
However, the samples were analyzed using the EXAFS to un-
derstand the structural details.

The EXAFS spectra of the Fe-Co particles at the Fe K (7111
eV) and Co K (7709 eV) absorption edges confirmed the pres-
ence of both metals and resembled very much with each other.
The plot of k3c(k) against wave number k of the k* weighted

fine structure extracted from the absorption spectra of Fe-Co at
Fe K edge is very similar to that of the Fe foil and suggests
that particles possess the bee structure as in the case of a-Fe as
shown in Fig. 2. On the other hand, the fine structure around Co
is obviously different from that of «-Co. Furthermore, similar
observations were made from the Fourier transformed profiles,
too. In summary, the Fe-Co particles consist of bee-Fe lattice
where part of the Fe atoms is replaced with Co.

The shape, composition and size of Fe-Co nanoparticles are
tuned by varying the synthesis conditions such as metal ion con-
centration, reaction temperature and hydroxyl ion concentra-
tion. In other words, the above parameters influence the reac-
tion rate and lead to the variation in shape, which was found
to be a function of the concentration of Fe in the particle. The
X-ray fluorescence analysis of the particles was carried out to
determine the overall composition of the powder. The shape of
Fe-Co particles became cubic when they were rich in iron. On
the other hand, the shape became spherical in the case of cobalt
rich particles. The Fe-Co particles with varying iron concentra-
tions are shown in Fig. 3. The control over the composition of
the Fe-Co particles is achieved by controlling the reaction tem-
perature. The reduction of iron and cobalt ions occurs at dif-
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Fig. 3. SEM micrographs of Fe-Co particles synthesized by modified polyol
process (a) FeqgCoso and (b) FeroCoso.
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Fig. 4. Relation between Fe content and saturation magnetization.

ferent temperatures. The concentration of iron is high in the par-
ticles synthesized at lower reaction temperature and their shape
become cubic. The final composition of the Fe-Co particles was
easily controlled by varying the initial mole ratio, for particles
with Fe concentration ranging between 50 and 90 at.%. Further-
more, above powders have the bece-iron structures. However, it
should be noted that the final concentration of Fe in Fe-Co parti-
cles synthesized at higher reaction temperature is always lower
irrespective of initial concentration and their shape is nearly

On the other hand, the size of the particles was tuned by con-
trolling the metal ion concentration while maintaining the hy-
droxyl ion and Fe/Co metal ratio constant. It is believed that the
number of nuclei formed is determined very much by the con-
centration of the hydroxyl ions and the excess metal ions present
in the solution are utilized for the growth of these nuclei. Thus,
the particle size increases with the increase in metal ion concen-
tration. Though the particle size could be varied between 300
and 50 nm, a detailed investigation is in progress to fully under-
stand the mechanism.

The saturation magnetization of Fe-Co alloy is known to vary
depending on the concentration of Fe in the particles showing
a maximum close to the Fe:Co ratio of 2:1. The maximum for
the bulk Fegg Cogq is reported to be 240 emu/g. The saturation
magnetization of the Fe-Co particles measured using the VSM
under a maximum applied field of 15 kOe is shown in Fig. 4.
An anticipated rise in magnetization for particles with higher
Fe concentration was recorded and the maximum value obtained
for a Fe concentration of 70 at.% was 225 emu/g. Though the
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Fig. 5. The magnetic hysteresis loops of FeCo particles before and after
subjected to 333 K and 90% humidity for 7 days.

magnetization was lower than that of bulk Fe-Co, it was higher
than the value of bulk Fe and also it was very stable compared
to iron particles, which get oxidized almost instantaneously.

Though the particles remained fairly stable in ethanol, the
long-term stability of the particles is desired from the appli-
cation point of view. Thus, attempts were made to pacify the
surface of the particles by forming a thin oxide layer through
controlled oxidation by treating the sample in toluene at spe-
cific temperature with a coupling agent. The magnetic hysteresis
loops of the sample before and after subjected to 333 K and 90%
humidity for seven days is shown in Fig. 5. It could be seen that
the drop in saturation magnetization was only 20%. The above
result is comparable to the particles considered for any practical
application.
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The polyol process and the parameters influencing the synthesis of metal and alloy nanoparticle are discussed. Then, the synthesis
strategies to obtain hard (Fe-Pt) and soft (Fe~Co) nanoparticles by using polyol process is presented. Under optimum synthesis condi-
tions, partially ordered Fe-Pt nanoparticles with an average grain diameter of 8 nm exhibited a coercivity of 460 kA/m in the as-synthe-
sized state. In the case of Fe-Co alloy particles, synthesis technique to prepare particles with varying Fe concentration in the size ranging

between 300 and 50 nm is reported.

Index Terms—Co alloys, FeCo, FePt, polyol process, soft magnetic materials.

1. INTRODUCTION

HE synthesis of monodispersed metal and alloy nanopar-

ticles is of fundamental importance for the development of
novel technologies based on the properties of the particles them-
selves as well as nanostructure derivatives fabricated using the
same. This holds true for nonmagnetic particles such as gold,
silver, and copper and also for ferromagnetic metals and alloys.
Though the synthesis of nanoparticles as well as nanostructures
using the dry process dominated for the last ten to 15 years
that led to considerable development in science and technology,
the use of solution techniques have made a comeback and has
demonstrated its potential in the synthesis of monodispersed ox-
ides, metal and alloy nanoparticles, and their assemblies [1]-[3].
Particularly, considerable progress has been made in the syn-
thesis of hard and soft magnetic nanoparticles using solution
techniques [4], [5]. As most of the novel applications demand
the use of either metal or alloy nanoparticles, synthesis of the
same by using nonaqueous process is preferred over the aqueous
counter part. Although thermal decomposition process is very
often used for the synthesis of metal and alloy nanoparticles, the
coproduction of highly toxic carbon monoxide on one hand and
the difference between decomposition temperatures of metallic
compounds in the cases of alloy particles synthesis on the other,
make this process environmentally very unfriendly and compli-
cated. In some cases, the process extends over a period of three
to four days to synthesize alloy nanoparticles [6]. On the con-
trary, the reduction of metal salts using polyol, which acts as a
solvent and reducing and oxidation protecting agents in the case
of metal and alloy particle synthesis has been demonstrated to
be comparatively environmentally friendly and simple [7]. The
authors have succeeded in the synthesis of ferromagnetic metal
and alloy nanoparticles by using the polyol process and demon-
strated the potential of this process in obtaining nonmagnetic
as well as magnetic nanoparticles with outstanding properties
[81-[10]. In this paper, we discuss the polyol process and re-
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port the synthesis strategies and properties of Fe—Pt and Fe~Co
nanoparticles using the aforementioned process.

II. PoLYoL PROCESS
A. Reaction Process in Polyols

In polyol process, metal species are chemically reduced in
liquid polyol. In this process, the metal salts are dissolved in
liquid polyol in an inert atmosphere and heated to elevated tem-
peratures to obtain fine metal or alloy nanoparticles {11]-[13].
The reduction of metal hydroxides to metals takes place through
dehydration and oxidation reactions as given in (1) and (2) in
ethylene glycol (EG) [14]

2CH,OH—CH,0H — 2CH3CHO + 2H,0 (1
2CH;3CHO + M(OH), — CH3COCOCH;3 + 2H,0 + M°.
2

In the case of reduction of metal oxides in boiling EG, the re-
duction reaction proceeds as

C2H502(1) + 5/XMOX(S) — 5/XM?S) -+ ZCOQ(g) -+ 3H20(g)-
3

However, in the case of reduction from other metal com-
plexes or compounds, the process may follow a different path
depending on the type of precursors and polyols. The reaction
rate (r) of the polyol process determines the properties of
nanoparticles such as size and its distribution, crystal struc-
ture, etc. and is a function of various experimental parameters
described by the equation given as follows

r= f(Predox> A4ccmc.; Hc.onc.: Trear:.) (4)

where, Predox; the reduction potential of polyol, Mcone.; the
metal ion concentration, Heoue.; the concentration of hydroxyl
ions, Ticac.; the reaction temperature.

When the P40 Of the polyol is high, the size of the parti-
cles becomes smaller, provided that the rest of the conditions re-
main constant. Here, the metal ions are reduced rapidly forming
an avalanche of nuclei consuming a large portion of the metal
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species and the particle diameter is consequently small due to
the limited supply of metal ions for growth. The authors made
an attempt to evaluate the reduction potentials of polyols by
measuring the natural potential using silver as reference elec-
trode. However, the presence of impurities swayed the results of
similar polyols produced by different manufacturers. The main
reason for this was the inability to measure the potential differ-
ence between salt bridge and polyol [15]. Furthermore, the re-
duction potential of the polyol increases with temperature and
reaches its maximum at the boiling point. However, this incre-
ment with temperature varied between polyols and made the
prediction of the reduction potential of polyols at boiling point
difficult. On the other hand, an attempt was made to evaluate
the reduction potential of polyol by using the molecular orbital
theory [16]. The reduction of metal ion is realized in polyol
through the electron transfer between metal and polyol. The
decisive factor during this reaction is the orbital energy levels
possessed by the metal ions and polyol. Here, the orbit and or-
bital energy were calculated by using quantum chemistry and
the reduction reaction is believed to progress through HOMO
and LUMO orbits possessed by polyol and the metal, respec-
tively. At the same time, it is important to select the appropriate
orbital levels for the reduction of metal ions. To determine the
orbital levels, we have calculated different types of polyol fixing
the metal ion and succeeded in determining the reducibility of
polyols. The reducing potentials in the increasing order for some
of the promising polyols used in nanoparticles synthesis are
tetraethylene glycol (TEG), ethylene glycol (EG) and trimethy-
lene glycol (TMEG). The results were in agreement with the
experimental observations in the synthesis of nonmagnetic as
well as magnetic particles.

The reaction rate () could also be enhanced by either in-
creasing the metal ion concentration ( My, ) or raising the tem-
perature (T,eac). However, the properties of the product such
as particle size cannot be predicted easily as other factors such
as Heone and Preqox indirectly influence the outcome. Further-
more, the reaction rate is enhanced when the H ., in metal
ion—polyol system is increased. The concentration of hydroxyl
ions (OH™) necessary for the reduction of metal ions in polyol
is also a function of the type of polyol. Highly reducing polyols
need lesser amounts of OH™ to synthesize particles of compa-
rable diameters. The presence of OH™ in the metal ion-polyol
system is believed to act as a catalyst in accelerating the forma-
tion of precursor complexes. The formation of such complexes
is believed to occur at lower temperatures in the presence of
OH~. However, this has not been experimentally verified till
now. An attempt was made to verify the same by monitoring
the UV-visible spectra of the metal ion—polyol—hydroxyl ion
system under various reaction temperatures. The representative
results of the aforementioned study are shown in Fig. 1. Here,
the reduction of cobalt acetate to form Co in EG goes through
an intermediate metal complex formation step at boiling point in
the absence of hydroxyl ions, whereas similar complex forms at
a lower temperature in the presence of hydroxyl ions as shown
by the arrow marks in Fig, 1. The type of polyol and metal salts
also influences the conditions at which these intermediates are
formed. A detailed study of the reduction process of Coin polyol
is in progress.
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Fig. 1. UV-Visible spectrum showing the effect of OH on the formation of
Co-complex with temperature.

B. Formation of Alloys in Polyols

In polyol process, the reduction of noble metals like Ag, Au,
and Pt and its alloys and some transition metals such as Co, Ni,
and Cu have also been materialized with relative ease. Unlike in
the case of pure metals, the formation of binary alloys has to sat-
isfy the basic requirements of coreduction of the metal ions in
question. The failure to reduce the metal ions together would re-
sult in the formation of separate metal entities or in the reduction
of one of the two metals. There are two possible routes through
which one could succeed in the synthesis of alloy nanoparticles
[14]. In the first case, the alloys are formed when the oxidation
reduction potentials of the metals are comparable, for example,
Ni and Co. However, it should be noted that this argument is
valid only when both the metal ions prevail in the reducible
form in solution. For example, the synthesis of Co metal in EG
is achieved with the cobalt acetate and not with cobalt chloride
under similar experimental conditions. The easiness with which
the metal salts form complexes differs and this may influence the
formation of alloys. However, marginal differences may lead to
the formation of alloys of core-shell structures, where core and
the shell can be rich in either metal. In the second case, the al-
loys are formed when one metal that get reduced easily acts as
a catalyst and assists the reduction of the other which is other-
wise hard to get reduced. Such a situation prevails in the case of
noble metal based alloys such as Fe—Pt, Co—Pt, etc. However,
in this case too, the appropriate selection of the metal salts is
vital and they should dissociate at specific temperatures where
the reduction of both metals is possible. Although, the synthesis
of magnetic transition metal particles such as Co and Ni has
been comparatively straightforward, the formation of transition
alloy such as Fe—Co and Fe-Ni with desired composition using
polyol process has been a challenge. However, we have been
successful in the synthesis of hard and soft magnetic alloys by
using polyol process. The synthesis strategies and properties of
Fe-Pt and Fe—Co nanoparticles are described here in after.

III. SYNTHESIS AND PROPERTIES OF HARD (fct-FePt)
AND SOFT (FeCo) NANOPARTICLES

A. Synthesis of Fe-Pt Nanoparticles

Chemical synthesis of self-assembled, monodispersed, and
chemically ordered L1, FePt and CoPt nanoparticles for ul-
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trahigh density magnetic storage [17]-[20] gained momentum
soon after the report by Sun ez al. in the year 2000. The ordered
L1, phase of these systems possesses high magnetocrystalline
anisotropy (K.,) and allows the use of thermally stable parti-
cles with 4-5 nm in diameter [17] as the basic unit for recording.
The particles synthesized using the thermal decomposition tech-
nique is reported to be superparamagnetic, chemically disor-
dered, fce in structure [17], and need to be annealed at 853 K
to obtain the L1, structure. However, the annealing step induces
coalescence of nanoparticles and works negatively for achieving
high recording density. Therefore, concerted effort was made
to lower the transition temperature (T;) by adding a third ele-
ment (eg. Cu, Sn, Pb, Sb, Ag, and Bi) that lower the T through
surface segregation [21], [22]. However, the reduction of T;
was limited to temperatures around 673 K and further reduc-
tion remained a challenge. On the other hand, if we consider the
crystal structure of Fe~Pt, the ordered fct structure is the stable
phase against metastable chemically disordered fcc structure.
In nanoparticles, surface energy that constitutes a large part of
the total free energy can be a significant factor in structure de-
termination. Furthermore, the activation barriers to phase trans-
formations are relatively low in very small particles [23]. This
phenomenon gives rise to complex coupled growth-phase trans-
formation behavior in nanoparticles. For example, the bulk Co
is known to have fcc phase at temperatures as high as 694.5
K. Authors in synthesizing Co metal particles using the chem-
ical route, namely modified polyol process [8], obtained the fol-
lowing: the particles chemically synthesized at temperatures as
low as 468 K were found to possess fcc structure at micrometer
size levels. When the reaction kinetics was enhanced, the par-
ticle size was reduced to submicrometer and even to a few tens
of nanometers. Along with size reduction, the crystal structure
also changed from fcc at micrometer size range, a mixture of fce
and hep in the submicrometer size range and to epsilon and hep
Co at nanometer size range [24]. The size reduction is a conse-
quence of fast reaction kinetics and so the formation of unstable
phases. Hence, during synthesis, the nanoparticles seem to un-
dergo the formation of unstable phases and by controlling the
reaction kinetics, different particle sizes and crystal structures
can be realized. In other words, the formation of most stable
phase could be realized by maintaining low reaction rate or mild
reaction conditions.

If we consider the method used for the synthesis of Fe-Pt par-
ticles by IBM, the Fe and Pt atoms for the formation of the parti-
cles are supplied by thermal decomposition of iron carbonyl and
reduction of platinum salts by polyol, respectively. Since the re-
Jease of iron through thermal decomposition is very rapid, sim-
ilar rate has to be maintained in supplying platinum also for the
formation of Fe—Pt alloy. The high reduction rate of platinum
has been achieved through the use of highly reducing solvent
such as 1, 2-hexadecanediol. This leads to fast reaction rate and
consequently to unstable disordered fcc-FePt. On the contrary,
if the synthesis of Fe~Pt using polyol process is attempted, Fe
and Pt salts that are reduceable at about the same temperatures
should be selected to facilitate coreduction. For example, the use
of hexachloroplatinate is not suitable to be used with iron acetyl
acetonate. Here, the platinum will be reduced prior to the disso-
ciation of iron and the coreduction will not be realized. Thus, we
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Fig.2. RT and 5 K hysteresis loop of FePt nanoparticles synthesized in TEG
at 473 K. Inset shows the magnified portion of the loops.

have to select a platinum salt that dissociates at higher temper-
ature than the iron counterpart to realize the formation of Fe-Pt
particles. The synthesis of Fe~Pt particles was carried out using
Fe and platinum acetylacetonates as starting materials [25]. Fuor-
thermore, the reaction was carried out in tetraethylene glycol,
which has low reduction potential compared to EG or TMEG.
The slow reaction rate in TEG compared to other polyols re-
sulted in the formation of significantly ordered Fe-Pt nanopar-
ticles above 553 K. The ordering also resulted in high intrinsic
coercive field of nearly 2.47 MA/m. The room temperature (RT)
and low temperature (5 K) magnetic loops of Fe-Pt particles
synthesized at 473 K in TEG are shown in Fig. 2. The particles
show a coercivity value of 143 kA/m at 5 K. Since the size of
these particles is below the superparamagnetic limit, room-tem-
perature magnetization does not show any coercivity. Further-
more, the particles synthesized in TEG form a petal-like struc-
ture, which is not observed in the case of other polyols, facili-
tates the sintering and subsequent growth, and finally ferromag-
netic features at 563 K. It is believed that the mild reaction con-
ditions and also the sintering of the particles are the main causes
for the partial ordering in the Fe~Pt samples synthesized in TEG.

When the Ni nanoparticles were synthesized in TEG, the par-
ticles formed initially were fcc in structure; however, they were
converted to hcp at higher temperatures and remained stable
even at the boiling point of TEG. It was observed that the crystal
structure change has been associated with sintering. The de-
gree of transformation depended on the size of the initial fec Ni
particles and a complete transformation was achieved at lower
temperature when the initial particle size was smaller. It should
also be noted that though the ordering of the Fe-Pt was asso-
ciated with sintering, the degree of ordering depended on the
ordered state of the primary Fe—Pt particles. It is believed that
the sintering will result in polycrystalline particles, which are
not suitable for recording purposes, and the synthesis process
was modified by introducing few percentage of hexachloroplati-
nate and carboxylic acid as nucleating and complex agents [26].
This was expected to inhibit the formation of petal-like structure
and facilitate growth. The fluctuation in the physical properties
of the particles was subdued and the average grain size of the
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Fig. 3. Mossbauer spectrum at RT for the as-prepared FePt.

particles at 473 K was only 3.4 nm and agreed well with the
transmission electron microscopy (TEM) observation. Though
the particles synthesized at 573 K were difficult to be dispersed
and observed in TEM, the grain size estimated from X-ray was
8 nm and suggested growth through sintering. As it was dif-
ficult to disperse these particles in organic solvent, the obser-
vation in TEM or estimation of the size distribution was not
possible. The crystal structures of flower petal-like structured
Fe-Pt particles synthesized in TEG at 473 K and Fe-Pt parti-
cles synthesized using 1% H;PtClg and five equivalent weight
of iron of carboxylic acid to facilitate growth and prevention
of petal-like structure were analyzed using X-ray diffraction
(XRD), extended X-ray absorption fine structure (EXAFS), and
anomalous small-angle X-ray scattering (ASAXS ). to under-
stand the macro— and micro-structure of Fe-~Pt particles. The
results suggest that the particles synthesized at 473 K consisted
of Pt rich Fe-Pt core and amorphous shell rich in Fe. However,
when these particles are annealed in TEG at 573 K, sintering
of these particles occur at the amorphous interface and crystal-
lization progresses along with ordering resulting in the forma-
tion of partially ordered ferromagnetic Fe—Pt. The details are
reported in [27]. The particles synthesized under optimum con-
dition exhibited a coercivity of 460 kA/m and anisotropy field of
over 3.18 MA/m. The superlattice reflection lines of (001) and
(110) from the XRD confirmed the presence of fct-FePt. The
room-temperature Mossbauer spectrum of particles with Fe:Pt
ratio of 52.5:47.5 is shown in Fig. 3. From these results, the
ordered fraction in the sample was estimated to be more than
50%. The spectrum was fitted with two sextets and a superpara-
magnetic doublet. The sextet with low hyperfine field value of
28.55 (£0.30) T represents fct-FePt, whereas the second sextet
with the hyperfine field (33.05 T) close to that of Fe suggests
the presence of Fe rich environment in FePt.

Though the magnetic properties of the particles synthesized
using the above process exhibited properties superior to the ones
synthesized using the IBM method, these particles could not be
dispersed into suspension to analyze their morphology in detail
to better understand the ordering process. The major obstacle
is thought to be the stained surface of Fe—Pt with polymerized
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TEG. Therefore, it is necessary to develop a method modifying
the polyol process that enables the synthesis of particles larger
than the superparamagnetic diameter at lower temperature.

As discussed earlier, the present method is devised on the pre-
sumption that it is difficult to reduce iron at lower temperatures
in polyol. Since we have developed the technology to reduce
iron at temperatures as low as 393 K, the coreduction of iron
and platinum using iron chloride and hexachloroplatinate has
become feasible [28]. Currently, efforts are made to synthesize
Fe-Pt particles with diameter larger than the superparamagnetic
limit, which would facilitate highly ordered Fe-Pt particles.

B. Synthesis of Fe~Co Nanoparticles

Viau et al. attempted the synthesis of Fe—Co alloy particles in
polyol in 1996 [10]. In their paper, it is reported that the forma-
tion of iron-based polymetallic particles was based on the prepo-
sition that the metallic iron powders is synthesized by dispropor-
tionation of iron hydroxide in organic media with the concomi-
tant reduction of other metal hydroxides such as Co and Ni in the
original process. It is also claimed that the polyol process does
not apply to iron as it is more electropositive than Ni or Co and
polyols are too weak to reduce ferrous ions. If iron is synthesized
through disproportionation, we should obtain equal quantities of
metallic iron and magnetite. However, it is claimed that the crys-
tallization of magnetite could be prevented by: 1) limiting the
initial concentration of ferric ions to 0.2 mol.dm~3; 2) adding
excess amount of hydroxyl ions; and 3) the system should be
free from water. However, authors are of the opinion that the
polyol do have the potential to reduce iron and the synthesis
of iron metal as well as low-temperature synthesis of Fe-based
noble and transition metal alloys in polyol is feasible.

Though the synthesis of micrometer-sized metal iron in
polyol was reported in 1996, no one has either confirmed or
reproduced their findings. Recently, we attempted the synthesis
of iron nanoparticles in polyols and succeeded in obtaining the
particles only when iron chloride was used as starting material
as claimed by Viau et al. However, the yield of metal iron and
oxide fraction varied depending on the reducing potential of the
polyols. Furthermore, the grain size of the iron nanoparticles
synthesized using highly reducing polyol such as TMEG was
small compared to the ones prepared using EG. In addition,
the X-ray diffraction lines of magnetite were less intense in
the product containing large size grains suggesting that the
magnetite is formed through the oxidation of iron and not as
a product of the disproportionation reaction. A detailed report
on the synthesis of iron nanoparticles and the low-temperature
synthesis of Fe-based alloy nanoparticles are presented in [28]
and [29].

Our successful attempt to synthesize iron in polyol and the
proposition that the polyol has the necessary potential to reduce
iron salts motivated us to make a fresh attempt on the synthesis
of Fe-based transition metal alloys such as Fe~Co and Fe~Ni.
Here, we discuss some of our results on the synthesis of Fe—Co
nanoparticles using polyol process.

As stated earlier, though the synthesis of Fe—Coin polyol was
claimed nearly a decade ago, the powders were polyphasic and
also made up of polydispersed agglomerates of Fe and Co parti-
cles. Also, the composition could not be freely manipulated and
the concentration of iron in the powder was a maximum of about
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20%. Taking into account of the fact that the polyol has the po-
tential to reduce iron, especially at temperatures well below the
boiling point of the solvent, a fresh attempt was made to synthe-
size Fe—Co nanoparticles with varying sizes and composition.

The Fe-Co alloy powder samples were synthesized using
FeCly-4H;0, Co(Ac)2-4H2O (Ac=acetate) salts and NaOH
in ethylene glycol (EG), which acts as a solvent and reducing
agent and reacting them at different temperatures to arrive at
the required Fe/Co ratio. The formation of multiple phases
such as metals, alloys and oxides are observed in the powders
synthesized under the normal preparative conditions. However,
in the modified process the particles consist of only Fe-Co
alloy phase as shown in Fig. 4. The potential of this method
could be appreciated only if the control over the composition,
size, size distribution and shape of the alloy is accomplished.
The authors have already reported the synthesis of Co metal
particles with different sizes and crystal structures using polyol
process in 2004 [24]. Here, it may be noted that the synthesis
of Co particles can be established even at temperatures below
the boiling point of polyol. However, the synthesis of the same
at temperatures as low as 393 K was not realized. In contrast
to this, the iron particles with reasonable yield are formed at
temperatures as low as 393 K. And also, in the case of Fe-based
alloys, a control on the concentration of hydroxyl ion could
reduce the gap in the reduction temperature between iron and
other metals [28]. If these cannot be tuned well, depending
on the reduction temperature at which we operate, the alloy
composition becomes rich in either metal. This was clearly ob-
served in the case of Fe—Co synthesis and the particles became
rich in iron at lower reduction temperature, whereas it was rich
in Co at higher reduction temperature. The reason for this is
believed to be due to the intermediate compounds formed by
Fe and Co as well as their stabilities against temperature. The
authors are of the opinion that the iron compound or complex
formed at lower temperatures requires less potential than that
of Co. Thus, iron is reduced at lower temperatures at which
the polyol does not have the necessary potential to reduce
Co. However, at elevated temperatures, the reduction of Co is
enhanced very much compared to Fe, leading to Co rich Fe-Co
alloy. Thus, the Fe-rich and Co-rich alloys could be achieved
through the control of the reduction temperature. Fig. 5 shows
the Missbauer spectrum of the FegsCois alloy (composition
from X-ray fluorescence) synthesized at 403 K. The large
hyperfine field of 34.6 T compared to 33.0 T for Fe suggests
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synthesized in EG.

Fig. 6. SEM micrographs of the FeCo alloy nanoparticles (a) FersCous, (b)
Fe74Cou6, and (c) Fes7Cogy synthesized in EG.

the formation of Fe—Co alloy particles. The size distribution of
these particles has been comparatively narrow. The morphology
of the particles is cubic as seen in Fig. 6 which is influenced
by the concentration of Fe in the particles. Additional details
on the synthesis and identification of Fe~Co phase using XRD
and EXAFS are available in the paper reported by Kodama et
al. [30].

Another area where we need control to acclaim the potential
of this process is the control over particle size. If we recall the
classical paper by LaMer [31], the only way to have control over
the particle size as well as distribution is to separate out the nu-
cleation and growth steps during the synthesis. In simple terms,
the particle size can be tuned by varying the metal ion concen-
tration. However, the rise in metal ion concentration should not
prolong over the period of nucleation, which will consequently
influence the distribution of the particle size. As discussed in
Section II, the hydroxyl ion concentration plays an important
role in determining the nucleation rate. Thus manipulating the
hydroxyl ion concentration can control the number of nuclei
formed in any system. Fig. 6. shows the SEM micrographs of
iron-rich Fe—Co particles with various sizes ranging between
300 and 50 nm. The authors believe that further reduction in
size is possible through a finer control over the experimental
conditions and work is in progress in similar direction. Also,
we are investigating the possibilities of using iron-rich Fe-Co
alloy particles for high-frequency application.
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The synthesis of nanoparticles of, for example, Fe, Co, FePt,
CoPt, or FeCo with enhanced magnetic properties is de-
manded for various applications in nano- and biotechnol-
ogy"™ Although a large number of reports have appeared in
the recent past, most of the chemical synthesis techniques re-
ported until now employ environmentally unfriendly chemi-
cals and tedious synthesis processes that extend over a couple
of days.m] Especially in the case of FeCo, most of the tech-
niques require high temperatures during synthesis as well as
post-annealing treatments, and the potential to control the
composition and purity!™® is not discussed in detail. The bulk
FeCo alloy is used in various engineering applications because
of its high saturation magnetization, high Curie temperature,
high permeability, low coercivity, and anisotropy.”) On the
other hand, the potential of FeCo nanoparticles in various
fields!'™'") has been envisaged but is yet to be fully explored
due to their unavailability. Although there have been reports
attempting the synthesis of FeCo bimetallic alloy particles by
the polyol process''? and by reduction of the metal ions with
hydrazine hydrate in alcohol ' the composition could not be
freely manipulated in both cases and the maximum concentra-
tion of Fe in FeCo particles was about 20 at %. Furthermore,
the formation of alloy particles was not confirmed beyond
doubt. Recently, attempts utilizing thermal decomposition
techniques have resulted in the formation of FeCo particles,
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and the control over the stability”) and purity®® of the product
has been achieved only through stringent steps during and
after synthesis. However, the potential of these techniques for
controlling the composition, size, shape, and other parameters
that play an important role in defining the properties of the
particles as well as their use in practical applications are
neither discussed nor demonstrated. Thus, there is an urgent
need for the development of a chemical synthesis technique
that could overcome the above-mentioned drawbacks and
form a basis for the synthesis of various alloy nanoparticles.
Here, we report a simple technique to synthesize composition-
and size-controlled cubic FeCo particles, ranging in size from
a few hundred to tens of nanometers, at 403 K within one
hour using a modified polyol process.

In the polyol process, the metal salts are dissolved in liquid
polyol under an inert atmosphere and heated to elevated tem-
peratures to obtain fine metal or alloy nanoparticles.[”] A typ-
ical experimental procedure to synthesize FeCo particles is as
follows: FeCo alloy particles with varying chemical composi-
tion were prepared by using FeCl;-4H,;0, Co(Ac), -4 H,O,
and NaOH in ethylene glycol (EG). This solution was heated
to the boiling point of EG, refluxed at this temperature for
1 h in the presence of a surfactant, and cooled to room tem-
perature. The black precipitate obtained was recovered from
the polyol, and washed and stored in ethanol. The total con-
centration of the metal salts was fixed at 0.01 mol L™, while
the Fe/Co molar ratio was varied depending on the target al-
loy composition. The reduction of the metal hydroxides to
their respective metals takes place through dehydration and
oxidation reactions in EG;“S] however, the process may follow
different paths, for example, reduction from hydroxides or ox-
ides or the formation of metal complexes, depending on the
types of metal salts and polyols. It should be remembered that
the reaction rate (r) of the polyol process dictates the proper-
ties of the nanoparticles, such as composition (in the case of
alloys), size, size distribution, crystal structure, and others,
and is a function of various experimental parameters de-
scribed by

r':f(Prcdoxa [M], [OH_], Treac.) (1)
where P..q0x is the reduction potential of the polyol, [M] is

the metal-ion concentration, [OHT] is the concentration of hy-
droxyl ions, and Ty, is the reaction temperature.
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There are two possible routes through which one could suc-
ceed in the synthesis of alloy nanoparticles[lsl In the first
route, the alloys are formed when the oxidation-reduction po-
tentials of the metals are comparable, for example, Ni and Co.
The inability of the reducing agent to reduce the metal ions
together would result in the formation of separate metal enti-
ties, core/shell-structured composites or alloys, or in the re-
duction of one of the two metals. It should be noted that this
argument is valid only when both the metal ions prevail in
their reducible forms in solution. For example, the synthesis
of metallic Co in EG is achieved with relative ease in the case
of cobalt acetate, but not with cobalt chloride under similar
experimental conditions. In the second route, the alloys are
formed when one metal, which is easily reduced, acts as a
catalyst and assists the reduction of the other, which is hard to
reduce alone. Such a situation prevails in the case of noble-
metal-based alloys such as FePt or CoPt.*1! Although the
synthesis of magnetic transition-metal particles, such as Co
and Ni, and noble-metal-based alloy particles has been com-
paratively straightforward, the formation of transition-metal
alloys such as FeCo and FeNi is still a challenge. Thus, the syn-
thesis of FeCo particles was attempted by controlling the pa-
rameters given in Equation 1 to facilitate the co-reduction of
Fe and Co. Synthesis conditions in the conventional polyol
process are unfavorable and led to the formation of additional
phases such as a-Co and ferrite along with FeCo particles. To
avoid the formation of multiple phases, precautionary mea-
sures, such as purging the system with inert gas, controlling
the heating rate (to avoid the system remaining at any fixed
temperature for an extended period of time}, reaction temper-
ature, and other parameters, were considered in modifying
the process.

Although the proposed scheme has an edge over hitherto
reported chemical techniques in obtaining pure FeCo parti-
cles, its potential could only be appreciated if control over the
composition, size, size distribution, and shape of the alloy is
accomplished. Previously, we reported the synthesis of Co
metal particles with different sizes and crystal structures using
the polyol process at temperatures below the boiling point of
polyol.[”] On the contrary, Fe particles are formed in reason-
able yield at temperatures as low as 393 K, while the forma-
tion of Co is not feasible. However, it should be noted that
control over the reduction temperature could be obtained by
varying [OH]."® Thus, both the reduction temperature and
[OH"] become critical in the synthesis of alloys. Conditions
outside the optimum values will result in alloys that are rich
in either metal. In the case of FeCo, the particles became rich
in Fe at lower reduction temperatures, whereas this was re-
versed at higher reduction temperatures. This is believed to
be due to the intermediate compounds formed by Fe and Co
as well as their stabilities against temperature. The presence
of hydroxy! ions in the metal-ion-polyol system may act as a
catalyst for accelerating the formation of precursor complex-
es/" Similar behavior has been observed in the case of Fe-
particle synthesis in polyol,® where the polyol molecules
were found to play a role in the reduction of Fe, and the yield
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as well as the particle size of Fe obtained depended on the
type of polyol: When highly reducing 1,3-propanediol was
used, the obtained particles were smaller in size compared to
the EG case. Consequently, Fe particles of smaller size got
oxidized comparatively easily, and the formation of magnetic
iron oxide was also recorded besides the presence of the dif-
fraction peak corresponding to Fe. Furthermore, the presence
of hydroxyl ions in the system lowered the potential barrier
and facilitated the formation of Fe in polyols at 393 K. Thus,
under optimum experimental conditions, that is, optimum
type of polyol and [OH], oxide-phase-free Fe particles of a
few hundred nanometers with a saturation magnetization val-
ue of 182 Am? kg™ were realized.”” These results proved that
the formation of Fe particles in polyol is not due to the dispro-
portionation reaction, where the presence of equal amounts
of Fe and magnetite is a must. The authors are of the opinion
that the Fe compound or complex formed at lower tempera-
tures in the presence of hydroxyl ions requires less potential
to form zero-valent Fe than that required of Co complexes.
However, the presence of Fe, which acts as a catalyst, facili-
tates the reduction of Co at lower temperatures and leads to
the formation of the FeCo alloy. On the other hand, the
reduction of Co is very much enhanced at elevated tempera-
tures compared to Fe, leading to Co-rich FeCo alloys irrespec-
tive of the initial Fe/Co ratio. It should be noted that at low
temperatures, the Fe/Co composition could be easily con-
trolled.

The FeCo particles with varying Fe concentrations (sam-
ples 1 to 6) were synthesized by reacting a specified ratio of
Fe and Co salts of 0.01 molL™ in EG at 403 K for 1 h. The
hydroxyl-ion/metal molar ratio is fixed at 40:1. The X-ray dif-
fraction (XRD) analysis of the particles obtained under vary-
ing molar concentrations of Fe (Fig. 1) recorded a pattern
very similar to that of either Fe or FeCo and was free of any

(c)
JL_ _A. A
(b)
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Figure 1. The XRD patterns of a) FeggCo3z, b) FeqsCosz, and ¢) FeysCoys

synthesized at 403 K. The Fe and FeCo peak positions are represented at
the bottom portion of the figure.
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secondary phases. However, a slight variation in the peak
position could be observed, especially the (220) peak, to high-
er angles on decreasing the initial molar concentration of Fe
from 70 to 30 mol %. The analysis of the XRD data, using
least-squares peak fitting, showed a lattice parameter varia-
tion of 2.8632 to 2.8460 A within an error of £0.0015 A for
the above samples. This variation is understandable because
of the substitution of Co for Fe in o-Fe, the lattice parameter
of which is 2.8665 A, and agrees well with that of FeCo bulk.
Moreover, to confirm the formation of FeCo, the samples
were further analyzed using extended X-ray absorption fine
structure (EXAFS) spectroscopy. Although the EXAFS spec-
tra of the alloys are similar across the entire composition
range, a representative result of the FesCos; alloy is pre-
sented here.

The EXAFS spectra of the FeCo particles at the Fe K
(7111 eV) and Co K (7709 eV) absorption edges confirmed
the presence of both metals and showed a strong resemblance
to each other, as shown in Figure 2. Furthermore, no peaks
corresponding to the presence of any metal oxides were ob-
served in the X-ray absorption near-edge spectroscopy
(XANES) region at both absorption edges. The Fourier trans-
forms (FTs) of the k*-weighted EXAFS spectra (see Support-
ing Information, Fig. S1) measured at the Fe and Co K-edges
are given in Figure 3a—-d. The FT spectra of Co (Fig. 3c) in the

3
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=)
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g Co K
<
Fe K
7000 7200 7400 7600 7800 8000 8200
nergy / eV

Figure 2. Raw EXAFS spectra of FegyCos; particles at the Fe and Co K ab-
sorption edges.

FeCo particles is similar to that of Fe in a-Fe (Fig. 3b) rather
than a-Co (Fig. 3d). Further analysis of fine-structural details
from the FT spectra is not possible because the backscattering
amplitude and phase shift of Fe and Co are very similar
(Fig. S2). Furthermore, if we assume a body-centered cubic
(bec) structure, the FT profile fits very well with two shells
having interatomic distances of 0.248 and 0.287 nm. Assuming
the Co occupies the body center and the Fe occupies the cor-
ners, or assuming the Co occupies both the body center and
the corners, the FT profile fits very well. Also, a similar fitting
that assumed an o-Co structure with a single shell having an
atomic distance of 0.249 nm was poor. The above structural
analysis suggests that the FeCo particles consist of an Fe bec
lattice, where Fe atoms are partly replaced by Co. The forma-
tion of either a Co shell and an Fe core or vice versa is also
ruled out by the above analysis.

X-ray fluorescence (XRF) analysis was carried out to deter-
mine the final composition of the powders within an esti-
mated error of 5%. The final compositions of samples 1 to 6
were very close to the initial molar concentrations of Fe and
Co, as given in Table 1. The compositional analysis of the par-
ticles by transmission electron microscopy energy dispersive
X-ray (TEM-EDX) spectroscopy was within the error limits
of the XRF data.

FeCo alloys in the Fe composition range 70-30 at % under-
go an order-disorder transition at around 1000 K, in which
the structure changes between disordered bee (a) to ordered
B2 (CsCl, or «) type. The ordered-disordered nature of the
FeCo samples is not known for the chemically prepared sam-
ples as most of the synthesis techniques for the FeCo alloys
are undertaken at high temperatures. A representative result
for the FegCosp alloy showed that the low-temperature
order—disorder transition takes place at around 875-945 K,
followed by the face-centered cubic (fcc) (y) phase transition
at 1259 K, and melting at 1766 K (Fig. S3); these transition
temperatures are close to those of the bulk.?! Also, Mdss-
bauer spectroscopy was employed to study the ordered or dis-

ordered nature of the samples. The hyperfine field
of the ordered FeCo was found to be lower than

the disordered FeCo, with the maximum decrease
at the equiatomic composition.[m Room-tempera-
ture Mdssbauer spectra of the FeCo alloy samples
in the Fe molar range from 90 to 20 mol % were
measured, and the Mossbauer parameters (isomer
shift and hyperfine field) are shown in Figure 4.
The Mossbauer spectrum is fitted with a single sex-
tet and a superparamagnetic component of Fe, and
its oxides were not present in any of the samples
(Fig. S4). The hyperfine field increases with de-
creasing molar Fe concentration up to 60 at % and
then decreases. It has been reported that the maxi-
mum hyperfine field of 36.5 T occurs at 25 at % Co

Figure 3. The FT spectra of a) FegCos, and b) a-Fe foil at the Fe K-edge, and
c) FegsCos; and d) a-Co at the Co K-edge.
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for disordered FeCol?? In the present case, the
maximum may lie between 70 and 60 at % Fe and
decreases thereafter. As the hyperfine field of or-
dered FespCosg is reported to be around 35.0 T,m)

Ady. Mater. 2006, 18, 3154-3159



ADVANCED

Table 1. The initial FeCo composition [at%] and the final composition
[at %) obtained for the FeCo alloy synthesized at 403 K.

Sample Initial FeCo Final composition
1 FeggCong FegsCoys
2 FegoCoz Fe;;Co2s
3 FespCoso FegsCosz
4 FegoCoso FegaCosg
5 FesoCoso FeqsCosy
6 Fe3pCoz FeysCoys

36.54

6 / \\
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- =
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Figure 4. Mossbauer parameters (isomer shift and hyperfine field) of the
FeCo alloy for various molar concentrations of Fe.

the higher hyperfine field of 36.0 T for the Fe43Cos; for an Fe
molar concentration of 50 at % suggests that the ordering is
less pronounced in the chemically synthesized samples. The
local environment of the Fe atoms in such disordered solids
also influences the hyperfine fields, and hence deviations in
maximum values are observed compared to the bulk FeCo.
The isomer-shift values increase with the molar concentration
of Fe and are expected to show a maximum at 75 at % Fe?
However, we observed a continuous increase up to 50 at %,
suggesting that the disorder present in the system has altered
the d-electron density. Detailed analysis on the order—disor-
der phenomena is in progress.

The shape of the FeCo particles varied from cubic to nearly
spherical when the particles were rich in Fe or Co, respectively.
It has been reported that the cubic shape of gold and silver par-
ticles is influenced by the selective ab-
sorption of poly(vinyl pyrrolidine) (PVP)
on various crystallographic planes.m] In
our system the Fe-rich FeCo particles as-
sume a cubic shape while Co-rich parti-
cles assume a nearly spherical shape, irre-
spective of the presence of PVP
However, it should be noted that the de-
gree of agglomeration is reduced in the
presence of PVP during the synthesis.
When the FeCo particles are rich in Fe,
they crystallize to the bcc structure and

Adv. Mater. 2006, 18, 3154-3159
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the morphology is governed by the stable crystal plane (110),
which leads to the formation of cubic structures as in the case of
pure iron.) Generally, the size of the particles can be con-
trolled by the parameters described in Equation 1. When the
Preqox Of the polyol is high, the size of the particles becomes
smaller, provided that the rest of the conditions remain con-
stant. Here, the metal ions are reduced rapidly, forming an
avalanche of nuclei that consume a large portion of the metal
species, and the particle diameter is consequently reduced due
to the limited supply of metal ions left for growth. The reac-
tion rate could also be enhanced by either increasing [M] or
raising the temperature (T, ). Furthermore, the reaction
rate is enhanced when [OH"] in the metal-ion—polyol system
is increased. The concentration of hydroxyl ions required for
maintaining a specific rate depends on the type of polyol.
Highly reducing polyols need smaller amounts of hydroxyl
ions to synthesize particles of comparable diameters. In the
present system, the number of nuclei formed is strongly de-
pendent on [OH7], and the excess metal ions present in the so-
lution are utilized for the growth of these nuclei. Thus, the size
of the particles was tuned by controlling [M] while keeping
[OH7] and the Fe/Co metal ratio constant. The particle size
decreased from 300 to 35 nm for the FegCos; alloy with a de-
crease in metal-ion concentration from 0.07 to 0.015 mol L™,
as shown in Figure 5a—c. Although agglomeration of the parti-
cles was evidenced in most of the samples, isolated particles
could also be obtained, as shown in Figure 5c. Further work is
in progress to obtain colloidal dispersions of particles using
surfactants such as oleic acid and oleylamine, as in the case of
other alloys.™® The lowest particle size of 35 nm in the pres-
ent study enables ferromagnetic behavior as evidenced from
the Mossbauer studies, whereas the superparamagnetic size
limit of the alloy, found by substituting the value of anisotropy
constant, K for FeCol* in Equation 2, is around 6 nm.

kBTln(Tm/TO)

V = %

@)
Here Vis the volume of the particle, kg is the Boltzmann con-
stant, T is the temperature, which is taken as 300 K, and 7,
and 7y are the measured relaxation time and the relaxation
time constant, the values of which are 10 and 1072 s, respec-
tively.

The saturation magnetization of the FeCo alloy is known to
vary depending on the concentration of Fe in the particles,

Figure 5. Particle size variation of the FeggCoy, alloy synthesized with metal-ion concentrations of
a) 0.07 b) 0.03, and ¢) 0.015 mol L™,
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showing a maximum of around 240 Am’kg™ close to an Fe/
Co ratio of two.”™ The saturation magnetization of the FeCo
particles measured using a maximum applied field of 1.5 T
recorded a maximum value of 225 Am*kg™ for the FesCos,
alloy (composition determined from XRF analysis), as shown
in Figure 6. In other cases, the saturation magnetization value
lay between 200 and 210 A m’ kg™, The high magnetization
value in FeggCos, is greater than that of the bulk Fe, which is
also an indication of the formation of the alloy. Apart from
the composition,[zgl the variations in the saturation magnetiza-
tion of these alloys could also be attributed to the ordered-
disordered nature of these alloys.

Although the stability of the particles was demonstrated
with no additional care being taken during handling for all the
above measurements, the long-term stability of the particles is
desired from an application point of view. The magnetic hys-
teresis loops of the samples after subjection to a temperature
of 333 K and 90 % humidity for seven days decreased by only
20 %; comparable to particles used in any practical applica-
tion. The potential of these particles in high-frequency appli-
cations is being investigated, and the results of the preliminary
measurements have recorded resonance properties reflecting
the monodispersity of the samples (Fig. S5). In addition, this
work can be extended to obtain colloidal dispersed crystals
coated with suitable biocompatible surface modifiers for pro-
posed medical diagnostics and therapies,"**! which will foster
innovative fields of medicine.

200
w
=
& 1004
8
] 0
T
£y
> -100-
-200

-1.5 -]'.0 ~d.5 0.0 015 ITO 1.5
Applied field (T)

Figure 6. The hysteresis loop of the FegzCosp alloy showing maximum
magnetization at 300 K.

Experimental

FeCo alloy particles with varying chemical composition and sizes
were prepared by using FeCly -4 H,0, Co(Ac), -4 H,0 (Ac: acetate),
and NaOH in ethylene glycol (EG). The EG/metal salts'NaOH sys-
tem was heated to the required temperature, refluxed for 1 h in the
presence of PVP, and cooled to room temperature. The black precipi-
tate thus obtained was recovered from polyol and washcd and stored
in ethanol. The FeCo particles with varying Fe content (samples 1 to
6) were synthesized by reacting specified ratios of Fe and Co salts of
0.01 mol L™ in EG at 403 K for 1 h. The OH/metal molar ratio was
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fixed at 40:1. The size of the particles was tuned by controlling [M]
from 0.07 to 0.015 mol L™ while keeping [OH"] and the Fe/Co metal
ratio constant.

Characterization: Powder XRD data was recorded at room temper-
ature in a Rigaku X-ray diffractometer using a Cu target. Scanning
electron microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM) measurements were undertaken using Hitachi
$-4100 and HF-2000 electron microscopes, respectively. X-ray fluores-
cent measurements of the samples were conducted in a Horiba
MESA-500W instrument. The EXAFS measurements were per-
formed in a Rigaku spectrometer. Thermal measurements were
undertaken using a Bruker DSC 3300 high-temperature differential
scanning calorimeter. Mdssbauer measurements were recorded for
the samples of various compositions at room temperature using a Wis-
sel Mossbauer spectrometer calibrated with Fe. The isomer-shift val-
ues are reported with respect to o-Fe at room temperature. Magnetic
measurements at room temperature were conducted using a Tamaka-
wa VSM up to a maximum field of 1.5 T calibrated with standard Ni.
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Abstract

We have investigated the formation of uniform and well-aligned multi-walled carbon nanotubes (MWNTSs) by controlling radio-frequency
(rf) glow-discharge plasmas in weak and strong magnetic fields. The MWNTs growing directly on the rf electrode in the weak magnetic field
{0.03 T) are deformed and combined with each other by the bombardment of the high energy ions generated by the large sheath electric field
in front of the if electrode. When the strong magnetic field (2 T) is applied, on the other hand, the MWNTSs are observed to be well-aligned
and not to be deformed. These results can be explained by the fact that the ion bombardment energy reduces in spite of the existence of the
large sheath electric field, which is caused by the magnetization of the ions in the strong magnetic field.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotubes: Plasma-enhanced chemical vapor deposition; Strong magnetic field: lon bombardment energy

1. Introduction

Carbon nanotubes well-aligned perpendicularly to sub-
strates have been claimed for a variety of applications such
as nanoelectronic devices, field emitters, and scanning
probes, and the formation of these nanotubes has been
developed by various methods such as chemical vapor
deposition (CVD) [1], hot-filament CVD [2], and plasma-
enhanced CVD (PECVD) [3]. Recently, the production of
uniform and well-aligned carbon nanotubes by the PECVD
using a magnetron type radio-frequency (if) glow-discharge
plasma has been performed [4-7], and it has been
demonstrated that the nanotubes are effectively produced
on a cylindrical rf electrode which is negatively self-biased
and exposed to a strong plasma-sheath voltage drop.
However, the strong sheath voltage generates the high
energy ions which impinge on the rf electrode, resulting in
the deformation of the nanotubes well-aligned on the rf
electrode [7]. Thus, in order to prevent the high energy ions
from directly impinging on the 1f electrode, 1e., the
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E-mail address: kaneko@ecei.tohoku.ac jp (T. Kaneko).

0040-6090/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/.1s1.2005.08.164

nanotubes, we introduce strong magnetic fields which are
externally applied with a superconducting magnet in a way
that the field lines are perpendicular to the plasma-sheath
electric field. Although the synthesis of carbon nanotubes in
the strong magnetic field up to 10 Tesla (T) has been
performed using an arc discharge plasma [8], almost no
experimental results have been reported concerning plasma
diagnostics, and the effects of the strong magnetic field on
the plasma parameter and resultant nanotube growth have
not yet been clarified.

In this paper, we characterize the plasma parameter under
the strong magnetic field condition and clarify phenomena
associated with nanotube growth and plasma effect.

2. Experimental apparatus

The schematic of an experimental apparatus is shown in
Fig. 1. A magnetron type rf (13.56 MHz) glow-discharge
plasma is generated, where a powered cylindrical rf
electrode (25 mm in diameter) is made of Ni and installed
in the center of a grounded cylindrical chamber (84 mm in
diameter and 600 mm in length). In order to control the
plasma parameter including the sheath voltage, a strong
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Fig. 1. Schematic of experimental apparatus.

magnetic field is externally imposed parallel to a powered
if electrode, i.e., perpendicularly to the sheath electric
field, using a Gifford—McMahon (GM) cryocooled super-
conducting magnet with a 400-mm-diameter and 505-mm-
length magnet bore which produces the strong magnetic
field of 4 T {max) at the axis center of the bore. The glow-
discharge is driven by a rf power source through a
matching box (M.B.) and a blocking capacitor (B.C.).
The plasma system for the nanotube growth is operated at
the rf power of 1400 W, and dc bias voltage component
(Vrpe) of and dc current density (Irpg) toward the 1f
electrode can be externally controlled by connecting a dc
power supply through a low-pass filter (L.P.F) circuit. In
addition, the geometrically unique point different from the
prevailing PECVD unit is that the active 1f electrode with
a cylindrical shape plays both the catalytic and deposite-
substrate role. As a hydrocarbon source and dilution gas
for the nanotube growth, methane (CH4) and hydrogen
(H,) are used, respectively, with a mixture ratio of
CH4:H,=9:1 at a total gas pressure of 0.1 Tomr. The
plasma density n,, electron temperature 7., and plasma
potential ¢ are measured by a Langmuir probe and time
varying and averaged current—voltage characteristics are
carefully analyzed.

3. Results and discussion

In order to clarify the plasma characteristics in the
strong magnetic field up to 2 T, argon gas is used here
for generating the plasma because the methane plasma
immediately contaminates the probe and interferes with
the accurate measurements. Furthermore, the measurement
of plasma parameter is performed at the low rf power of
600 W for protection of the probe measurement system.

Fig. 2(a) shows dependences of dc self-bias voltage of
the rf electrode Vrpe and plasma potential ¢ on magnetic
field B,. The 1f electrode is not connected to the dc power
supply, ie., the potential of the 1f electrode is floating.

When the magnetic field is changed to increase with the
f electrode kept at floating potential, Vrpg gradually
increases and changes to the positive value for B,>04 T.
On the other hand, ¢ is positive in the weak magnetic
field {B,=0.03 T) and gradually changes to negative value
with an increase in B,. Here, the sheath voltage is defined
as Vg,= Viye — ¢, which can evaluate the sheath electric
field in front of the if electrode. The strong magnetic field
is found to change Vg, from negative (Vg,=—130 V at
B,=0.03 T) to positive (V,=+40 V at B,=2 T), namely
from the ion sheath to the electron sheath. Based on the
result of the sheath voltage, it is expected that the ions
which impinge on the 1f electrode can be accelerated by
the ion sheath and have high energy (>100 eV) at
B,=0.03 T, while the ions gradually decelerated and
ultimately reflected by the electron sheath for the stronger
magnetic field. Here, it is confirmed that the plasma
density increases with an increase in the magnetic field
due to the improved confinement by magnetron effect, but
1s almost constant (~10“ cm_3) for ,>04 T.

Fig. 2(b) presents dependences of dc bias voltage of the
tf electrode Vypg and plasma potential ¢ on the magnetic
field B, where Vpgg is fixed at —110 V which cor-
responds to the floating potential of the rf electrode at
B,=0.03 T. Although ¢ is found to decrease with an
increase in B, in the same way as the case that the rf
electrode is floating, the sheath voltage is always negative.
The absolute value of the sheath voltage |V reduces for
the stronger magnetic field, however |V remains enough
large (>40 V) at B,=2 T. Here, the ion energy impinging
on the 1f electrode is calculated in consideration of the
effect of the magnetic field applied perpendicularly to the
sheath electric field. An ion drift velocity vg which
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Fig. 2. Dependences of dc bias voltage of the if electrode Vrrr and plasma

2. L

potential ¢b, on magnetic field B,. The 1f electrode is (a) electrically floating
and (b) biased at Vyppe==110 V.





