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ABSTRACT Monodisperse cobalt nanoparticles were synthe-
sized by high-temperature reduction of solution-phase cobalt
chloride in the presence of a pair of surfactants, oleic acid and
triphenylphosphine. Highly ordered two-dimensional superlat-
tices of passivated cobalt nanoparticles were formed by a self-
assembly technique. Analysis by X-ray diffraction, UV-vis ab-
sorption spectroscopy and transmission electron microscopy
demonstrated that the size of the cobalt nanocrystals could be
tuned by tailoring the concentration ratio of the two surfactants.
In addition, the influence of different crystal sizes on magnetic
properties of Co nanocrystals was also investigated.

PACS 75.60.Nt; 75.50.Tt

1 Introduction

Magnetic nanocrystals (NCs) exhibit finite size
effects that may provide insight into ultra-high-density mag-
netic information storage [1–5]. In order to probe the fun-
damental size-dependent properties of magnetic NCs, it is
important to prepare size-tunable monodisperse magnetic
nanoparticles with controllable internal structures [6, 7].
A number of methods can be used to control NC size, with
notable examples including adjusting the reaction tempera-
ture and tailoring the ratio of the concentration of reagents to
that of surfactants [8–10]. The chemistry of the surface agent
provides another effective strategy for controlling NC size.
However, less work has been presented on this subject in the
past [11, 12].

In this paper, we describe the synthesis of cobalt nanopar-
ticles (NPs) by reduction of cobalt chloride with lithium
triethyl boron hydride (LiBEt3H) in the presence of triph-
enylphosphine (TPP) and oleic acid (OA) [13, 14]. The TPP
and OA are employed as stabilizers to control particle growth,
stabilize the particles and prevent the particles from oxida-
tion. Different from the previous literature, TPP, which has
a triangular pyramid structure, has been used instead of trib-
utylphosphine or trioctylphosphine. The steric hindrance of
the phenyl group in TPP in the transverse direction is larger
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than that of the alkyl chain, so that it can be used to con-
trol cobalt NPs with small size. Through judicious adjust-
ment of the ratio of the TPP to OA stabilizers, the size of
NCs can be controlled. After the size range of the cobalt NPs
is further narrowed through size-selective precipitation [15],
two-dimensional (2D) superlattice structures are obtained by
controlled solvent evaporation. The size-tunable NCs are in-
vestigated with X-ray diffraction (XRD), UV-vis absorption
spectroscopy and transmission electron microscopy (TEM).
Magnetic properties of Co NCs of different crystal sizes are
investigated with superconducting quantum interference de-
vice (SQUID) magnetometry.

2 Experiments
2.1 Nanocrystal synthesis

Cobalt chloride (anhydrous), OA, TPP, diphenyl-
ether and LiBEt3H were purchased from Acros. Cobalt NPs
were fabricated using a method similar to that of Sun and Mur-
ray [13]. They proposed that a temporal separation of the nu-
cleation and the growth stages was required for the production
of a monodisperse colloid. 0.13 g cobalt chloride (anhydrous),
0.32 ml OA and 30 ml diphenylether were mixed under ni-
trogen atmosphere and heated to nearly 100 ◦C. Then 0.79 g
TPP was added and heated to ∼ 210 ◦C. The Co NPs began
to emerge with the injection of 2 ml diphenylether superhy-
dride (LiBEt3H) into the vigorously stirred solution. The color
gradually changed from blue to black during the first minute
as the Co NCs nucleated and began to grow. The reaction was
held at ∼ 210 ◦C for 30 min. Then the dispersion of Co NCs
was cooled to room temperature. After that, 20 ml of ethanol
was poured into the black solution to disperse the cobalt NPs.
The supernatant was discarded by centrifugation, and the pre-
cipitate was again dispersed in 15 ml heptane with a drop of
OA to ensure the stability of the NPs.

2.2 Characterization of samples

The structure of Co NCs was investigated by
a Rigaku D/MAX-200 X-ray diffractometer with Cu Kα ra-
diation (λ = 1.5406 Å). UV-vis absorption spectra of the NC
dispersions in heptane were measured using a Shimadzu UV-
1601 PC double-beam spectrophotometer. Slow evaporation
of the heptane dispersion of cobalt NPs spread on a carbon-
film-coated copper grid allows well-organized superlattice
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structures to be formed. TEM images of the superlattices were
obtained using a JEM 200CX operating at 200 kV. Magnetic
measurement was conducted in a MPMS-5 superconducting
quantum interference device (SQUID) magnetometer.

3 Results and discussion
3.1 Structural analysis

The element cobalt has long been known to have
two stable crystal line structures: close-packed hexagonal
(hcp) and face-centered cubic (fcc). Both phases can exist
at room temperature. The fcc structure is thermodynamically
preferred above 450 ◦C and the hcp phase is favored at lower
temperatures. For small particles, however, the fcc structure
appears to be preferred even below room temperature [16].

In our experiment, the crystalline structure of Co NCs is
neither fcc nor hcp; it is a new phase with the symmetry found
in the ß phase of the elemental Mn. This crystalline struc-
ture has been designated as the ε phase of cobalt (ε-Co) [17].
Figure 1 shows the diffraction patterns of Co NCs. The three
reflection peaks are observed at 2θ = 44.5, 47.1 and 49.5,
corresponding to (221), (310) and (311) planes of the ε-Co lat-
tice plane, respectively. It is in good agreement with the ε-Co
structure observed by Sun and Murray [13]. No distinct peak
corresponding to CoO or CoB phases is detected, indicating
that a single ε-Co phase is obtained.

In the XRD pattern, the diffraction peaks gradually be-
come sharp and the intensity of the peaks increases as the
TPP/OA ratio increases, revealing an increase of the size of
Co NCs. Therefore, by tuning the molar ratio of TPP to OA,
we can control the size of Co NCs.

3.2 The size control of Co NCs

In general, adjusting the temperature and the metal-
precursor-to-surfactant ratio can control NP size. Higher tem-
peratures and larger metal-precursor-to-surfactant ratios pro-
duce larger NPs [18]. The chemistry of the surface agent

FIGURE 1 XRD pattern of Co NCs at different concentration ratios of TPP
to OA, a = 3 : 1, b = 5 : 1, c = 7 : 1. The reflection peaks of Co NCs gradually
become sharp, indicating that the size of the Co NCs gradually increases

can also be chosen to control NC size. During NC growth,
the surfactants adsorb reversibly to NP surfaces and provide
a dynamic organic shell that mediates particle growth, stabi-
lizes the particles and limits oxidation after synthesis [15].
In this experiment, we have used a pair of surfactants –
triphenylphosphine (TPP) and oleic acid (OA) – to control
particle growth. The OA binds tightly to the particle sur-
face during synthesis that hinders the particle from grow-
ing; the TPP reversibly coordinates neutral metal surface
sites that favor rapid growth. Judicious adjustment of the
ratio of TPP (weakly bound) to OA (tightly bound) stabi-
lizers can control the size of NCs. Figure 2 shows UV-vis
absorption spectra of Co NCs prepared at different TPP/OA
molar ratios. It is observed that the absorption peak of the
spectrum (a) is at about 260 nm and the absorption pos-
ition gradually shifts to higher wavelength (red shift) with
increasing TPP/OA molar ratios, indicating that the sizes
of the Co NCs increase with increasing TPP/OA molar ra-
tios. By this method, we can tune the average size of the
particles.

3.3 The self-assembly of Co NCs

The TEM images further illustrate that different
sizes of Co nanocrystals can be obtained at different TPP/OA
molar ratios. When the TPP/OA molar ratios equal 3 : 1, 5 : 1
and 7 : 1, the sizes of the Co NCs are 6.5 nm (Fig. 3a), 8 nm
(Fig. 3b) and 9.5 nm (Fig. 3c), respectively. In Fig. 3, the ε-Co
NCs are uniform in both size and shape, which makes them
self-assemble into a two-dimensional monodisperse film [19,
20]. The hexagonal arrangement of the nanocrystal super-
lattice formation is driven by surface tension, attractive van
der Waals forces and magnetic interaction between super-
paramagnetic particles. This assembly process is reversible
by immersing the sample in heptane. The upper inset in
Fig. 3a shows the 2D Fourier-transform power spectrum of the
zoomed area, which shows the hexagonal close-packed (hcp)
structure of the ordered nanoparticles.

FIGURE 2 UV-vis spectra of the Co NCs at different ratios of TPP to OA, a
= 3 : 1, b = 5 : 1, c = 7 : 1. The absorption position gradually shifts to higher
wavelength, indicating that the size of the Co NCs gradually increases
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FIGURE 3 TEM image of two-dimensional superlattice of Co NCs at dif-
ferent concentration ratios of TPP to OA: a 6.5 nm at TPP/OA= 3 : 1, b 8 nm
at TPP/OA = 5 : 1, c 9.5 nm at TPP/OA = 7 : 1; the upper inset of (a) shows
the 2D Fourier-transform power spectrum of the TEM image and the lower
inset shows highly ordered Co nanoparticles in the selected area

3.4 The magnetic properties of Co NCs

The magnetic properties of different sizes of Co
NCs were measured with a SQUID magnetometer using a
standard airless procedure. All the synthesized magnetic NPs
were below the critical size at which a particle becomes a sin-
gle magnetic domain and displays superparamagnetism [21].
The temperature dependence of the magnetization was meas-
ured in a 10-Oe magnetic field from 5 K to 300 K to determine
the blocking temperature, TB, a maximum in the magnetiza-
tion, using the zero-field-cooling (ZFC) procedure. The re-
lationship between the blocking temperature and the particle

FIGURE 4 Zero-field-cooled (ZFC) magnetization for (a) 6.5-nm, (b) 8-nm
and (c) 9.5-nm Co NCs

size is shown in Fig. 4. According to the measurement results,
the blocking temperature TB of 6.5-, 8- and 9.5-nm Co NPs is
60, 100 and 150 K, respectively. The blocking temperature in-
creases as the particle size increases, which implies a series of
good samples [22]. The blocking temperature should roughly
satisfy the following relationship:

TB = KV/30kB , (1)

where K is the anisotropy constant, kB Boltzmann’s constant
and V the average volume of the particle. The anisotropy con-
stant of the Co particles of 6.5, 8 and 9.5 nm is 2.1 ×106,
1.5 ×106 and 1.3 ×106 erg/cm3, respectively. As the particle
size decreased, the anisotropy constant increased. The ob-
served enhancement cannot be attributed to shape anisotropy,
since TEM shows our particles to be fairly spherical. There-
fore, the most reasonable explanation is surface anisotropy. It
is well known that there is a large fraction of Co atoms on the
surface of NPs, which results in a large anisotropy [23].

Figure 5a, b and c show the size-dependent magnetization
vs. applied magnetic field (M vs. H) hysteresis loops at 5 K
for ε-Co NCs of 6.5 nm, 8 nm and 9.5 nm in diameter, respec-
tively. Below the blocking temperature, the magnetic moment
of the NC is pinned along an ‘easy axis’ and is ferromagnetic.
Hence, the reversal of the magnetic moment along the easy
axis implies the jumping over an energetic barrier, which is
proportional to the product of the anisotropy constant (K ) and
the volume of the NC (V ) [24]. As the size of the NC de-
creases, the width of the hysteresis loop decreases with the
decrease of the energetic barrier KV . The coercivity Hc of
6.5-, 8- and 9.5-nm Co NCs is 247, 386 and 838 Oe, respec-
tively. Hc increases with increasing size of cobalt NCs, which
is the behavior of single-domain particles caused by thermal
effects. The sharp drop in saturation magnetization (relative
to that for bulk Co) with the decrease of the NC’s size re-
sults from the increase in the NP surface-to-volume ratio [25].
Figure 5c and d show the hysteresis loops of 9.5-nm ε-Co
at 5 K and 290 K, respectively. At 290 K, above the block-
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FIGURE 5 Magnetization vs. field (M vs. H )
hysteresis loops at 5 K for Co NCs with a 6.5 nm,
b 8 nm and c 9.5 nm. Comparison of M vs. H
loops for 9.5-nm Co NCs at c 5 K and d 290 K

ing temperature, the magnetic anisotropy energy barrier of the
single-domain particles is overcome by thermal energy and
superparamagnetism occurs.

4 Conclusions

Monodisperse cobalt NCs with β-Mn phase have
been prepared employing high-temperature-solution phase
reduction. The long-range-ordered and close-packed nanopar-
ticle arrays are obtained by self-assembly. The controlled
sizes of the cobalt NCs are presented by adjusting the con-
centration ratio of TPP to OA stabilizers. Magnetic properties
of different-size Co NCs supported the size dependence fairly
well. These results will be helpful for controlling the size of
Co NPs and understanding NC finite size effects for further
applications to spin-transport devices.
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