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hcp and fcc Co fine nanoparticles with different size have been synthesized by low-temperature laser
pyrolysis and by reduction at different temperatures from 200 °C to 550 °C of cobalt-oxide nanoparticles
prepared by the same method. The influence of thermal treatment on the crystal structure of Co particles was
examined. It was found that below 420 °C, only hcp Co phase particles were obtained by laser pyrolysis or by
reduction. Medium temperaturesaround 420 °Cd resulted in a mixture of hcp and fcc phases. Only when high
temperatures, above 500 °C, were involved during the synthesis or annealing of Co particles, did the fcc
particles form and maintain their structure to ambient temperature, without structural change of fcc-hcp. In
view of the size effect on the phase transformation kinetics, the stabilization of fcc Co particles was explained.
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I. INTRODUCTION

Fine magnetic particles have been attracting much atten-
tion because of their versatile applications and unique prop-
erties different from those of bulk materials.1,2 It has been
recognized that the magnetic properties of metallic particles
are highly dependent on their crystal structure, size, shape,
and composition. Accordingly, preparation of magnetic par-
ticles with different sizes and controllable crystal structures,
as well as understanding the size dependence of crystal struc-
ture, are of technological importance to their application and
development of novel magnetic materials.2–4

As a promising candidate for magnetic self-assembled
structuresssuperlatticesd that has potential application in ul-
tracompact information storage, Co nanosized particles have
attracted much interest in preparation and in structural and
magnetism characterizations in the last several years.4,5 As is
well known, bulk cobalt is allotropic, exhibiting face-
centered cubicsfccd and hexagonal close-packedshcpd struc-
tures above or below 420 °C, respectively.6 Up to now, Co
particles with different structures and sizes have been pre-
pared by way of physical approachessgas evaporation, sput-
tering, etc.d and solution-phase chemical routes.

However, the structure dependence of Co nanoparticles on
the specific synthetic approach has not been well understood,
and the explanations about the size dependence of the small
Co particles remain controversial. For example, by solution
chemistryspolyol or decomposition of carbonyld, fcc, hcp, as
well as complex cubics«−d Co particles have been synthe-
sized, depending on the additive nucleating agents, surfac-
tants, and coordinating ligands.4,7–9Upon physical routes, in-
cluding vacuum evaporation,10–12 sputtering,5,13,14 and
plasmasor arcd discharge,15–18 metastable fcc Co nanosized
particles were preferentially produced at ambient tempera-
ture, although occasionally a mixture of fcc and hcp phases
was formed.19 Some authors attributed the existence or the
stabilization of metastable fcc phase at low temperature to
rapid cooling during the growth of the particles.11 Actually,
fcc-hcp structural change did not take place during a slow

cooling from high temperature.13 Recently, Kitakamiet al.20

proposed a size dependence of the crystal structure of Co
nanoparticles on the basis of a consideration of contribution
from surface energy. According to their analysis of energy
change with the particle size, below a critical sizes20 nm
mean diameterd the stabilization of the fcc structure could be
intrinsic stable; whereas hcp phase could be stabilized for
particles with diameter above 40 nm. This proposal is not
compatible with the fact that fcc Co particles with wide size
distribution sup to 200 nmd can exist at room temperature.

In attempt to clarify the intrinsic nature of the stabiliza-
tion of fcc Co particles, Co fine particles with different struc-
tures and different sizes were prepared at different tempera-
tures. Much attention has been paid to the influence of
thermal treatment or the thermal history on the structure evo-
lution of Co particles.

II. EXPERIMENTAL

Co fine particles were prepared by a CO2 laser induced
pyrolysis of Co2sCOd8 vapor produced by evaporation of
solid Co2sCOd8 crystals sFluka Chemie GmbHd at 44 °C.
Figure 1 shows a schematic of the experimental apparatus for
the laser-induced pyrolysis. During the preparation process, a
nonreactive chamber wall, small reaction area, as well as
steep temperature gradients enable the formation of very fine
and uniform particles. With comparison to other physical
deposition techniques, such as vacuum evaporation, sputter-
ing, and discharge, the laser-induced gaseous pyrolysis ap-
proach has no substrate on which the particles formedsor
depositedd, resulting in homogeneous nucleation and growth
of the initial nuclei. In the pyrolysis, ethylene was used as
photosensitizer to absorb CO2 laser emission of Ps20d line
swavelength 10.6mmd and then to transfer the energy from
the laser beam to the Co2sCOd8. In this procedure, a mixture
of Co2sCOd8 vapor and C2H4 passed through a stainless steel
nozzles2 nm diamd and intersected vertically with a horizon-
tal CO2 laser beamsSYNRAD Duo-Lase model 57-2-150
Wd with a spot 4 mm in diam. Co2sCOd8 vapor decomposed
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in the reaction area and Co atoms nucleated homogeneously
to form nanometer-sized particles. The laser-induced pyroly-
sis employed in the present work has been reported in detail
elsewhere.21 In the present study, unfocused laser beam with
low power intensity was selected to obtain a low-temperature
reaction area and to avoid dissociation of C2H4. Five K-type
thermocouples were employed to determine the temperature
distribution within the reaction area, and the highest tem-
perature of reaction area was estimated by extrapolation of
the measured temperatures.

Co nanoparticles and fine particles were also obtained by
reduction of CoO particles under a H2 flow at temperatures
from 200 °C to 550 °C. A similar laser pyrolysis route was
applied to synthesize CoO nanoparticles with CosCOd3NO
sFluka Chemie GmbHd as precursor in a reduced atmosphere
sAr+20%H2d at laser power of 41 W, corresponding to a
laser power density 326.4 W/cm2. In order to avoid sponta-
neous combustion of as-prepared Co particles due to their
active metallic nature, the particles were passivated in a mix-
ture flow of N2+0.01%O2 for 24 h before exposure to air.
After the thermal treatment, a deep cooling of fcc particles
was carried out by immerging the particles into liquid nitro-
gen s77 Kd to observe if structural transition takes place.

The carbon content of the cobalt and the cobalt oxide
samples prepared by laser-induced pyrolysis was determined
by a carbon/sulfur determinatorsCS-244d. The morphologies
and sizes of the Co particles were investigated by a transmis-
sion electron microscopesJEOL-2000EX-IId. The structural
evolution was analyzed by x-ray diffractionsXRDd with a
PW1710 diffractometersPhilips, Cu Ka radiationd.

III. RESULTS AND DISCUSSION

A. hcp Co nanoparticles by low-temperature laser pyrolysis

In order to avoid a contamination of samples resulting
from the decomposition of the photosensitizer, unfocused la-
ser beam with low power density was employed. In the
present study, two power densities, 19 W and 44 W, corre-
sponding to the average power density of 151.3 W/cm2 and
350.3 W/cm2, respectively, were selected to induce the py-
rolysis of cobalt carbonyl vapor. The resulting temperatures

of the reaction area were measured to be 325 °C and
427 °C, respectively. C/S determination indicated a presence
of a few carbon in the two samples, 0.08 wt % and
0.12 wt %, respectively. Nevertheless, the appearance of a
trace of carbon in the Co nanoparticles could not be attrib-
utable to the decomposition of the photosensitizer, C2H4. Ac-
tually, in our previous preparation of iron and iron nitride
nanoparticles by laser induced pyrolysis of iron pentacarbo-
nyl, a little amount of carbons0.3–0.8 wt % for exampled
was always detected in the samples, irrespective of C2H4 or
NH3 as photosensitizer during the pyrolysis.22,23 The forma-
tion of a few carbon in the laser-induced pyrolysis reaction
might be related to a decomposition of CO at high tempera-
ture with the metallic particles as catalyst.22 Because of
much lower laser power density employed in the present ex-
periment than that in the preparation of iron and iron nitride
nanoparticless,2040 W/cm2d, as well as the lower activity
of cobalt than iron to carbon, a much lower carbon content
was derived during the preparation of Co nanoparticles.

Figure 2 shows the x-ray diffraction profiles of the par-
ticles prepared at these temperatures. It is noticed that both
samples consist of metallic Co and cobalt oxide, Co3O4. It
seems that the oxide is formed during the passivation process
because there was no oxygen in the chamber during the
preparation of the samples. Actually, it was experimentally
demonstrated that the Co particles are spontaneously burned
up if the powder was not subjected to a passivation proce-
dure. Broad diffraction peaks are attributable to the small
crystallite size of Co as well as Co3O4 phases. Referring to
Seherrer formula, the average diameter of the Co crystals for
both samples was estimated to be,5 nm. It is worth noting
that this value corresponds to the diameter of the Co core,
not including the thickness of the oxide layer. Because of
very small particle size, the amount of Co oxide takes a
notable proportion in volumesor massd of the samples, re-
sulting in broad and evident peaks assigned to Co3O4 phase
in the x-ray diffraction patterns, as shown in Fig. 2.

Figure 3 shows an electron micrograph of hcp Co nano-
particles prepared at 325 °C. The particles exhibit very fine
and very uniform particle size, with an average diameter of
8.8 nm, including the core and oxide layer on the particle
surface. The Co oxide layers formed on Co particles are
uniform, with an approximate thickness of 1.5 nm. This
value agrees well with the results of x-ray diffraction, sug-

FIG. 1. Schematic representation of laser-induced pyrolysis.

FIG. 2. X-ray diffraction patterns of Co nanoparticles prepared
by laser pyrolysis:sad at 325 °C andsbd at 427 °C, respectively.
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gesting that most of the Co particles are single crystallites.
Because of the same experimental parameters with exception
of laser powers, the Co samples prepared at both tempera-
tures are similar in particle size and morphology. As a matter
of fact, during the preparation of nanoparticles by laser-
induced pyrolysis, the particle size and morphologies are
mainly related to the concentration of Co2sCOd8 vapor in the
reaction area, especially when the temperature of reaction
area does not vary greatly.

Although the Bragg angless2ud corresponding to the
strongest diffraction lines for hcp and for fcc are different,
which is, 44.77° and 44.22° fors002d ands111d, respectively,
it is very difficult to separate fcc and hcp phases because of
the broadness of diffraction lines due to very small size of
Co particles. Nevertheless, one can evidently confirm the
existence of fcc phase upon diffraction peak due tos200d
planes. Figure 2 illustrates clearly that the sample produced
at lower temperatures325 °Cd is comprised of hexagonal Co
phase only. When the temperature of reaction area increases
to 427 °C, cubic Co phase can be observed in the XRD
patterns, suggesting that in this case the resulting sample is a
mixture of majority of hcp phase and minority of fcc phase.
Obviously, during formation of Co nanoparticles, tempera-
ture plays a key role in the achievement of their crystal struc-
tures. Further, even with the size regime of several nanom-
eters, hcp is still the stable phase, rather than a metastable
one.

B. hcp and fcc Co particles obtained by reduction
of oxide nanoparticles

Figure 4 shows the TEM photograph of CoO nanopar-
ticles produced by laser-induced pyrolysis of CosCOd3NO.
The CoO particles are spherical in shape and exhibit a uni-
form size distribution with an average size of 11 nm diam. It
is found that the CoO nanoparticles are not stable at high
temperature. After a 200 °C oxidation in air for 30 min, CoO
nanoparticles were further oxidized to Co3O4 without re-
markable enlargement of particle size and without notable
particle coalescence. A carbon analysis by C/S determinator
demonstrated that no evident carbon was detected in the co-
balt oxide samples to the limitation of analytical precision.
Figure 5 represents the x-ray diffraction profiles of CoO
nanoparticles prepared by laser pyrolysis and Co3O4 nano-

particles obtained by further oxidation at 200 °C. Both CoO
and Co3O4 present a fcc crystal structure, with lattice con-
stants of 0.426 nm and 0.809 nm, respectively. Taking these
CoO and Co3O4 nanoparticles as precursors, reductions were
performed at precisely controlled temperature from
200 °C to 550 °C in H2 flow for 2 h. It is found that after
reduction at low temperature far from the critical temperature
at which mutual hcp-fcc transitions take placessuch as
200 °C or 300 °Cd, both cobalt oxide particles, CoO or
Co3O4, were converted to hcp Co particles. Figure 6 shows
the electron micrographs and the corresponding diffraction
patterns of the hcp Co particles obtained by reduction at
200 °C and 300 °C, respectively, in which no trace of fcc
phase was detected. This is in good agreement with the x-ray
diffraction measurements, as seen in Fig. 7. As the tempera-
ture of reduction increases from 200 °C to 300 °C, the
average size of the hcp particles increases from
34 nm to 85 nm. It is suggested that during the reduction, a
marked enlargement of particle size occurred by aggregation
of small particles. Especially in the sample obtained by
300 °C reduction, some coalescence of hcp particles can be
seen. In addition, the particles exhibit a wider size distribu-
tion than ones derived by 200 °C reduction, with the largest
particles of 220 nm in size. When increasing the reduction
temperature to 420 °C, fcc phase appears and then the Co
particles were a mixture of fcc and hcp phases. With further
increase of temperature up to 550 °C, single fcc phase was
obtained, as shown in Fig. 7. During such high-temperature

FIG. 3. Electron micrograph and corresponding selected area
diffraction patterns of the hcp Co nanoparticles prepared at 325 °C.

FIG. 4. Electron micrograph and corresponding selected area
diffraction patterns of the CoO nanoparticles by laser pyrolysis.

FIG. 5. X-ray diffraction patterns of CoO nanoparticles by laser
pyrolysis and Co3O4 nanoparticles by reduction of the CoO
precursor.
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reduction, the oxide nanoparticles and/or derived metallic Co
particles undergo a remarkable growth by coalescence of
small particles, leading to large Co particle in sizesgreater
than 400 nmd. After cooled to room temperature, the result-
ant metallic particlesswith thin oxide layer on themd were
immerged into liquid nitrogens77 Kd to examine whether
structural changes take place or not. It is interesting to find
by XRD diffraction that the Co particles remain fcc phase,
no trace of fcc-hcp transition was observed. Consequently, in

the range of particle size and temperature involved in the
present experiments, the crystal structure of Co particles is
only dependent on their thermal experience during the reduc-
tion, but independent on the particle size.

In order to confirm the stabilization of fcc Co particles
with large particle size against fcc-hcp structural transition
during the cooling from high temperature, as-prepared hcp
nanoparticles were annealed at 550 °C in H2 atmosphere for
3 h. As expected, after cooling to room temperature, fcc par-
ticles were obtained and no fcc-hcp transition was observed.
However, we noticed that the fcc particles quite easily trans-
form into hcp when a shearing stress is applied to them, even
a mild grinding in the preparation of XRD specimen could
cause a remarkable fcc-hcp phase transformation, as shown
in Fig. 8.

C. Discussion

Bulk cobalt materials have been known to have two crys-
tal structures, a fcc phase, which is thermodynamically pre-
ferred above 420 °C, and a hcp phase, which is favored at
lower temperatures. However, a lot of experimental evi-
dences suggest that upon physical deposition techniques, fcc
Co fine particles with broad size rangesfrom several nanom-
eters up to 200 nmd were always obtained preferentially at
room temperature. Obviously, size dependence of crystal
structure proposed by Kitakamiet al.13,20 cannot give satis-
factory explanation to these experiment data.

It should be noted that the preparation of Co fine particles
by such mentioned physical approaches involves a nucle-
ation and growth of Co at high temperature, or the particles
formed by deposition of Co atoms with large kinetic energy,
which is equivalent to high temperature. For example, the Co
atoms produced by thermal evaporation in vacuum have the
thermal energy nearly equivalent to its boiling temperature
s2900 °Cd. Also, during the sputtering process, the kinetic
energy of the Co atoms is estimated to have energy in the eV
order, corresponding to very high temperature.24 It is likely
that the fcc Co particles form at high temperature and then
keep their structure to ambient temperature under subsequent

FIG. 6. Electron micrograph and corresponding selected area
diffraction patterns of hcp Co nanoparticles prepared by the reduc-
tion of CoO nanoparticles atsad 200 °C andsbd 300 °C.

FIG. 7. X-ray diffraction patterns of Co particles prepared by
the reduction of CoO nanoparticles at 200 °C, 420 °C, and 550 °C,
respectively.

FIG. 8. X-ray diffraction profiles of the Co particles after a 3h
and 550 °C annealing of hcp nanoparticles by laser pyrolysis at
350 °C,sad without andsbd with a gentle grinding during the XRD
specimen preparation.
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cooling or quenching. Experiment difficulties to achieve low
temperature by physical techniques are probably the reason
why fcc instead of hcp fine particles were frequently pro-
duced by vacuum evaporationscondensationd or by sputter-
ing or other similar techniques.

In the present study, Co particles ranging from several
nanometers to several hundred nanometers in size have been
prepared by laser pyrolysis and by reduction of oxide at dif-
ferent temperatures. From our results, it is evident that the
crystal structures of Co particles are closely related to their
thermal history during the formation of the particles, and
independent to their particle size in rather wide size range.
Because of the vapor phase characteristics of laser pyrolysis
of Co2sCOd8, the cobalt atoms nucleate homogeneously in
the reaction area, resulting in Co nanoparticles with very
small and uniform particle size. Only hcp nanoparticles were
formed at 325 °C, which is far below the critical temperature
of fcc-hcp or hcp-fcc phase transformations. This indicates
that hcp Co is still the stable phase, when nanocrystalssor
particlesd are synthesized at low temperature, even for the
particles with very small size. This result is in good accor-
dance with the experiments of reduction of cobalt oxide
nanoparticles at different temperature. In spite of the struc-
tural similarity between the fcc oxidesCoO and Co3O4d and
fcc Co, hcp particles still formed after low temperature re-
duction at 200 °C and 300 °C. Only when high temperature
is involved in the preparation or in the annealing process of
Co particles, fcc particles with broad size range could be
derived at room temperature. In other words, the fcc particles
formed at high temperature and then kept their crystal struc-
ture to ambient temperature, exhibiting a different behavior
from its bulk counterpart.

As is well known, fcc-hcp conversion of Co is achieved
by martensitic transformation with a shearlike and displacive
mechanism. In order for martensitic transformation to occur,
a driving forcesdriving energyd is required to overcome the
transformational resistance, i.e., the interfacial energy, and
the strain energy resulting from the accommodation to shape
changes of transformation. The driving energy can be sup-
plied by lowering temperatureschemical-free energyd or by
applying external forcessmechanical energyd. It is reason-
able to believe the stabilization of fcc Co particles to be
related to a suppression of martensitic transformation during
the cooling sor quenchingd from high temperature to low
temperature. In the light of phase-transformation kinetics, we
attempt to develop an explanation for the stabilization of Co
particles against fcc-hcp transition.

It has been argued that small particles are subjected to an
extra pressureDP=2ss/ r because of surface tension, where
ss is the surface tension andr is the radius of spherical
particle. For bulk materials or large particles in the microme-
ter regime, the value ofDP is very small and the influence on
transformation behavior could be ignored. However, the ex-
tra pressure for very small particles would have prominent
influence on the properties of the particles. For example, ow-
ing to surface tension, very small particles are in such a
compression state that the lattice spacing decreases as the
particle size decreases.25–27In this context, it is reasonable to
believe that the extra pressure would exert an appreciable
influence on the transformation behavior of small particles.

This is because martensitic transformation occurs by shear
mechanism, and, accordingly, the transformation would take
place only when the driving energy resulting from the chemi-
cal Gibbs free-energy difference or from the external force
exceeds the critical shearing energy barrier for phase trans-
formation. Of course, this influence is associated with the
physical properties of the metals or alloys in consideration,
particularly, the critical driving force needed to trigger the
transformation in bulk materials.

When considering the contribution of extra pressure, the
critical activation energy for martensitic nucleation in parent
phase can be expressed as follows:28,29

DG =
K

sDg + DPd4 , s1d

whereDg is the critical driving force for martensitic trans-
formation,K is a constant related to the elastic energy and
interfacial energy between martensite and parent phases.
SinceDg is negative andDP is positive,DG will increase
with the increase ofDP, i.e., decreasing in particle size. fcc-
hcp transformation of Co involves the transition from one
closed-packed phase to another, with a very small driving
energy s−16 J/mold.28 In this situation, even moderate or
minor extra pressuresDPd could play an important role in
impeding martensitic transformation of Co fine particles.
This might be the reason why the fcc Co particles with rather
wide size range could maintain their structure under cooling
to ambient temperature. As a matter of fact, according to Eq.
s1d, a generalized critical activation energysDGP/DGBd
could be achieved if spherical shape and the surface energy
of Co particles are assumed, whereDGB and DGP are, re-
spectively, the activation energies for bulk cobalt and for
cobalt particles. With reference to the surface energy data of
bulk cobaltsaround 2.0 J/m2d30 and the critical driving force
s−16 J/mold, the relationship betweenDG and the particle
size is given in Fig. 8. In order to address the dependence of
generalized activation energy on the surface energy, a plot
with surface energy of 0.2 J/m2 is attached on Fig. 9. It is
indicated that only for Co particles several micrometers in

FIG. 9. The calculated generalized activation energy for marten-
sitic transformation as a function of the diameter of Co particles at
the surface energy of 2 J/m2 and 0.2 J/m2.
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size, the effect of surface energy on the transformation could
be ignored; that is, fcc particles with rather broad size range
could keep their structure during cooling from high tempera-
ture. This is in agreement with the present experiment results
of acquirement of fcc particles with high-temperature reduc-
tion and annealing. Also because of small driving force, even
a mild external force can overcome the critical driving force
to induce fcc-hcp transformation of Co particles. Similarly,
iron is allotropic and exhibits fcc-bcc structural change by
martensitic mechanism. By contrast with cobalt, its transfor-
mation takes place with large driving forcesapprox
−1000 J/mol28d and at very high temperatures,770 °Cd.
Consequently, metastable small fcc particles were hardly ob-
tained at low temperature by physical deposition or by way
of cooling from high temperature, unless additive elements,
Ni or N for example,17,29,31 were incorporatedsalloyingd
to decrease remarkably the transformation temperature or
deformation was applied to induce martensitic
transformation.16,29

Regarding the different structures of Co nanoparticles
synthesized by solution-phase chemical routes, small driving
energy of fcc-hcp transformation is probably also an impor-
tant factor. In this case, the influence of nucleating agents,
surfactants, and coordinating ligands on the structural evolu-
tion of the particles in solutions would be dominant. There-
fore, Co particles with hcp, fcc, even complex cubics«-Cod
structures formed depend on the specific components of the
solutions. The fact that«-Co can be prepared only by solu-
tion chemistry demonstrates the strong effect of solution

components on the development of different structures of Co
particles. The nucleation and structural evolution of Co par-
ticle in chemical solutions is a complex process and detailed
analysis and discussion is beyond the scope of the present
study.

IV. CONCLUSIONS

Upon laser-induced pyrolysis and reduction of cobalt ox-
ide nanoparticles at different temperatures, Co fine nanopar-
ticles with different size and different crystal structuresshcp
and fccd have been synthesized. The crystal structures of Co
particles depend on the thermal history involved during par-
ticle formation. Low-temperature pyrolysis or reduction of
cobalt oxide favored the formation of hcp Co particles; meta-
stable fcc phase can be achieved if high temperature was
involved during the synthesis or annealing of Co particles.
The stabilization of fine fcc particles is related to the sup-
pression of fcc-hcp martensitic transformation, and fcc par-
ticles formed at high temperature retain their structure to
ambient temperature.
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