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In this paper, flower-, star-, and chain-like hierarchically
nanostructured nickel crystals as well as [Ni(N2H4)2]Cl2
nanorods were first synthesized by a simple reduction
method. This method is template-free, environmentally be-
nign, and can be carried out at low temperature (60 °C) with
high efficiency on a large scale. Investigation of the growth
kinetics has proved that the crystal sizes are sensitive to the

Introduction
Currently, three-dimensional (3D) nanomaterials of met-

als and metal oxides that are derived from low-dimensional
nanowires, nanorods, and nanotubes have attracted increas-
ing attention due to shape-dependent chemicophysical
properties. In comparison to their low-dimensional coun-
terparts, the hierarchical nanostructures exhibit not only
high surface-to-volume ratios, but also excellent structural
stabilities and spatial uniformity, which makes them strong
candidates for wide applications in photonics, nanoelec-
tronics, catalysts, biosensors, and so on.[1–6]

As an important functional material, Ni is promising in
catalysis, magnetic sensors, high-density magnetic records
and many other domains.[7–10] Motivated by the belief that
the physical and chemical properties of these nanoparticles
depend strongly on their size and shape, considerable efforts
have been devoted to prepare nickel nanocrystals with spe-
cial morphologies.[11–15] Various strategies, such as solution
reduction, electrodeposition, as well as magnetic-field in-
duction, have been extensively explored for the precisely
controlled construction of novel nickel nanostructures.[16–19]

Among all the methodologies, the wet chemical route has
been proved to be especially effective and facile for the syn-
thesis of nickel nanocrystals. However, in contrast with the
extensive work on the synthesis of low-dimensional nickel
nanocrystals, reports on the template-free multidimensional
construction of nickel nanostructures are rather rare,[20] and
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reaction temperature and reaction time. Various nickel nano-
structures can be achieved by the oriented growth of pre-
ferred nickel crystal planes. The magnetic properties of the
flower-like nickel nanocrystals were also characterized with
the results of much enhanced coercivity (Hc) and decreased
saturation magnetization (Ms).

little work has been focused on the growth mechanism of
hierarchical nickel nanostructures in the absence of hard
templates or surfactants.

Herein, we report a facile synthesis of hierarchically
nanostructured nickel crystals with high yield. The novelty
of this work is characterized by a one-pot procedure that
combines sequential formation of precursor chelation, nu-
cleation, and morphology shaping under mild solution con-
ditions without any surfactants, hard templates, or external
fields. In addition, the magnetic properties of these flower-
like nanostructures are also reported.

Results and Discussions

The powder XRD pattern of the as-prepared product is
shown in Figure 1. All the diffraction peaks can be indexed
as pure-phase metallic Ni with a face-centered cubic (fcc)
structure (JCPDF No. 04-0850, a = 0.3521 nm). It is worth
noting that the intensities between the (200) and (111) dif-
fraction peaks is somewhat lower than the conventional
value (0.32 to 0.42), which indicates that our products may

Figure 1. The XRD patterns of the as prepared Ni products.
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be abundant in {111} facets, and the nickel nanocrystals
may grow with preferred orientation along the (111) direc-
tion.

As can be seen from Figure 2a,b, nickel crystals of a
flower-like hierarchical structure with a petal length of
about 300–500 nm have been successfully synthesized on a
large scale and with high uniformity. Figure 2c reveals that
the base width is about 50 nm with a tip size of no more
than 10 nm.

Figure 2. Typical SEM and TEM images of the as-obtained Ni
nanoflowers: (a, b) Overhead view, (c) magnified view of acicular
branch, (d) HRTEM image at the tip of the acicular branch and
the inset corresponding FFT pattern for the HRTEM image.

Figure 2d is the HRTEM image of the framed area in
Figure 2c. The parallel lattice fringes go through the tip of
the petal, and the distance is measured to be about
0.176 nm, which matches well with the d200 value of fcc Ni.
The Fast Fourier Transform (FFT) pattern arranged in the
inset of Figure 2d shows the crystalline features of the sam-
ple. The dominant growth of the {200} planes of the petal
indicates that the crystal growth along the crystal face with
lower surface energy (200 vs. 222) is preferred at such a low
temperature (60 °C) as expected from the XRD pattern.

Superstructures that spontaneously form might provide
materials with new properties. The investigations on the
properties and growth should be interesting and relevant.
Figure 3a reveals the rod-like morphology of the intermedi-
ate products (obtained at a reaction time of 10 min), which
have lengths varying from 300 to 500 nm and diameters of
about 50 nm. Figure 3b shows that star-like Ni nanostruc-
tures began to appear in about 20 min, which were then
crystallized to Ni nanostars (at a reaction time of 1 h) with
a pod length of about 300–500 nm. Finally, all rod-like in-
termediates transform into flower-like Ni nanocrystals
(40 min), as shown by Figure 3c. All diffraction peaks
(marked with a diamond) for the intermediate products
within Figure 3d can be indexed to [Ni(N2H4)2]Cl2 (JCPDF
card no. 28-0695), whereas patterns marked with “b” are
associated with typical fcc Ni (JCPDF card no. 04-0850).
Thus, the stepwise evolution from the intermediate
[Ni(N2H4)2]Cl2 nanorods into Ni nanoflowers was ob-
served. The chemical reactions for the formation of the
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flower-like Ni nanostructures in a nonalkaline system can
be expressed by Equations (1) and (2).

Ni2+ + 2N2H4 � [Ni(N2H4)2]2+ (1)

2[Ni(N2H4)2]2+ + 4N2H4 �2Ni� + 3N2� + 10NH3� + 2H+ (2)

Figure 3. SEM images of the products with reaction times of
(a) 10 min, (b) 20 min, and (c) 40 min. (d) Comparisons between
the XRD patterns for the intermediate rod-like and flower-like
products.

Results of temperature dependence experiments are
shown in Figure 4, and the products obtained at elevated
temperatures have morphologies far different from that of
the initial one. First, products obtained at higher tempera-
ture were small particles, which further self-assembled into
chain- or nestle-like aggregates (Figure 1a). Second, the
sizes of the particles change from 80, 40, and 50 to 60 nm,
and the size of the side branch decreased from about 100–
200 nm to 20 nm when the temperature was increased from
120 to 200 °C. Here, the size of the nickel crystals shows a
positive correlation with the reaction temperature at ele-
vated temperature (120 to 200 °C), whereas a negative cor-
relation is seen in the temperature range below 80 °C. This

Figure 4. Typical SEM images of the chain-like products synthe-
sized at different reaction temperatures: (a) 80 °C, (b) 120 °C,
(c) 160 °C, and (d) 200 °C.
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phenomenon is interesting, which should be interpreted by
surface energies associated with the fcc crystal. Surface en-
ergies associated with the fcc crystal are usually different
and can be elucidated in a general sequence as {111} �
{100} � {110}. The shape of such a fcc nanocrystal is
mainly determined by the ratio (R) of the growth rate along
(100) to the (111) direction. In our case, at elevated tem-
perature, the shape transformation from flower to multi-
pod star should be a sign that growth of the {100} planes
was thermodynamically restrained, and growth of the {111}
plane with higher surface energy became dominant. In
other words, higher reaction temperatures make the growth
of crystal planes with higher surface energies favorable.

Concentration-dependent parallel experiments were also
conducted (0.005, 0.01, 0.1, and 0.5 ). At low tempera-
tures such as 60 °C, the morphologies of the products do
not undergo any obvious change with different concentra-
tions. When the temperature increases, the size of the nickel
crystals has distinctive differences. Figure 5 shows the typi-
cal SEM morphologies of the samples obtained at 160 °C.
The nickel chains with starfish-like building blocks re-
mained almost unchanged, whereas the size of the particles
grows significantly from 40 nm to about 300 nm with in-
creased salt concentrations. A higher concentration of the
precursor results in larger nickel nanoparticles (Figure 5b–
d). From a standpoint of the growth kinetics, with higher
concentration, both the formation of small nuclei and their
transformation into larger crystals are kinetically and ther-
modynamically favored.

Figure 5. SEM images of the products obtained at different concen-
trations: (a) 0.005, (b) 0.01, (c) 0.1, and (d) 0.5 .

Typical TEM and SEM characterizations (200 °C, con-
centration of the metal precursor remained as 0.1 ) of the
nickel nanostructures are further made to show the tem-
perature-dependent effect on crystal morphologies (Fig-
ure 6). The as-prepared nickel nanocrystals are of chain- or
nestle-like shape with a center size of about 30 nm and side-
branch lengths of 10 to 20 nm. TEM images (Figure 6a,b)
verify the starfish-like morphology of the nickel nanocrys-
tals. It can be seen that the nickel nanocrystals grow in sev-
eral directions to form rod-like branches with lengths of ca.
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20 nm. The interplanar spacings are measured to be
0.203 nm, which fits well with the d value between the {111}
planes of fcc Ni crystal. Coherent and small angle grain
boundaries between the nanocrystallines can be found in
the HRTEM image, whereas the SAED pattern (Figure 6c)
shows a polycrystalline nature of the pure metallic fcc Ni
nanoparticles. This observation suggests the formation of
larger nanoparticles with greater volume but lower energy
state, at the expense of the depletion of small particles as
nutrients.

Figure 6. TEM and SEM images of the as-grown starfish-like Ni
crystal at 200 °C.

Magnetization of the sample was investigated in a pow-
der collection of 0.84 mg by a SQUID magnetometer. Mag-
netic properties were characterized by recording both tem-
perature dependence of magnetization, zero-field-cooling
(ZFC) and field-cooling (FC), and magnetic field depen-
dence of magnetization. In the ZFC mode, the sample was
cooled from room temperature to 5 K. Then a magnetic
field of 90 Oe was applied and the magnetization of the
sample was measured during the warming process. In the
FC mode, the sample was initially cooled from room tem-
perature to 5 K under an applied magnetic field of 10 kOe,
and then a subsequent magnetization measurement was re-
corded from 5 to 300 K in a constant magnetic field of
90 Oe. As shown in Figure 7, MFC(T) and MZFC(T)
curves separate from each other as the temperature is in-
creased to 300 K, indicating the presence of an anisotropy
barrier. The behavior of the M(T) curves reveals the main
feature of thermal activation effect against the barrier, that
is, MZFC(T) increases and MFC(T) decreases as the tem-
perature increases. The peak at about 12 K in the MZFC(T)
curve is identified as the freezing temperature, Tf, which
reveals the defreezing of the frozen moment in the surface
layer of particles. This behavior has been observed with the
chains of Ni nanoparticles by using PVP as the surface
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modifier.[21] Hysteresis loops were measured at 5 and
300 K, respectively. As can be seen from Figure 7, the mag-
netic saturation is reached with the external field exceeding
5 kOe. It shows a value of saturation magnetization of
about 54.2 emu/g and coercivity about 396 Oe for the loop
at 5 K, whereas for the loop at 300 K, the values are of
52.3 emu/g and 238 Oe, respectively. Compared to the bulk
Ni (ca. ca. 57 emu/g, 0.7 Oe)[22] and that of Ni nanopar-
ticles reported elsewhere (ca. 39.0 emu/g, 176.3 Oe),[23] the
Ni nanoflowers exhibit much enhanced coercivity, which
may be attributed to the small size of the acicular branches
as well as their orderly 3D arrangement. With the increase
in temperature, both the coercivity and remnant magnetiza-
tion decrease due to the thermal activation effect.[24]

Figure 7. M(H) data measured at 5 and 300 K. The left-top inset
shows ZFC and FC magnetization, M(T), with an applied field of
90 Oe. The right shows hysteresis loop in the whole region.

Conclusions

In summary, well-defined flower-like and starfish-like
nickel nanocrystals, as well as [Ni(N2H4)2]Cl2 nanorods,
were synthesized in the absence of any external field or tem-
plates, either hard or soft. It was demonstrated that the
solution-based branching growth process is facile and mild,
which was suitable to be carried out on a large scale with a
low cost. The flower-like nickel nanomaterial also shows
enhanced coercivity resulting from the special hierarchical
structure. This promises a wide range of applications such
as magnetic materials in various fields of modern technol-
ogy.

Experimental Section
General: All chemicals used in this experiment were of analytical
grade and used without further purification. In a typical experi-
ment, ethylene glycol (EG, 40 mL) was first put into a three-necked
flask and heated up to 60 °C. Hydrated hydrazine (50%, 10 mL)
was then added. After about 5 min, NiCl2·6H2O (20 mL) dissolved
in EG (1� 10–3 ) was added into the solution stirred by N2 gas at
a flow rate of 20 mL/min. After reaction for 1 h, black products
were obtained, filtered, and rinsed with ethanol and deionized
water (5–6�). The final products are then preserved in ethanol for
further investigation.
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The structures and compositions of the as-prepared products were
characterized by X-ray powder diffraction (XRD) by using an
X�Pert Pro MPD system with Cu-Kα radiation (λ = 1.5416 Å). The
XRD specimens were prepared by flattening the powder on the
small slides. The morphologies of the synthesized samples were
studied by a field-emission gun (FEG) scanning electron micro-
scope (Hitachi S-4800, 10 kV) with the samples obtained from the
thick suspension dropping on the silicon slice. Transmission elec-
tron microscopy (TEM) and high-resolution TEM (HRTEM) in-
vestigations were carried out by a JEOL JEM-2100F microscope.
The as-grown samples were dispersed in ethanol and dropped onto
a carbon film supported on a copper grid for drying in air. In
addition, the magnetic properties of the as prepared nickel nano-
crystals were measured by using a superconducting quantum inter-
ference device (SQUID) magnetometer (Quantum Design).
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