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Abstract: Tree-shaped nickel nanocrystals with long main trunk and highly ordered branches were prepared

via electrolytic method in ethylene glycol solution. The morphology and structures of nanotrees of crystalline

nickel can be controlled by the processing of the surfactant (PVP) and electrolytic voltage. Magnetic property

measurements at room temperature indicated that the as-prepared nanotrees of crystalline nickel possess higher

saturation magnetism (Mg) and coercivity (H¢) than those of corresponding bulk nickel materials.
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Introduction

Nanoscale metal materials with different dimensions
and shapes have attracted intensive interest due to
their excellent electronic, magnetic, catalytic, optical
properties and promising applications in many fields
such as high-density magnetic recording, catalysis, bio-
logical labeling, optoelectronics, surface-enhanced Ra-
man scattering (SERS), and so on [1-5]. During the
past several years, various morphologies of nanoscale
nickel (Ni) such as nanoparticles, nanoplates, hexag-
onal nanodisks, nanotubes, nanowires, hollow octahe-
drons, concave polyhedrons, nanowalls and nanostrips,
have indeed been synthesized [6-10]. Recently, one of
the most significant breakthroughs in this domain was
the preparation of the hierarchical structure [11,12].
Thanks to intensive efforts in nanomaterials for syn-
thesizing the branched structures with well controlled
sizes, shapes, and unique structures, some new oppor-
tunities have been offered with investigating the influ-
ence of morphologies and structures with respect to op-
tical, electronic, magnetic and thermal properties of the
branched nanocrystals [13-18]. In other words, all these

unique properties critically depend on the controlled
synthesis of branched nanocrystals, therefore, how to
selective synthesizing unique metal nanomaterials with
dendpritic structures have not only fundamental scien-
tific but also practical significance.

Although there have been many published reports
pertaining to the synthesis of various dendritic crystals
in the prior research, it is still important to develop
simple and novel synthetic strategies that enable con-
trol over the products dimensions and shapes. For in-
stance, Liu et al. have prepared Ni dendritic crystals
with lengths about 0.5-2 um and thicknesses up to 10-
30 nm via a facile hydrothermal reducing reaction of
nickel dichloride in the presence of structure-directing
agent (cetyltrimethylammonium bromide) [19]. Zhou
et al. have also synthesized single crystalline FeNis
dendrites with total lengths about 1-5 pm by directly
reducing the Fe(III) and Ni(II) salts with hydrazine hy-
drate in alkaline solution [20]. However, to the best of
our knowledge, there have only a few reports about the
large-scale synthesis of nanotree of crystalline Ni by the
electrolytic method. In the present work, our research
group demonstrates the electrolytic procedure that al-
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low for the production nanotrees of crystalline Ni which
have a hierarchical structure with primary, secondary,
tertiary, and even higher-order branches.

Experimental section

Preparation of the nanotrees of crystalline Ni

All chemicals used in our experiments were of analyt-
ical reagent grade and were directly used without fur-
ther purification. In a typical procedure, 2.38 g of nickel
chloride hexahydrate (NiCly-6H2O, Sinopharm Chemi-
cal Reagent Co., Ltd, China) was heated at 170°C for
60 min in a heat treatment furnace in open air, which
entirely lost the crystal water and became the yellow-
brown anhydrous nickel chloride (NiClz). Then NiCls
was dissolved into 200 ml ethylene glycol (EG, Shanghai
Chemical Reagents Company, China) under continuous
magnetic stirring at room temperature. After about 10
min, 30 ml ethylene glycol solution of ploy(vinyl pyrroli-
done) (PVP, 1.5 g, Mw 40000, Sinopharm Chemical
Reagent Co., Ltd, China) were added dropwise into
the above ethylene glycol containing Ni** ions. Half
an hour continuous magnetic stirring was carried out
to ensure that Ni?t ions and PVP were dispersed ho-
mogeneously in the solution to obtain a homogeneous
grass-green solution, and subsequently transferred into
electrolytic cell. The specific electrolytic process was
carried out in a homemade two-electrode cell in the
EG solution containing nickel chloride and two graphite
plates as the anode and cathode, respectively. The
distance between the two electrodes was about 300
mm, and the graphite plate had a rectangular size of
500 mmx 500 mm x 10 mm. Besides, the applied voltage
was provided and controlled with the constant voltage
mode by a direct-current (DC) voltage-stabilized power
supply (20-100 V). After about 5 h, the reaction was
completed the grey-black fluffy solid were adsorbed on
the surface of the cathode (graphite plates). The prod-
ucts were separated from the solution using magnetic
field and washed three times with distilled water and
ethanol, respectively, and then the products were dried
in a vacuum oven at 60°C for 12 h. Another simple
was prepared using a similar procedure but without
the introduction of ploy(vinyl pyrrolidone) (PVP) in
the complex.

Characterization

The crystalline phases of the as-prepared products
were identified by X-ray powder diffraction (XRD) us-
ing a advanced X-ray diffractometer (D8 ADVANCE,
Bruker, Germany) in a 2 theta range from 35 to 90 de-
gree with Cu Ko (A=0.154056 nm) rotating anode point
source operating at 40 kV and 40 mA. The size and
surface morphology measurements were performed by
using an emission scanning electron microscopy (SEM,
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Zeiss Ultra 55, Germany) at an accelerating voltage of
5 kV. SEM samples were diluted 20 times with acetone
and then deposited on silicon substrates. Thermogravi-
metric analyses of the samples prepared were carried
out on a thermogravimetric analyzer (TGA, Pyris 1,
USA) with a rising temperature rate 10°C/min in flow-
ing air. The magnetic hysteresis loops of the samples
were carried out at 300 K in a vibrating sample magne-
tometer (VSM, Lake Shore 7400, USA) in a magnetic
field of up to 10 000 Oe. For magnetization measure-
ments, the powders were pressed strongly and fixed in
a small cylindrical plastic box.

Results and discussion

The XRD patterns of the products prepared with
and without the introduction of ploy(vinyl pyrrolidone)
(PVP) are similar. Figure 1(A) shows the typical XRD
patterns of the as-prepared samples with and without
PVP introduced. All the diffraction peaks of these two
samples match well with the nickel face-centered cu-
bic (FCC) structure (PDF standard cards, Joint Com-
mittee on Powder Diffraction Standards (JCPDS) card
No. 04-0850). These peaks at the scattering angles
(20) of 44.70°, 52.00° and 76.70° correspond to crystal
planes of (111), (200) and (220) of crystalline nickel,
respectively. From the XRD patterns, no characteris-
tic peaks of impurities, such as nickel oxide phase or
nickel hydroxide phase, were detected, indicating that
pure nickel phase was obtained using this one-step, elec-
trolytic route with or without PVP introduced at at-
mospheric pressure. The average crystalline grain size
of the sample was calculated from the XRD patterns
according to the Scherrer formula:

k- X

D:
(- cosf

(1)
where D is the average crystalline grain size, k is the
Scherrer constant related to the shape and index (hkl)
of the crystals, A is the wavelength (0.154056 nm) of the
X-Ray, § is the FWHM (full width at half maximun),
and 0 is the diffraction angle. The average crystalline
grain size of the as-synthesized nanotrees of crystalline
Ni was estimated about 20 nm, which was obviously
smaller than the diameter of the sample in SEM im-
ages (Fig. 1(B2) or (C1)). This result illustrates that
the nanotree structures was assembled by lots of crys-
talline grains during the electrolytic process.

Figure 1(B1) presents the low-magnification scanning
electron microscopy (SEM) image of the as-prepared
nanotrees of crystalline Ni via the electrolytic process
with 1.5 g ploy(vinyl pyrrolidone) (PVP) introduced.
The morphology of the sample has been identified as
uniform nanotree structures which consists almost en-
tirely of such hierarchical structure sprawling to several
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(A) XRD patterns of the nanotrees of crystalline Ni prepared with (a) and without (b) 1.5 g ploy(vinyl pyrrolidone)
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(PVP) introduced. Energy-dispersive X-ray spectrum (EDS) images of the Ni nanotree crystals prepared with (B) and
without (C) PVP introduced. (B1), (B2) and (B3) show SEM images and the corresponding EDS the elemental distribution

of Ni in nanotrees prepared with PVP introduced.

(C1), (C2) and (C3) show SEM image and the corresponding EDS

mapping of the elemental distribution of Ni, and O in nanotrees prepared without PVP introduced.

generations. The high-magnification image in
Fig. 1(B2) clearly demonstrates the morphology of a
fractional dendrite, which reveal a well-defined nanotree
structure with a long main trunk and highly ordered
short side branches distributed on both sides of the
trunk. Figure 1(C1) clearly shows a fractional nanotree
structure prepared without PVP introduced during the
electrolytic process. In order to better understand well
about the surface element of the nanotrees of crys-
talline Ni, further Energy-dispersive X-ray spectrum
(EDS) analysis (Fig. 1(B) with PVP introduced, and
Fig. 1(C) without PVP introduced) revealed that the
nanotrees of crystalline Ni prepared with PVP intro-
duced during the electrolytic and collective process
were not oxidized, because PVP prevented the oxygen
entering nanotree structures. The amorphous nickel
oxide layer on the surface of the Ni nanotrees prepared
without PVP introduced has been confirmed by using
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EDS mapping mode (see Fig. 1(B3), (C2) and (C3)).
The weak O signal across the nanotree structure con-
firms the amorphous nickel oxide (see Fig. 1(C3)), but
not crystalline nickel oxide (see Fig. 1(A)).

To determine the stability of the Ni nanotree, ther-
mogravimetric analyzer (TGA) measurements were
performed on the purified samples of Ni nanotrees
under air flow. As shown in Fig. 2(a), the pure nan-
otrees of crystalline Ni began to be oxidized around
375°C, the final weight gain was about 23%, which was
close with the theoretical weight gain value of 21.3%
calculated for the change of pure nickel to nickel oxide
crystals. This thermogravimetric result indicates that
the sample consists of pure nickel, and the oxidation
process from nickel to nickel oxide is complete yet at
about 800°C. Figure 2(b) shows a weight decline pattern
with the inflexion points at about 400°C. This change
corresponds to the degradation of surfactant (PVP)
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Fig. 2 Thermogravimetric analysis of the nanotrees of crys-
talline Ni prepared without (a) and with (b) 1.5 g PVP
introduced.

molecules that probably formed a sheath around each
Ni nanotree [21].

The magnetic properties of two nickel nanostruc-
tured samples have been measured by VSM. As shown
in Fig. 3(a), the coercivity (H¢), saturation magne-
tization (Mg), and remnant magnetization (M,) of
the crystalline Ni nanotrees for the samples with-
out PVP introduced are 189.52 Oe, 48.52 emu/g and
14.26 emu/g, respectively. However, for the samples
with 1.5 g PVP introduced, the values are respective
232.34 Oe, 41.95 emu/g and 12.44 emu/g (see Fig. 3(b).
It can be found that the H¢e value for the sample
with PVP is larger than that for without PVP. This
can be easily understood that there formed more pre-
ferred magnetic orientation structures in the sample
with PVP, that is, the introduction of PVP is conduc-
tive to obtain multi-dendrites Ni nanostructures in this
approach, which consists with the above SEM results.
However, the Mg value for the sample with PVP is

48.52 emu/g

M (emu/g)

(a) without PVP
—— (b) with PVP

—5000 0 5000
H (Oe)

—10000 10000

M (emu/g)

less than that for without PVP due to the existant of
non-magnetic PVP in the sample. It also can be found
that the He and M, values for these two sample are
much higher than those for bulk nickel materials (100
Oe, 2.7 emu/g), which also can be attributed to their
unique preferred orientation structures [22] and the re-
duced size as well as presence of hierarchical structures
[7]. The less Mg for these two samples compared with
that for bulk nickel materials (55 emu/g) is mainly due
to the spin disorder on the surface and surface oxidation
[2]. The M-H hysteresis loops of two nickel samples are
all symmetric in shape with respect to zero magnetic
field. This demonstrates that there is no exchange bi-
asing effect which is usually induced by the presence of
nickel oxide [7,23].

Nanotrees of crystalline Ni were synthesized via elec-
trolytic process, as shown in Fig. 4(a), (b), (c), and (d).
In a typical experiment, Ni?>* ions with positive charges
moved towards the cathode, Cl~ ions simultaneously
moved towards the anode under the electric field. The
specific electrolytic process can be expressed as follows
[24]:

Cathode : Ni*T +2e~ — Ni
Anode : 2C17 —2e~ — Cly T
Overallreaction : NiCl, — Ni+ Cly T

(2)

(3)

(4)

We find that the surfactant (PVP) is of great im-
portance for controlling the structure and morphology
of Ni nanotrees. Figure 4(A) and (B) show the sin-
gle Ni nanotree prepared with and without 1.5 g PVP
introduced at 45 V, respectively, and the correspond-
ing schematic is shown in Fig. 4(a) and (b). When the
surfactant (PVP) is used during electrolytic process,
more multi-dendrites were formed and orderly assem-
bled. This multi-nanotree structure consists of several

14.26 emu/g

12.44 emu/g
189.52 Oe

(a) without ¥
—— (b) with PV}

Fig. 3 M-H hysteresis loops (at 300 K) of the Ni nanotrees synthesized without (a) and with (b) 1.5 g PVP introduced.
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Fig. 4 SEM images and the corresponding schematic of the single Ni nanotree prepared with ((A), (a)) and without ((B),
(b)) 1.5 g PVP introduced via electrolytic processes. SEM images and the corresponding schematic of the single Ni nanotree
prepared at higher voltage of 120 V ((C), (c)) and lower voltage of 30 V ((D), (d)) during electrolytic processes.

trunks and many abundant branches, and every branch
is an assembly of rod-like nanoclusters, as shown in
Fig. 4(A). However, when PVP was not introduced,
(see Fig. 4(B)), the Ni nanostructure is featured by den-
drites with single trunk and symmetrical branches, and
the trunk are approximately 15 wm in length. More-
over, the electrolytic voltage for synthesis of Ni nan-
otrees is also an important factor which affects the
metal crystal growth rate, and also the morphology
and structure of the products. Figure 4(C) and (D)
show the single Ni nanotree prepared without PVP in-
troduced via electrolytic process at higher voltage (120
V) and lower voltage (30 V), respectively, and the cor-
responding schematics are shown in Fig. 4(c) and (d).
At a higher electrolytic voltage of 120 V, the morphol-
ogy of the product was multi-dendrites composed of a
trunk and much more secondary and tertiary higher-
order branches. When the electrolytic voltage was de-
creased to 30 V, the trunks and branches of the nan-
otree structures become thick and short, and the tip of
the trunk and branches consist of the nanoplates and
microspheres.
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Conclusions

In summary, we demonstrated a practical, elec-
trolytic approach to the large-scale synthesis of mag-
netic Ni nanotrees which revealed a well-defined nan-
otree structure with a long main trunk and highly or-
dered short side branches distributed on both sides of
the trunk. We found that the surfactant and elec-
trolytic voltage would significantly influence the mor-
phology and structure of the Ni nanotrees. From the
TGA characterization, we also observed that Ni nan-
otrees are stable in air when the temperate is below
375°C. The as-prepared Ni nanotrees possess higher Mg
and H¢ than those for corresponding bulk materials.

It should be suggested suggest that the approach we
demonstrated here could also be extended to fabricate
other magnetic metal nanotree structures.
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