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Thermal history dependence of the crystal structure of Co fine particles
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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 temperatufaround 420 ° Cresulted 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-hep. In
view of the size effect on the phase transformation kinetics, the stabilization of fcc Co particles was explained.
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[. INTRODUCTION cooling from high temperaturé.Recently, Kitakamiet al?°
proposed a size dependence of the crystal structure of Co

Fine magnetic particles have been attracting much attemanopatrticles on the basis of a consideration of contribution
tion because of their versatile applications and unique propfrom surface energy. According to their analysis of energy
erties different from those of bulk materidtd.lt has been change with the particle size, below a critical siZ® nm
recognized that the magnetic properties of metallic particlesnean diameterthe stabilization of the fcc structure could be
are highly dependent on their crystal structure, size, shapétrinsic stable; whereas hcp phase could be stabilized for
and composition. Accordingly, preparation of magnetic par{particles with diameter above 40 nm. This proposal is not
ticles with different sizes and controllable crystal structurescompatible with the fact that fcc Co particles with wide size
as well as understanding the size dependence of crystal strudistribution (up to 200 nm can exist at room temperature.
ture, are of technological importance to their application and In attempt to clarify the intrinsic nature of the stabiliza-
development of novel magnetic materiats. tion of fcc Co particles, Co fine particles with different struc-

As a promising candidate for magnetic self-assembledures and different sizes were prepared at different tempera-
structureqsuperlatticesthat has potential application in ul- tures. Much attention has been paid to the influence of
tracompact information storage, Co nanosized particles haviaermal treatment or the thermal history on the structure evo-
attracted much interest in preparation and in structural antution of Co particles.
magnetism characterizations in the last several yea#s is

well known, bulk cobalt is allotropic, exhibiting face- Il. EXPERIMENTAL
centered cubi¢fcc) and hexagonal close-packéttp) struc- . _ _
tures above or below 420 °C, respectivelyp to now, Co Co fine particles were prepared by a £faser induced

particles with different structures and sizes have been prepyrolysis of Cg(CO)g vapor produced by evaporation of
pared by way of physical approach@ms evaporation, sput- solid Cg(CO)g crystals (Fluka Chemie Gmbiat 44 °C.
tering, etc) and solution-phase chemical routes. Figure 1 shows a schematic of the experimental apparatus for
However, the structure dependence of Co nanoparticles difie laser-induced pyrolysis. During the preparation process, a
the specific synthetic approach has not been well understoodpnreactive chamber wall, small reaction area, as well as
and the explanations about the size dependence of the smateep temperature gradients enable the formation of very fine
Co particles remain controversial. For example, by solutiorand uniform particles. With comparison to other physical
chemistry(polyol or decomposition of carbonylfcc, hcp, as  deposition techniques, such as vacuum evaporation, sputter-
well as complex cubi¢e—) Co particles have been synthe- ing, and discharge, the laser-induced gaseous pyrolysis ap-
sized, depending on the additive nucleating agents, surfagroach has no substrate on which the particles foriued
tants, and coordinating ligand$-°Upon physical routes, in- depositedi resulting in homogeneous nucleation and growth
cluding vacuum evaporatiof;*? sputtering?>'®'4 and  of the initial nuclei. In the pyrolysis, ethylene was used as
plasma(or arg dischargé?18 metastable fcc Co nanosized photosensitizer to absorb GQaser emission of R0) line
particles were preferentially produced at ambient temperatvavelength 10.6um) and then to transfer the energy from
ture, although occasionally a mixture of fcc and hcp phase#he laser beam to the @&€0)g. In this procedure, a mixture
was formed® Some authors attributed the existence or theof Co,(CO)g vapor and GH, passed through a stainless steel
stabilization of metastable fcc phase at low temperature tmozzle(2 nm diam) and intersected vertically with a horizon-
rapid cooling during the growth of the particl&sActually,  tal CO, laser beam(SYNRAD Duo-Lase model 57-2-150
fce-hep structural change did not take place during a slowV) with a spot 4 mm in diam. G6CO)g vapor decomposed
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Reactants + absorber FIG. 2. X-ray diffraction patterns of Co nanoparticles prepared

by laser pyrolysis{a) at 325 °C andb) at 427 °C, respectively.

FIG. 1. Schematic representation of laser-induced pyrolysis. of the reaction area were measured to be 325°C and

427 °C, respectively. C/S determination indicated a presence
in the reaction area and Co atoms nucleated homogeneousty a few carbon in the two samples, 0.08 wt% and
to form nanometer-sized particles. The laser-induced pyrolyo.12 wt %, respectively. Nevertheless, the appearance of a
sis employed in the present work has been reported in detditace of carbon in the Co nanoparticles could not be attrib-
elsewheré! In the present study, unfocused laser beam withutable to the decomposition of the photosensitizgH LAc-
low power intensity was selected to obtain a low-temperaturéually, in our previous preparation of iron and iron nitride
reaction area and to avoid dissociation gHg. Five K-type ~ nanoparticles by laser induced pyrolysis of iron pentacarbo-
thermocouples were employed to determine the temperaturgyl, a little amount of carbor{0.3—0.8 wt % for example
distribution within the reaction area, and the highest temwas always detected in the samples, irrespective bf,@r
perature of reaction area was estimated by extrapolation dfiHz as photosensitizer during the pyroly$t$3 The forma-
the measured temperatures. tion of a few carbon in the laser-induced pyrolysis reaction

Co nanoparticles and fine particles were also obtained bgnight be related to a decomposition of CO at high tempera-
reduction of CoO particles under a flow at temperatures ture with the metallic particles as catalystBecause of
from 200 °C to 550 °C. A similar laser pyrolysis route was much lower laser power density employed in the present ex-
applied to synthesize CoO nanoparticles with(C0);NO periment than that in the preparation of iron and iron nitride
(Fluka Chemie GmbMas precursor in a reduced atmospherenanoparticleg<2040 W/cnf), as well as the lower activity
(Ar+20%H,) at laser power of 41 W, corresponding to a of cobalt than iron to carbon, a much lower carbon content
laser power density 326.4 W/émin order to avoid sponta- Was derived during the preparation of Co nanoparticles.
neous combustion of as-prepared Co particles due to their Figure 2 shows the x-ray diffraction profiles of the par-
active metallic nature, the particles were passivated in a mixticles prepared at these temperatures. It is noticed that both
ture flow of N,+0.01%Q for 24 h before exposure to air. samples consist of metallic Co and cobalt oxide;@p It
After the thermal treatment, a deep cooling of fcc particlesseems that the oxide is formed during the passivation process
was carried out by immerging the particles into liquid nitro- because there was no oxygen in the chamber during the
gen(77 K) to observe if structural transition takes place.  preparation of the samples. Actually, it was experimentally

The carbon content of the cobalt and the cobalt oxidedemonstrated that the Co particles are spontaneously burned
samples prepared by laser-induced pyrolysis was determinedp if the powder was not subjected to a passivation proce-
by a carbon/sulfur determinaté€S-244. The morphologies dure. Broad diffraction peaks are attributable to the small
and sizes of the Co particles were investigated by a transmigrystallite size of Co as well as g0, phases. Referring to
sion electron microscop@EOL-2000EX-I). The structural Seherrer formula, the average diameter of the Co crystals for

evolution was analyzed by x-ray diffractid)XRD) with a ~ both samples was estimated to & nm. It is worth noting
PW1710 diffractometetPhilips, Cu Ka radiation. 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
Ill. RESULTS AND DISCUSSION notable proportion in voluméor masg of the samples, re-
sulting in broad and evident peaks assigned tg@zgphase
in the x-ray diffraction patterns, as shown in Fig. 2.

In order to avoid a contamination of samples resulting Figure 3 shows an electron micrograph of hcp Co nano-
from the decomposition of the photosensitizer, unfocused laparticles prepared at 325 °C. The particles exhibit very fine
ser beam with low power density was employed. In theand very uniform particle size, with an average diameter of
present study, two power densities, 19 W and 44 W, corre8.8 nm, including the core and oxide layer on the particle
sponding to the average power density of 151.3 W¥amd  surface. The Co oxide layers formed on Co particles are
350.3 W/cnd, respectively, were selected to induce the py-uniform, with an approximate thickness of 1.5 nm. This
rolysis of cobalt carbonyl vapor. The resulting temperaturevalue agrees well with the results of x-ray diffraction, sug-

A. hcp Co nanopatrticles by low-temperature laser pyrolysis
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_FIG. 3. Electron micrograph and corresponding selected area FiG. 4. Electron micrograph and corresponding selected area
diffraction patterns of the hcp Co nanoparticles prepared at 325 ° Giffraction patterns of the CoO nanoparticles by laser pyrolysis.

gesting that most of the Co particles are single crystallitesparticles obtained by further oxidation at 200 °C. Both CoO
Because of the same experimental parameters with excepti@nd CgO, present a fcc crystal structure, with lattice con-
of laser powers, the Co samples prepared at both temperatants of 0.426 nm and 0.809 nm, respectively. Taking these
tures are similar in particle size and morphology. As a matte€€0oO and CgO, nanoparticles as precursors, reductions were
of fact, during the preparation of nanoparticles by laserperformed at precisely controlled temperature from
induced pyrolysis, the particle size and morphologies are200 °C to 550 °C in H flow for 2 h. It is found that after
mainly related to the concentration of £80)g vapor in the  reduction at low temperature far from the critical temperature
reaction area, especially when the temperature of reactiodt which mutual hcp-fcc transitions take pla¢guch as
area does not vary greatly. 200 °C or 300 °Q, both cobalt oxide particles, CoO or
Although the Bragg angle$26) corresponding to the Co0;0,4, were converted to hcp Co particles. Figure 6 shows
strongest diffraction lines for hcp and for fcc are different, the electron micrographs and the corresponding diffraction
which is, 44.77° and 44.22° f§002) and(111), respectively, patterns of the hcp Co particles obtained by reduction at
it is very difficult to separate fcc and hcp phases because 200 °C and 300 °C, respectively, in which no trace of fcc
the broadness of diffraction lines due to very small size ofPhase was detected. This is in good agreement with the x-ray
Co particles. Nevertheless, one can evidently confirm thdliffraction measurements, as seen in Fig. 7. As the tempera-
existence of fcc phase upon diffraction peak dug260) ture of reduction increases from 200 °C to 300 °C, the
planes. Figure 2 illustrates clearly that the sample produce@verage size of the hcp particles increases from
at lower temperaturé325 °Q is comprised of hexagonal Co 34 nm to 85 nm. It is suggested that during the reduction, a
phase only. When the temperature of reaction area increasgi@rked enlargement of particle size occurred by aggregation
to 427 °C, cubic Co phase can be observed in the XR®f small particles. Especially in the sample obtained by
patterns, suggesting that in this case the resulting sample is30 °C reduction, some coalescence of hcp particles can be
mixture of majority of hcp phase and minority of fcc phase.S€en. In addition, the particles exhibit a wider size distribu-
Obviously, during formation of Co nanoparticles, tempera-tion than ones derived by 200 °C reduction, with the largest
ture plays a key role in the achievement of their crystal strucParticles of 220 nm in size. When increasing the reduction
tures. Further, even with the size regime of several nanomtemperature to 420 °C, fcc phase appears and then the Co

eters, hep is still the stable phase, rather than a metastab@rticles were a mixture of fcc and hep phases. With further
one. increase of temperature up to 550 °C, single fcc phase was

obtained, as shown in Fig. 7. During such high-temperature

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 (C@);NO.
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 £n without re-
markable enlargement of particle size and without notable 30 40 50 60 70 80
particle coalescence. A carbon analysis by C/S determinator 20 (degree)
demonstrated that no evident carbon was detected in the co-
balt oxide samples to the limitation of analytical precision.  FIG. 5. X-ray diffraction patterns of CoO nanoparticles by laser
Figure 5 represents the x-ray diffraction profiles of CoOpyrolysis and CgO, nanoparticles by reduction of the CoO
nanoparticles prepared by laser pyrolysis and@onano-  precursor.
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FIG. 8. X-ray diffraction profiles of the Co particles after &3
and 550 °C annealing of hcp nanoparticles by laser pyrolysis at
350 °C,(a) without and(b) with a gentle grinding during the XRD
specimen preparation.

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-hep structural transition
during the cooling from high temperature, as-prepared hcp

® nanoparticles were annealed at 550 °C inatmosphere for
3 h. As expected, after cooling to room temperature, fcc par-

FIG. 6. Electron micrograph and corresponding selected areticles were obtained and no fcc-hcp transition was observed.
diffraction patterns of hcp Co nanoparticles prepared by the reducHowever, we noticed that the fcc particles quite easily trans-
tion of CoO nanoparticles d8) 200 °C and(b) 300 °C. form into hcp when a shearing stress is applied to them, even

a mild grinding in the preparation of XRD specimen could
reduction, the oxide nanoparticles and/or derived metallic Ceause a remarkable fcc-hcp phase transformation, as shown
particles undergo a remarkable growth by coalescence oh Fig. 8.
small particles, leading to large Co particle in siggeater
than 400 nm After cooled to room temperature, the result-
ant metallic particlegwith thin oxide layer on themnwere C. Discussion
immerged into liquid nitroger(77 K) to examine whether gyl cobalt materials have been known to have two crys-
structural Changes take place or not. It is interesting to f|n4a| structures, a fce phase’ which is thermodynamica”y pre-
by XRD diffraction that the Co particles remain fcc phase.ferred above 420 °C, and a hcp phase, which is favored at
no trace of fcc-hep transition was observed. Consequently, ifbwer temperatures. However, a lot of experimental evi-
dences suggest that upon physical deposition techniques, fcc

= H-Hop co Co fine particles with broad size ranGeom several nanom-
g 0-Co, eters up to 200 njnwere always obtained preferentially at

room temperature. Obviously, size dependence of crystal
structure proposed by Kitakanat all32° 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
(2900 °Q. Also, during the sputtering process, the kinetic
energy of the Co atoms is estimated to have energy in the eV

FIG. 7. X-ray diffraction patterns of Co particles prepared by order, corresponding to very high Femperat%f'rdat is likely
the reduction of CoO nanoparticles at 200 °C, 420 °C, and 550 °Cthat the fcc Co particles form at high temperature and then
respectively. keep their structure to ambient temperature under subsequent

Intensity (arb. unit)
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cooling or quenching. Experiment difficulties to achieve low 40
temperature by physical techniques are probably the reason
why fcc instead of hcp fine particles were frequently pro-
duced by vacuum evaporatignondensationor 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. 0 LT
Because of the vapor phase characteristics of laser pyrolysis 4000 8000 12000 16000 20000
of Co,(CO)g, the cobalt atoms nucleate homogeneously in Diameter (nm)
the reaction area, resulting in Co nanoparticles with very
small and uniform particle size. Only hcp nanoparticles were FIG. 9. The calculated generalized activation energy for marten-
formed at 325 °C, which is far below the critical temperaturesitic transformation as a function of the diameter of Co particles at
of fcc-hep or hep-fce phase transformations. This indicateshe surface energy of 2 JAand 0.2 J/rA
that hcp Co is still the stable phase, when nanocrystals
particles are synthesized at low temperature, even for the

particles with very small size. This result is in good accor-Thjs is because martensitic transformation occurs by shear
dance with the experiments of reduction of cobalt oxidemechanism, and, accordingly, the transformation would take
nanoparticles at different temperature. In spite of the strucplace only when the driving energy resulting from the chemi-
tural similarity between the fcc oxid€CoO and CgO,) and  ca| Gibbs free-energy difference or from the external force
fcc Co, hep particles still formed after low temperature re-exceeds the critical shearing energy barrier for phase trans-
duction at 200 °C and 300 °C. Only when high temperaturgormation. Of course, this influence is associated with the
is involved in the preparation or in the annealing process ophysical properties of the metals or alloys in consideration,
Co particles, fcc particles with broad size range could beyarticularly, the critical driving force needed to trigger the
derived at room temperature. In other words, the fcc particlegansformation in bulk materials.

formed at high temperature and then kept their crystal struc- \when considering the contribution of extra pressure, the
ture to ambient temperature, exhibiting a different behaviokritical activation energy for martensitic nucleation in parent
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from its bulk counterpart. _ _ _ phase can be expressed as follG&%
As is well known, fcc-hep conversion of Co is achieved
by martensitic transformation with a shearlike and displacive K

AG (1)

mechanism. In order for martensitic transformation to occur,
a driving force(driving energy is required to overcome the . N o -
transformational resistance, i.e., the interfacial energy, anWhereAg is the critical driving force for martensitic trans-
the strain energy resulting from the accommodation to shapfrmation,K is a constant related to the elastic energy and
changes of transformation. The driving energy can be suphterfacial energy between martensite and parent phases.
plied by lowering temperatur&hemical-free energyor by ~ SinceAg is negative and\P is positive, AG will increase
applying external force$mechanical energy It is reason- with the increase oAP, |.e.,.decreasmg in part_|_cle size. fcc-
able to believe the stabilization of fcc Co particles to behcp transformation of Co involves the transition from one
related to a suppression of martensitic transformation durin§losed-packed phase to another, with a very small driving
the cooling (or quenching from high temperature to low €nergy (-16 3/mo).? In this situation, even moderate or
temperature. In the light of phase-transformation kinetics, wéninor extra pressur€AP) could play an important role in
attempt to develop an explanation for the stabilization of Compeding martensitic transformation of Co fine particles.
particles against fcc-hep transition. This might be the reason why the fcc Co particles with rather
It has been argued that small particles are subjected to atide size range could maintain their structure under cooling
extra pressurdP=20,/r because of surface tension, where to ambient temperature. As a matter of fact, according to Eq.
o, is the surface tension andis the radius of spherical (1), a generalized critical activation energ\Gp/AGg)
particle. For bulk materials or large particles in the microme-could be achieved if spherical shape and the surface energy
ter regime, the value afP is very small and the influence on of Co particles are assumed, whek&g and AGp are, re-
transformation behavior could be ignored. However, the exspectively, the activation energies for bulk cobalt and for
tra pressure for very small particles would have prominencobalt particles. With reference to the surface energy data of
influence on the properties of the particles. For example, owbulk cobalt(around 2.0 J/H* and the critical driving force
ing to surface tension, very small particles are in such &-16 J/mo), the relationship betweeAG and the particle
compression state that the lattice spacing decreases as thige is given in Fig. 8. In order to address the dependence of
particle size decreasés?’In this context, it is reasonable to generalized activation energy on the surface energy, a plot
believe that the extra pressure would exert an appreciableith surface energy of 0.2 J/nis attached on Fig. 9. It is
influence on the transformation behavior of small particlesindicated that only for Co particles several micrometers in

" (Ag+AP)*
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size, the effect of surface energy on the transformation couldomponents on the development of different structures of Co
be ignored; tha}t is, fcc particlt_as with (ather broad size rang@articles. The nucleation and structural evolution of Co par-
could keep their structure during cooling from high tempera-icle in chemical solutions is a complex process and detailed

ture. This is in agreement with the present experiment resultanalysis and discussion is beyond the scope of the present
of acquirement of fcc particles with high-temperature reduc-study.

tion and annealing. Also because of small driving force, even
a mild external force can overcome the critical driving force
to induce fcc-hep transformation of Co particles. Similarly,
iron is allotropic and exhibits fcc-bce structural change by  Upon laser-induced pyrolysis and reduction of cobalt ox-
martensitic mechanism. By contrast with cobalt, its transforide nanoparticles at different temperatures, Co fine nanopar-
mation takes place with large driving forcéapprox ticles with different size and different crystal structutasp
-1000 J/mat®) and at very high temperature-770 °Q.  and fco have been synthesized. The crystal structures of Co
Consequently, metastable small fcc particles were hardly olparticles depend on the thermal history involved during par-
tained at low temperature by physical deposition or by wayticle formation. Low-temperature pyrolysis or reduction of
of cooling from high temperature, unless additive elementsgcobalt oxide favored the formation of hcp Co particles; meta-
Ni or N for examplet”??3! were incorporatedalloying)  stable fcc phase can be achieved if high temperature was
to decrease remarkably the transformation temperature dnvolved during the synthesis or annealing of Co patrticles.
deformation was applied to induce martensitic The stabilization of fine fcc particles is related to the sup-
transformationt8-2° pression of fcc-hcp martensitic transformation, and fcc par-
Regarding the different structures of Co nanoparticlegicles formed at high temperature retain their structure to
synthesized by solution-phase chemical routes, small drivingmbient temperature.
energy of fcc-hcp transformation is probably also an impor-
tant factor. In this case, the influence of nucleating agents, ACKNOWLEDGMENTS
surfactants, and coordinating ligands on the structural evolu-
tion of the particles in solutions would be dominant. There- Thanks are due to the support from the Spanish Ministry
fore, Co particles with hcp, fcc, even complex cubieCo) of Education and CulturéNo. SB2000-028p for Foreign
structures formed depend on the specific components of thierofessors, Researchers and Technologists. Financial support
solutions. The fact that-Co can be prepared only by solu- from the Natural Science Foundation of China under Project
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