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High monodisperse nickel nanoparticles of 13 nm were successfully synthesised based on reduction of common nickel salts. Further annealing
process prompted the formation of magnetic superlattices. The morphological features characterised by field emission scanning electron
microscopy showed that the Ni nanoparticles self-assembled periodically and formed close-packed arrays. The results of magnetic
hysteresis loops showed that the sample exhibited improved magnetic properties compared with those of other bigger nanoparticles. The
Curie temperature of the sample was about 596 K, lower than that of the bulk material, which is discussed in terms of the finite-size effects.
1. Introduction: Nanomagnetic materials have been the focus for
decades owing to their promising applied advantages in data
storage media, magnetic fluid, sensors and drug targeting carriers
[1–4]. Magnetic nanoparticles with controllable particle size have
attracted more attention because of the dependence of their
physical properties on their sizes. Many methods have been
attempted for synthesis of magnetic nanoparticles, such as polyol
synthesis, the sol–gel technique and electrochemical reductions
[5–8]. Up to now, particles with broad size distributions, from 2
nm to bulk stage, have been synthesised and assembled to
various morphologies, including wire, sphere and core–shell
structures [9–13]. In recent years, two- and three-dimensional
(3D) superlattice structures built from self-organisation of
nanoparticles have been conducted and successfully achieved in
the cases of FePt, FeCo and Fe3O4 [14–16].

The superlattice structures were generally achieved through the
procedure of size separation, spontaneously self-assembled on a
surface or by layer-by-layer deposition [15]. The pre-prepared
highly monodisperse nanoparticles are critical to the formation of
the superlattice structures. Park et al. [4] synthesised highly mono-
disperse nickel nanoparticles and obtained nickel superlattice struc-
ture. Shevchenko et al. [17] developed a three-layer technique to
obtain superlattices. The process is single, complicated and
limited for large-scale production. It is essential to develop more
methods for synthesising magnetic superlattices.

In our previous work, we have synthesised highly monodisperse
magnetic nanoparticles with different size distribution [18–21].
Herein, we report a facile chemical method for controllable synthe-
sis of nickel superlattices. The synthetic process was based on
chemical reduction of common nickel salts Ni(acac)2. The obtained
dried powder was collected for further usage. We changed the
surface properties of the nanoparticles through annealing treatment
and obtained superlattices directly at the temperature of 300°C. The
magnetic property of the nickel superlattices was investigated in
detail. Our works may provide a new facile method for synthesising
superlattice structures.

2. Experiment: In a typical procedure, 25 mg (7.80 mmol) [Ni
(acac)2] was added to the mixture of 25 ml (78.0 mmol)
oleylamine and 3 ml (6.24 mmol) trioctylphosphine. Oleylamine
acted as both the solvent and the reductant, affecting the rate of
nucleation. The solution was heated to 100°C in a two-neck
round-bottom flask under an argon atmosphere. Then the
temperature rose to 220°C quickly and remained there for 60 min.
The obtained black solid product was separated from the solution
by magnetic separation, and then washed with ethanol and
n-hexane several times. The sample was dried in a vacuum at
60°C for 6 h. Finally, the dried particles were annealed at 300°C
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for 2 h under an argon atmosphere. The obtained sample was
collected for further usage.

Structure characterisation of the sample was performed by means
of X-ray diffraction (XRD) using a diffractometer (D/Max-γA) with
CuKα radiation (λ = 1.5418 Å). The data were collected in the
range of 20–90 (2θ). The morphology and elements of the sample
were measured by a scanning electron microscope (FE-SEM
SU-70) with energy-dispersive X-ray (EDX). Transmission electron
microscopy (TEM) and high-resolution transmission electron mi-
croscopy (HRTEM) measurements were performed on FEI Tecnai
F20. Magnetic measurements were performed using a Quantum
Design vibrating sample magnetometer.

3. Results and discussion: Fig. 1a shows the HRTEM image of the
synthesised nickel nanoparticles and the inset of Fig. 1a further
demonstrates that the particles display a lattice spacing of 0.208 nm,
consistent with the (111) crystal plane of nickel. The TEM image
in Fig. 1b clearly indicates that the products are uniform with
narrow size distributions and particle sizes of 13 nm, agreeing
with this result of the histogram of size distributions in Fig. 1c.

Figure 1 HRTEM image of the synthesised nickel nanoparticles (Fig. 1a)
(inset shows the lattice fringe image); TEM image of nanoparticles with
size of about 13 nm (Fig. 1b); histogram of particles size distribution
(Fig. 1c); XRD pattern of as-prepared sample (Fig. 1d); XRD patterns of
JCPDS Card No. 04-0850 (Fig. 1e)
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The XRD pattern in Fig. 1d verifies the crystallinity and
composition of the products. All the diffraction peaks can be
indexed as the standard face-centred-cubic nickel structure with
the lattice constant of 3.528 ± 0.004 Å, which is consistent with
the values in the standard card (JCPDS No. 04-0850, Fig. 1e).
The particle size calculated using the Debye-Scherrer formula
from the reflection peak of (111) is about 13 nm, close to the
determined result from the TEM and SEM images.
The SEM images of the as-prepared sample show a typical 3D

superlattice structure (Figs. 2a and b). Compared with the SEM
image of the particles before thermal treatment (Fig. 2d ), we find
that the nickel nanoparticles of thermal treatment display a superlat-
tice structure, which indicates that the annealing process is signifi-
cant for the formation of the superlattice structure. The evolution
process can be described as follows. Under a high-temperature con-
dition, the tendency of the solid phase in the systems prompted the
recrystallisation of the smaller particles to achieve a minimum total
surface energy [22]. However, the existence of the surfactant
restrained the process of recrystallisation. The thermal treatment
process could only prompt the interaction of the surfactant. As a
result, the high-monodispersed nanoparticles formed a superlattice
structure and the particles were linked by a weak hydrogen bond,
Van der Waals force and electric/magnetic dipole interactions
[14]. In the EDX spectra (Fig. 2c), the obtained elemental signa-
tures were identical within experimental accuracy. The slight
peaks of C, Ag, Al and P were caused by the silver conductive ad-
hesive substrate (C, Ag), the Al sample stage and the reactant TOP
(P), respectively.
Fig. 3a displays the magnetic hysteresis loops at 4 and 300 K for

the sample. At 300 K, the coercivity HC is about 50 Oe, higher than
that of bulk nickel (0.7 Oe). Although the saturation magnetisation
MS reaches 18 emu/g, lower than the value of bulk nickel (55 emu/
g) [23], these phenomena can be caused by typical surface proper-
ties of the nanoparticles. The surfaces of nanoparticles usually
exhibit some degree of spin disorder and pinning. However, the
MS value of the obtained sample is higher than that of the 30 nm
nanoparticles synthesised through direct metal reduction (10 emu/
g) [24]. Fig. 3b displays a comparison of magnetic hysteresis
loops at 300 K for the superlattices and the original particles
without annealing treatment. Both the MS values and the HC
values of the obtained sample are higher than the value of the ori-
ginal particles (14 emu/g, 30 Oe). The enhancement of the magnet-
ic properties can contribute to improved crystallinity resulting from
the annealing treatment.

Figure 2 Level surface image of typical self-assembled 3D superlattices
(Fig. 2a); fracture surface image of superlattices (Fig. 2b); EDX spectra
of sample (Fig. 2c); image of particles before annealing treatment (Fig. 2d)
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The MS and HC values of the sample at 4 K (28 emu/g, 412 Oe)
are higher than those of the particles at 300 K (18 emu/g, 50 Oe).
This phenomenon can be explained by the theory of low tempera-
ture spin wave [13, 25]. The temperature dependence of the magnet-
isation between 4 and 300 K could be fitted to spin-wave-type
dependence

MS(T ) = MS(0) 1− bTb( )

where MS(0), β and b are the saturation magnetisation at 0 K, the
Bloch constant and the Bloch exponent, respectively. Therefore
the value ofMS decreases with temperature increasing. The coerciv-
ity of the nanoparticles at low temperature follows the equation

HC = +2K1/ m0MS

( )

where K1 and μ0 are the magnetocrystalline anisotropy constant and
vacuum susceptibility, respectively. It is obvious that the magneto-
crystalline anisotropy constant decreases with increasing tempera-
ture, hence the coercivity increases rapidly at 4 K.

The high-temperature magnetic properties of the nickel nanopar-
ticles were also studied. Fig. 4a plots the temperature dependencies
of the warm-up and cool-down magnetisations for the sample mea-
sured in an applied field of 10 kOe. It is obvious that cool-down
magnetisation at each temperature is higher than warm-up magnet-
isation. Large enhancement in magnetisation during the cooling
procedure should be caused by significant growth of particle size
at high temperature. For the warm-up curve, no visible upturn in
magnetisation was observed before the Curie temperature was
reached. The results suggest that the size growth does not occur
before the Curie temperature is reached and the warm-up data are
corresponding to the given particle size. To see the magnetic transi-
tions more clearly, we plotted the reciprocal of the susceptibility (1/

Figure 3 Magnetic hysteresis loops at 4 and 300 K for sample (Fig. 3a)
(inset is enlarged magnetisation curve of sample); magnetic hysteresis
loops at 300 K for samples before and after annealing treatment (Fig. 3b)
(inset is enlarged magnetisation curve of original sample before annealing
treatment)

Figure 4 Temperature dependencies of warm-up and cool-down magneti-
sations for sample (Fig. 4a); reciprocal of susceptibility (1/χ) against
temperature (Fig. 4b) (susceptibility above Curie temperature is fitted by
Curie-Weiss law (solid lines): χ=C/(T− TC); TC is indicated by arrows)
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χ, warm-up curve) against temperature of the sample (Fig. 4b). The
susceptibility above the Curie temperature is fitted by the Curie-
Weiss law (solid lines)

x = C/ T − TC
( )

The intercept of the solid line on the temperature axes should cor-
respond to the Curie temperature (TC), about 596 K, lower than that
of face-centred-cubic nickel bulk (627 K). The Curie temperatures
of magnetic nanoparticles decrease with decreasing particle size,
caused by finite-size effects [26].

4. Conclusions: We have successfully synthesised monodisperse
nickel nanoparticles and obtained a superlattice structure via
annealing processing. The mean diameter of the nanoparticles
was about 13 nm. At 300 K, the sample displayed enhanced
saturation magnetisation than that of bigger nanoparticles. The
improved magnetic property could be a result of the annealing
treatment process improving the crystallinity of the sample. The
magnetic hysteresis loops at 4 and 300 K showed a typical
feature of the theory of low temperature spin wave. The
high-temperature magnetic property of the superlattices showed
that the Curie temperature was lower than the value of bulk
nickel, following the finite-size scaling relation.
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