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Synthesis and magnetic properties of e-cobalt
nanoparticles
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Monodisperse cobalt nanoparticles are synthesized via a high-temperature thermal decomposition method
in the presence of oleic acid and triphenylphosphine. The as-synthesized nanoparticles are stable against
further deep oxidation when they are kept in heptane .C7H16/. Time-dependent XPS studies indicate
that oxidation of the as-synthesized cobalt nanoparticles in air is slow. The valence change of cobalt
from the nanoparticle sample is not observed after it is kept in heptane under air for 90 days. The
cobalt nanoparticles have a b-manganese-type structure (also called e-Co). Annealing the nanoparticles
at 500 ◦C under Ar .95%/ + H2 .5%/ converts these particles from e-Co to fcc-Co. Two-dimensional and
three-dimensional self-assembled superlattices of the passivated cobalt nanoparticles are formed by slow
evaporation of the carrier solvent. The magnetic properties of the cobalt nanoparticles in different forms
are compared, which provides helpful information on the magnetostatic interaction of the nanoparticles.
Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Research on monodisperse magnetic nanoparticles has been
an extremely active area owing to the potential appli-
cations of these particles in information data storage.1 – 6

The size and shape specificity of nanoparticles naturally
can serve as building blocks of the self-assembled passi-
vated nanoparticles supperlattices or nanoparticles arrays.7

In order to prepare monodisperse magnetic nanoparti-
cles and obtain ordered two- or three-dimensional self-
assembled superlattices, the nanoparticles need to be coated
with organic surfactants to prevent them from irreversible
aggregation.8 – 10 Triphenylphosphine (TPP) was widely used
in the synthesis of phosphine-stabilized gold or other metal
nanoparticles.11 – 15 The phenyl groups in TPP can provide
greater steric hindrance than straight-chained alkyl groups
such as tributyl and trioctyl to control the size of non-
magnetic metal nanoparticles and to stabilize efficiently the
magnetic nanoparticles. However, the synthesis of magnetic
nanoparticles using TPP as a stabilizer has not been reported
so far.16

In this article, we report on the synthesis of cobalt
nanoparticles by thermal decomposition of cobalt carbonyl
in the presence of TPP and oleic acid.17,18 Both TPP and oleic
acid are employed as stabilizers to control particle growth,
to stabilize the particles and to prevent the particles from
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oxidation. X-ray photoelectron spectroscopy (XPS), x-ray
diffraction (XRD) and infrared spectroscopy are employed
to characterize the structure and surfactants of the cobalt
nanoparticles. After the size of the cobalt nanoparticles is
narrowed further through size-selective precipitation, two-
and three-dimensional superlattice structures are obtained
by controlled solvent evaporation. Magnetic measurement
was conducted using MPMS-5 superconducting quantum
interference device (SQUID) magnetometry.

EXPERIMENTAL

The cobalt nanoparticles are synthesized by injecting
the organometallic precursor into the surfactant mix-
ture of TPP and oleic acid at 200 °C and keeping the
growth temperature at 180 °C under an inert environment.
Cobalt octacarbonyl [Co2�CO�8], TPP �C18H15P�, oleic acid
�C18H34O2�, dichlorobenzene �C6H4Cl2� and heptane �C7H16�
are obtained from ACROS Chemical. All the reagents are
used as received without further purification. To synthesize
6–8 nm Co nanoparticles, a three-necked flask with 40 ml of
dichlorobenzene is heated to ¾220 °C under N2 and stirred
to eliminate the dissolved ambient air. Then 2.0 mmol of
oleic acid and 2.0 mmol of TPP are added. In a separate reac-
tion vessel, 2.0 mmol of Co2�CO�8 is combined with 5 ml of
dry dichlorobenzene, warmed briefly to nearly 60 °C under
N2 until it is fully dissolved and finally injected rapidly
into the flask. The solution turns black quickly and foams
as Co2�CO�8 decomposes, nucleating Co nanoparticles and
releasing gas. After the CO disappears, the black solution
is refluxed at 185 °C for 20 min with vigorous stirring. Then
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the black solution is cooled down to room temperature and
a black precipitate appears by adding ethanol to the dis-
persion. The black precipitate is collected by centrifugation
and washed with ethanol several times to remove exces-
sive surfactant. The black magnetic precipitate is in turn
redispersed in heptane and precipitated partially by slow
titration of ethanol. Centrifuging the suspension isolates a
precipitate enriched in large nanoparticles (30 wt.%) and
leaves the small nanoparticles (70 wt.%) in the supernatant.
Additional ethanol is added to the supernatant to isolate a
second fraction of the small nanoparticles. Cobalt nanopar-
ticles of average diameter 7 nm are obtained by a gentle
destabilization/redispersion procedure with a size distribu-
tion ��� of ¾5%. When increasing the concentration of TPP
and oleic acid by a factor of 2, cobalt nanoparticles of average
diameter 5 nm can be formed.

X-ray photoelectron spectroscopy was used to examine
the composition of the passivated cobalt nanoparticles. The
Co 2p1/2 and Co 2p3/2 peaks of the cobalt nanoparticles
coated with TPP and oleic acid were measured on an Escalab
5 spectrometer with monochromated Mg x-rays at 10 kV. The
structure of the nanoparticles was examined using a Rigaku
D/MAX 2400 x-ray diffractometer with Cu K˛ radiation
�� D 1.5406 Å�. Samples for XPS and XRD analysis were
prepared by spreading several drops of cobalt dispersion
on standard Si(111) wafers with a 150 nm thick SiO2 layer
and evaporating the solvent. A vacuum-transfer vessel was
used to carry the sample from the drying box to the chamber
without exposing the sample to the air. Infrared spectra
of the samples were recorded using a Bruker Equinox
55 at room temperature by dropping the colloid solution
on a KBr tablet. Transmission electron microscopy (TEM)
(Jeol-200CX operating at 120 kV) and high-resolution TEM
(HRTEM) (Philips CM200FEG operating at 200 kV) were
employed to determine the particle size distribution and
the crystalline structure. Samples were formed by drying
a heptane or octane dispersion of cobalt nanoparticles on
amorphous carbon-coated copper grids. Magnetic studies
were conducted using a Quantum Design MPMS-5 SQUID.
Measurements of isolated particle properties were carried
out on the as-synthesized particles or on the samples
by diluting the cobalt nanoparticle dispersions with wax.
The ordered thin films (superlattices of nanoparticles)
were prepared by evaporation of a heptane solution
of nanoparticles on a highly oriented pyrolytic graphite
(HOPG) substrate using a standard airless procedure.

RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy is used for surface element
analysis of the nanoparticles. In the XPS analysis, the
penetration depth of the XPS beam is 3.0–5.0 nm but the
chain length of oleic acid and TPP is <2.0 nm. The depth
probed from the surface of the cobalt nanoparticles to
the core of the cobalt nanoparticles is 1.0–3.0 nm, which
ensures that the surface valence of the molecule-coated
cobalt nanoparticles can be detected. Figure 1(a) is the
XPS spectrum of the freshly prepared cobalt nanoparticles.
Characteristic peaks of cobalt, carbon and phosphorus are
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Figure 1. The XPS spectra of: (a) molecular coated cobalt
nanoparticles; (b) Co 2p of the cobalt nanoparticles kept for
1 day (A), 90 days (B) and 120 days (C).

observed. Because cobalt is the only non-volatile product of
the reaction [Co2�CO�8] ! 2Co C 8CO and all the residual
surfactant is removed by washing the precipitate with
ethanol several times, the characteristic peaks of the carbon
and the phosphorus are introduced from the TPP and oleic
acid-coated surface of cobalt nanoparticles. According to the
literature,19 oleic acid and TPP should react or coordinate
with the surface atoms of the Co nanoparticles to prevent
oxidation or aggregation of the Co nanoparticles. Figure 1(b)
is the XPS spectrum of the Co 2p3/2 and Co 2p1/2 peaks of
the cobalt nanoparticles from a dispersion kept under air
for 1 day (curve A), 90 days (curve B) and 120 days (curve
C), respectively. The Co 2p3/2 and Co 2p1/2 peaks of the
cobalt nanoparticles kept under air for 1 day are at 778.5 and
793.6 eV, respectively. The difference between the two peaks
is 15.1 eV, which is consistent with the standard spectra
of the element cobalt. X-ray photoelectron spectroscopy on
cobalt nanoparticles kept in heptane under air for 90 days
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shows the same Co 2p3/2 and Co 2p1/2 peaks from the typical
valence state of Co0, indicating that the Co nanoparticles in
heptane are very stable against further oxidation. However,
after it is kept in heptane under air for 120 days we observed
a valency change of cobalt from the Co nanoparticle sample.
The binding energies of Co 2p3/2 and Co 2p1/2 are now
779.9 and 795.4 eV, respectively, corresponding to the Co2C

oxidation state. Moreover, the peaks become broader and
satellite peaks appear, which also indicates a change in the
valency of the cobalt NPs.

The infrared spectra of free TPP, oleic acid and cobalt
nanoparticles coated with oleic acid and TPP are shown in
Fig. 2. By comparing the infrared spectra of the nanoparticles
with free surfactants in Fig. 2 we can see that the organic
molecules have indeed become a part of the nanoparticles.
As shown in Fig. 2, peaks corresponding to C O stretching
at ¾1710 cm�1 and 1285 cm�1, P– stretching at 1711 cm�1,
rocking and bending mode of the methylene group—ω�CH2�
at 1270 cm�1, bending mode of the phenyl group—�� CH�
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Figure 2. Infrared spectra of free TPP (curve A), free oleic acid
(curve B) and cobalt nanoparticles coated by oleic acid and
TPP (curve C). Spectrum (b) is the high magnification spectrum
of that part of (a) with the wavenumber range
2700–3100 cm�1.

at 742 cm�1 and υ (benzene ring) at 697 cm�1 can be seen
clearly. The only difference among these characteristic
peaks is either the peak intensity or a slight shift in
the peak position. For example, the peak position of the
longitudinal modes of oleic acid and TPP shifts to lower
wavenumbers after TPP and oleic acid are adsorbed on the
surface of the cobalt nanoparticles, appearing in the region
2925–2923 cm�1 for 
a�CH2�, 2854–2852 cm�1 for 
s�CH2�
and 2958–2955cm�1 for 
s�CH3, ip�. This is believed to be due
to the organic molecules forming a relatively close-packed
layer, thereby constraining their own mobility on the surface
of the nanoparticles.20 – 22 Thus, this steric constraint affects
the transverse modes (rocking mode, wagging mode, etc.)
more than the longitudinal modes (stretching mode, etc.).
However, the peaks corresponding to the C O stretching
mode—
�C O� at 1710 cm�1 and 1285 cm�1 disappear in
curve C but the P– stretching mode—
�P–� at 1434 cm�1

still appears in curve C, although they both belong to a
longitudinal mode because the C O band position is the
closest to the surface of the cobalt nanoparticles. From these
results, a chemical bond can be formed between O and Co
atoms and a coordinate bond between P and Co atoms on
the surface of the nanoparticles. Thus, the C O stretching
mode disappears in the coated nanoparticles but the P–
stretching mode 
�P–� at 1434 cm�1 is still visible in curve
C of Fig. 2.

X-ray diffraction of 3 nm TPP–oleic acid-passivated Co
nanoparticles shows a broad peak centred at 2� D 44.5°,
as shown in Fig. 3(a). As the particle size increases from
6 nm to 9.5 nm, the XRD pattern (Figs 3(b)–3(d)) can be
indexed to a crystalline structure, the ˇ-manganese phase
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Figure 3. X-ray powder diffraction pattern of ε-Co
nanoparticles passivated with C18H34O2/C18H15P:
(a) as-synthesized 3 nm particles; (b–d) as-synthesized
particles of 6.5, 8.0 and 9.5 nm, respectively; (e) after annealing
at 500 °C under Ar C H2 (5%) for 3 h. Peaks corresponding to
cobalt are denoted by *; peaks corresponding to CoO are
denoted by ð.
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(a high-temperature phase of manganese), and also to ε-
Co, which is metastable.23 After the sample of 6 nm ε-Co
is annealed at 500 °C under Ar �95%� C H2 �5%� for 3 h,
it can transform completely to the fcc phase (Fig. 3(e)).
Subsequent cooling does not convert the fcc structure back
to its original ε-Co structure. This is in good agreement with
the ε-Co structure change observed elsewhere.24 In Fig. 3(e),
the small diffraction peaks of the cobalt oxide (CoO) are
observed after annealing. The average particle diameter can
be estimated using Scherrer’s formula.25 The average sizes
calculated from Figs 3(b)–3(e) are 6.5, 8.0, 9.5 and 27.3 nm,
respectively, indicating the agglomeration and growth of the
cobalt nanoparticles during annealing.

Slow evaporation of the heptane dispersion of cobalt
nanoparticles spreading on a flat substrate allows the for-
mation of well-organized superlattice structures. When the
solution concentration is nearly 1%, the cobalt nanopar-
ticles are self-assembled into well-defined and extended
two-dimensional superlattices, as shown in Fig. 4. From the
histogram of the size distribution and the TEM image, it can
be seen that the particles are uniform. The average diameter
of the nanoparticles is 7.2 š 0.5 nm and the average spacing
between neighbouring particles is 1.9 nm. Controlled evap-
oration of the octane dispersion of similar monodisperse
cobalt nanoparticles at 40 °C leads to a three-dimensional
superlattice structure. Figure 5 is the TEM image of the
three-dimensional superlattice of ¾5 nm cobalt nanoparti-
cles. The ordered area in the superlattices extends over

(a)

(c)(b)

Figure 4. The TEM image of a two-dimensional superlattice of
cobalt nanoparticles shown at low (a) and higher
(b) magnification. The two-dimensional Fourier transform
power spectrum of the image is inset in (a) and indexes into a
hexagonal close-packed (hcp) structure. (c) A histogram of the
size distribution shows that the average diameter of the
nanoparticles is 7.2 š 0.5 nm.

0.6 µm ð 0.6 µm. Both two- and three-dimensional superlat-
tices have a hexagonal stacking structure. The HRTEM image
of the cobalt nanoparticles, as shown in Fig. 5(c), reveals
complicated interference patterns that are consistent with
multiple crystalline orientations contained within a single
nanocrystal.26

Magnetic properties of the ε-Co nanoparticles deposited
on HOPG substrate are measured by SQUID using a
standard airless procedure. The magnetization as a function
of temperature in a 10 Oe field between 5 K and 300 K
determines the blocking temperature using the zero-field
cooling (ZFC) procedure. Figure 6 shows typical results
for magnetic ε-Co nanoparticles of several different sizes
below the critical size at which a particle becomes a
single domain magnet and is small enough to display
superparamagnetism.27 From the concrete measurement
data, the blocking temperature �Tb� of 6.5, 7.2, 8.0 and
9.5 nm Co nanoparticles is at 60, 92, 100 and 150 K,
respectively. The blocking temperature increases as the
size of ε-Co nanoparticles increases, which is consistent
with the behaviour of fine particles. The broad transition
from superparamagnetism to ferromagnetism shown in
Fig. 6 at around Tb is probably due to the magnetostatic
particle interactions in the close-packed arrays. The blocking

(a)

(b)  (c)

Figure 5. The TEM image of a three-dimensional superlattice
of cobalt nanoparticles shown at low (a) and high
(b) magnification. The Fourier transform power spectrum of the
image is inset in (a). (c) The HRTEM image of a single particle
with a twin structure.
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temperature should roughly satisfy the relationship

Tb D KV/30kb

where K is the anisotropy constant, kb is Boltzmann’s
constant and V is the average volume of the particle. With
knowledge of the blocking temperature and the particle
size, the anisotropy constant of ε-Co nanoparticles of sizes
6.5, 7.2, 8.0 and 9.5 nm is 2.1 ð 106, 1.9 ð 106, 1.5 ð 106 and
1.3 ð 106 erg cm�3, respectively. The result is smaller than
that of bulk fcc cobalt �2.7 ð 106 erg cm�3�.

Figure 7 shows the size-dependent magnetization �M�
versus field (H) hysteresis loops at 5 K for ε-Co nanoparticles
6.5, 8.0 and 9.5 nm in diameter, respectively. The coercive
field Hc of 6.5, 8.0 and 9.5 nm Co nanoparticles is 247,
386 and 838 Oe, respectively; Hc increases with increasing
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Figure 6. Zero-field cooling magnetization vs. temperature of
6.5, 7.2, 8.0 and 9.5 nm ε-Co nanoparticles showing blocking
temperature �Tb�: (a) 60 K; (b) 92 K; (c) 100 K; (d) 150 K.
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Figure 7. Magnetization versus field (M vs. H) hysteresis loops
at 5 K for 6.5, 8 and 9.5 nm ε-Co nanoparticles samples. The
coercive field Hc for 6.5, 8.0 and 9.5 nm Co nanoparticles, is
247, 386 and 838 Oe, respectively.

size of the cobalt nanoparticles, which is the behaviour of
single-domain particles caused by thermal effects. Below
the blocking temperature Tb, the magnetic moment of
the nanoparticles is pinned along an ‘easy’ axis and is
ferromagnetic. The energetic barrier pinning the magnetic
moment of the nanoparticles and preventing its relaxation
is proportional to the product of the anisotropy constant
�K� and the volume of the nanoparticles �V�. As the size of
the nanoparticles decreases, the width of the hysteresis loop
decreases with the decrease in KV. As the size of the ε-Co
NPs decreases, the sharp drop in saturation magnetization
(relative to that for bulk Co) results from the increase in the
surface-to-volume ratio of the ε-Co nanoparticles.

Figures 8(a) and 8(b) show the hysteresis loops of the
cobalt nanoparticle powder compacted into a capsule made
from bone powder at 250 and 10 K, respectively. Cobalt
nanoparticles show no hysteresis in their magnetization
data at 250 K, indicating a superparamagnetism behaviour
at room temperature. Below the blocking temperature the
cobalt nanoparticles are ferromagnetic. At 10 K, the remnant
magnetization, �Mr� is ¾1.5 emu g�1, the coercive field �Hc� is
163 Oe and the magnetization at saturation �Ms� is estimated
to be only 14.0 emu g�1 (the estimation is based on an
extrapolation of curves of H/M versus H). Figure 8(c) shows
the hysteresis loop for diluting particles with wax (a mass
ratio of cobalt nanoparticles/wax D 1 : 4). There is a clear
change in the shape of the hysteresis loop: Mr reaches
7.3 emu g�1, Ms reaches 59.6 emu g�1 and Hc increases
from 163 to 600 Oe in comparison with the isolated cobalt
nanoparticle powder. Figure 8(d) shows the hysteresis loop
of the ordered arrays of the cobalt nanoparticles on HOPG
substrate: Mr reaches 12.6 emu g�1 and Hc increases to 790 Oe
but the improvement in Ms �61.6 emu g��1 is not obvious in
comparison with diluting particles with wax. These values
(Table 1) are low compared with those obtained for the bulk
phase. The observed changes cannot be attributed to the
coalescence of the cobalt nanoparticles because TEM images
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Figure 8. Hysteresis loop of powder of cobalt nanoparticles
compacted into a capsule obtained at 250 K (a) and 10 K (b).
(c) Cobalt nanoparticles diluted with wax. (d) Cobalt
nanoparticles deposited on HOPG and dried under N2 to
prevent oxidation.
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Table 1. Magnetic properties of cobalt nanoparticles in
different physical states

Physical state
Ms

�emu g�1)
Mr

�emu g�1) MrMs

Hc

(Oe)

Powder in a capsule 14.0 1.5 0.11 163
Diluted particles with wax 59.6 7.3 0.12 600
On HOPG substrate 61.6 12.6 0.20 790

taken over large areas of the sample show no evidence
of coalescence. The possible explanation for the change
in magnetic properties is the exchange coupling between
adjacent particles. The dipole coupling enhancement is
attributed to the long-range order of the two-dimensional
lattice and collective ‘flips’ of the magnetic dipoles.

CONCLUSIONS

Improved high-temperature thermal-decomposition syn-
thetic routes to monodisperse cobalt nanoparticles have been
presented. Growth and steric stabilization of the nanoparti-
cles are controlled by a combination of oleic acid and TPP.
The as-synthesized cobalt particles show very good ε-Co
crystallinity and are stable in hydrocarbon solvent against air
oxidation. The magnetic property of the ε-Co nanoparticles
is found to be dependent on the size of the nanoparticles. The
magnetic property of ordered arrays of the cobalt nanopar-
ticles improves compared with those of cobalt nanoparticle
powder compacted into a capsule or diluted with wax. These
results are helpful for understanding the whole process
of magnetic nanoparticle formation and for controlling the
size distribution of the particles for further applications to
spintronics.
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