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Reticular Nickel Microwires with Assembled Nanostructures: Synthesis,
Magnetism and Catalysis for the Growth of Carbon Nanotubes
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Reticular nickel microwires assembled from different-shaped
building blocks are fabricated by a simple, one-pot method
in the absence of any surfactants or external magnetic field.
The synthetic process involves the chemical reduction of a
nickel complex with hydrazine under controlled reaction
conditions. Our strategy focuses on the modulation of the re-
action rate to control the shape of the subunits and their
spontaneous assembly behavior, which avoids the need for
surfactants or an external force. The nickel wires can be re-

producibly created with the assistance of various com-
plexants, such as citrate, tartrate, lactate, ethylenediamine,
triethanolamine and diethanolamine, which proves the gen-
erality of this method. These nickel wires show variable mag-
netic properties and catalysis for the growth of carbon nano-
tubes in pyrolyzing acetone due to the nature of their micro-
structures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Assembled nanostructures have attracted considerable
interest from materials scientists due to their potential ap-
plications in nanodevices.!! In particular, magnetic as-
semblies have received more attention due to their unique
properties and uses in electronic, magnetic, and biomedical
applications, amongst others.’! Generally, there are two
routes for the assembly of magnetic nanoparticles into or-
ganized structures. The first of these harnesses the sponta-
neous noncovalent interactions between surfactants or
polymer-modified building blocks, including van der Waals
forces, m—m interactions, electrostatic forces, and hydrogen
bonding.’! For example, a three-dimensional spherical as-
sembly of magnetite nanoparticles has been fabricated in
the presence of ternary surfactant combinations* and the
assembly of maghemite has been achieved in the presence
of a block copolypeptide.l’! In the presence of polymers,
monodisperse FePt nanoparticles self-assemble into films
with controllable thicknesses and dimensions.[®! In these
systems, the content of surfactants or polymers is relatively
high, which usually damages their magnetic properties or
makes their practical application difficult.”? The other ef-
ficient method for the assembly of magnetic nanoparticles
makes use of an external magnetic field. The application of
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a magnetic field to a suspension of magnetic particles typi-
cally produces one-dimensional (1D) chains of particles
with their magnetic dipoles aligned head-to-tail and parallel
to the magnetic field.!®! For instance, application of an ex-
ternal perpendicular magnetic field to a solution of CoPt;
nanocrystals in toluene drives the formation of 1D micro-
wires,[’l and Fe;O, nanoparticles in the size range 8-12 nm
self-assemble into elongated clusters on a GaAs substrate
in the presence of a strong magnetic field, with the predomi-
nant orientation lengthwise along the field direction.!”]
Colloidal nickel nanoparticles self-assemble into nano-
chains when subjected to a magnetic field with a strength
of about 250 G.['' However, these assemblies always require
an external magnetic field to remain stable, and when the
external magnetic field is removed they become unstable.['?!
Currently, it is still challenging to explore simple and conve-
nient approaches for the synthesis of assembled nanostruc-
tures.

Nanosized particles of nickel show diverse applications
as catalysts, magnetic recording media, conducting materi-
als, and in medical diagnosis.'3 In the past decades, many
different-shaped nickel nanocrystals, including nanotubes,
hollow spheres, nanobelts, nanorods, and nanoprisms, have
been successfully created and their properties and applica-
tions found to depend on their morphology.l”-'¥ Some of
these assembled nickel nanostructures, such as microwires
assembled by acicular nanocrystals and chains consisting of
nanospheres, were created with the aid of surfactants or an
external magnetic field."' '3 However, the assembly mecha-
nism has not been investigated thoroughly and to date little
work has been reported on the synthesis of assembled
nickel architectures by methods other than those mentioned
above.
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In this manuscript we report a facile kinetic-control
method for the preparation of wire-like assembled nano-
structures of nickel that does not require surfactants or an
external magnetic field. This synthetic methodology focuses
on the modulation of the reaction rate to control the shapes
of the building blocks and their spontaneous assembly be-
havior and has the advantage of being simple to perform
and easy to control. The thus-prepared nickel wires with
different-shaped subunits show variable magnetic properties
and catalytic activity for the formation of carbon nanotubes
in pyrolyzing acetone, depending on their microstructures.

Results and Discussion

Figure 1 shows a typical X-ray diffraction (XRD) pattern
of samplel (S1), in which all the diffraction peaks can be
well indexed as ace-centered-cubic (fcc) nickel (JCPDS 01-
1260). No peaks of nickel oxides or nickel hydroxides can
be detected, thus indicating that pure fcc nickel is obtained
by the current synthetic procedure.

The morphology of S1 is shown in Figure 2. The pano-
ramic field emission scanning electron microscopy (FE-
SEM) image in Figure 2 (a) indicates that the sample con-
sists of reticular microwires with a diameter of about 2 pm
and lengths of up to several hundred micrometers. The
magnified images in parts b and ¢ of Figure 2 demonstrate
that the wires are prickly and are constructed from thorn-
like particles with lengths of 200-400 nm. Figure 2 (d) is the
TEM image of one wire and reveals the same characteristics
as the SEM observations. Parts e, f and g of Figure 2 show
a typical thorn-like subunit and the corresponding selected-
area electron diffraction (SAED) and high-resolution TEM
image. The pattern of spots reveals that the thorn is single-
crystalline and the electron beam could be set along the
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Figure 1. A typical XRD pattern of sample 1.

[112] zone axis. The spacing of the observed lattice planes
is 0.20 nm, which is consistent with the separation of the
(111) planes of fcc nickel. This demonstrates that the
growth direction of the thorn is along the (111) plane.
Analysis of several thorns gives a similar picture, thus sug-
gesting that all the subunits have the same orientation.

In order to study the formation process of the wires,
time-dependent TEM observations of the evolution of S1
were conducted; the results are shown in Figure 3. After
2 h, the product is present as small, granular nanocrystals
with a diameter of 20-30 nm (Figure 3a). After heating the
reaction mixture for 4 h thorns protrude from the particles
and some prickly particles begin to aggregate due to their
natural magnetic attraction, as shown in Figure 3b. After
8 h microwires consisting of thorn-like nanocrystals had
formed (seen in Figure 3c). Figure 3d shows the HRTEM
image recorded at the join of two neighboring subunits of
the product heated for 8 h. It can be seen that the lattice

0,20 nm

Figure 2. SEM and TEM images of sample 1: (a) a panoramic SEM image, (b) a low-magnification SEM image, (¢) a high-magnification
SEM image recorded on an individual wire, (d) a TEM image of a typical prickly wire, (¢) a magnified TEM image of the thorn-like
subunit, (f) the corresponding SAED image of the thorn, (g) the corresponding HRTEM image of the thorn.
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Figure 3. SEM images of the samples prepared at different reaction stages: (a) 2 h, (b) 4 h, (¢) 8 h; (d) HRTEM image of the join of two

neighboring thorn-like building blocks.

fringes prolongate across the two subunits without interrup-
tion by an apparent boundary, thus indicating that the
building units have fused together. These results reveal that
formation of the assembly wires occurs with a continuous
aggregated growth rather than by direct aggregation of pre-
formed, thorn-like particles.

Contrast experiments were carried out to investigate the
factors that influence the formation of these nickel micro-
wires. The redox reaction we employ here can be formulated
as:

2 [Ni(C4Hs0,)] + N,H, + 4 OH —
2 Ni+ N, + 4 H,O + 2 CgHs0,*

Citrate was introduced here as the complexant to form
the complex [Ni(C¢Hs0,)]. Formation of this complex
could sharply reduce the free Ni*>* concentration in solution
and thus result in a relatively slow reaction rate, which is
favorable for the oriented growth of nickel crystals.'®) To
examine the effect of citrate ions on the formation of the
wires, SEM images of the samples obtained at different mo-
lar ratios of citrate to Ni?* ions (w) were compared. In the
absence of citrate, the reaction was complete after 30 min
and the product consisted of irregular spherical particles
(Figure 4, a). When o was set to 0.5, where the amount of
citrate is not sufficient to form the complex, the reaction
time was prolonged to 4 h and the product was found to be
a mixture of dispersed spherical particles and microwires
(Figure 4, b). When o was increased to 1.0, about 7 h was
needed to complete the reaction and the product was domi-
nated by microwires. These results indicate that citrate ions
play a significant role in the formation of the wires.

The concentration of NaOH is another important pa-
rameter that affects the product morphology. It is known
that a basic medium can increase the reducing power of
hydrazine. Consequently, by adjusting the NaOH concen-
tration, the reaction rate was correspondingly changed.
Nickel wires were only obtained in a certain range of base
concentrations when keeping the other conditions the same.
Table 1 summarizes the reaction times and the product
morphologies of the samples obtained at different base con-
centrations. The corresponding SEM images are shown in
Figure 5. It can be seen that with an increase of base con-
centration the product gradually changes from wires into
discrete particles and the reaction time is correspondingly
shortened. A lower base concentration results in a relatively
slow reaction rate, which facilitates the oriented growth of
the nickel particles into thorns and their spontaneous as-
424
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Figure 4. SEM images of the samples prepared at different molar
ratios (w) of citrate to Ni** ions: (a) @ = 0, (b) @ = 0.5, (c) w =
1.0. The other reagent concentrations were kept the same.

sembly into wires. The fast reaction rate produced at high
base concentrations only leads to bigger isolated particles.

The effect of temperature on the formation of the wires
was also studied. It was found that the nickel wires could
be fabricated in a wide temperature range of 70-140 °C. As
the temperature decreases, the reaction time is obviously
prolonged; for example, 2 h is sufficient to complete the re-
action at 140 °C, while 36 h is needed for the reaction at
70 °C. No significant change of morphology and size was
observed for the product obtained at different temperatures.
In summary, an increase of reaction temperature accelerates
the formation of the nickel wires but has little influence on
their morphology and size.

Generally, nickel nanoparticles connect to each other due
to magnetic interactions, although this magnetic dipole in-
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Table 1. Reaction times and product morphologies of the samples
prepared at different base concentration with the other conditions
remaining the same.

Sample NaOH Reaction  Product morphology
conc. [M] time [h]

1 0.05 10 microwires consisting of nano-
plates
(diameter of the wire: 2 pm)

2 0.10 8 microwires consisting of nano-
plates
(diameter of the wire: 1 pm)

3 0.15 5 microwires consisting of nano-
particles
(diameter of the wire: 0.5 pm)

4 0.30 3 pearl-necklace-like microwires
(diameter of the wire: 0.3 pm)

5 0.40 1 discrete particles with a

diameter of 100 nm

teraction is rather weak and the aggregates can usually be
dispersed by strong ultrasonication. Nevertheless, our wire-
like assemblies show a high stability and even ultra-
sonication for 1 h could not destroy them. This indicates
that the wire is not a loose aggregate of thorn-like nano-
crystals but an integrated hierarchical structure. The as-
sembly of magnetic particles is a complex process that is
affected by several factors such as the velocity of crystal
growth, dipolar interactions, spatial hindrance, and other
kinetic factors. Based on the above studies of the evolution
process and experimental parameters, the formation of our
reticular hierarchical wires can be ascribed to the coopera-
tive effect of the reaction rate and the inherent magnetic
interactions. The reaction rate is controlled mainly by ad-
justing the reaction temperature and reagent concentration.
During the first stage of the reaction spherical particles
form as the nucleus. Then, anisotropic, thorn-like crystals
develop from the active parts of the existing nuclei under

the kinetic control of complexant and base and form
prickly particles. Under the influence of the magnetic dipole
interactions, the prickly particles tend to join with each
other to acquire a low magnetic anisotropic energy. As the
reaction proceeds, the contacting particles gradually fuse
into each other and the separation between the joints disap-
pears, which finally results in long wires. A schematic illus-
tration of the possible formation process is presented in
Scheme 1. During this process, there is a thermodynamic
driving force for the aggregated growth because the surface
energy is reduced substantially when the interface is elimin-
ated.l'”] As a result, reticular wires are observed.

L ] " ™ .**.
- . oy
. ® 3 o

spherical nuclei

prickly particles prickly wires

Scheme 1. Schematic illustration of the possible formation process
of the prickly nickel microwires.

We have found that the diameter of the wire is not uni-
form and the narrower parts imply that the wires develop
by the joining of discrete units. A relatively slow reaction
rate is crucial for the formation of the thorn-like particles
and their spontaneous aggregation into microwires. High
base concentrations or low w values lead to a high reaction
rate, which means that the nucleus grows so fast into iso-
lated spherical particles that oriented growth and simulta-
neous assembly essentially do not occur, while low base
concentrations or high w values allow a relatively slow reac-
tion rate, which provides enough time for the oriented de-
velopment of the nickel nuclei and their subsequent as-
sembly. Such shape variations of nickel nanostructures with
the basicity of the medium or complexant concentrations
are the result of kinetic control of the crystal growth pro-

Figure 5. SEM images of the samples prepared at different NaOH concentrations: (a) 0.10 M, (b) 0.15 ™, (c) 0.30 M, (d) 0.40 M. The other
reagent concentrations were the same, namely [NiCl,] = 0.025 wm, [citrate] = 0.10 m, [N,H4] = 0.20 m.
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cess. The wire formation observed within a specific range
of base and complexant concentrations and temperatures
therefore corresponds to an optimal combination of the re-
duction rate and crystal growth rate that allows organiza-
tion of the building blocks.

In light of the formation mechanism proposed above, we
conducted a series of experiments by replacing sodium
citrate with other complexants such as sodium tartrate,
sodium lactate, ethylenediamine, triethanolamine, and di-
ethanolamine. In all cases we found similar results, namely
that the base and complexant concentrations strongly influ-
ence the crystal morphology and assembly behavior. Wires
with assembled nanostructures could only be reproducibly
fabricated in a certain range of reagent concentrations. This
result further proves the above aggregation growth mode,
which is controlled by the complexant and inherent mag-
netic interactions. With the other conditions fixed, the base
concentrations best suited to the formation of nickel wires
in the presence of different complexants are summarized
in Table 2 (their typical morphology images are given as
Figure S1 in the Supporting Information).

Table 2. NaOH concentrations suitable for the formation of nickel
microwires in the systems containing different complexants.[!

Complexant Conc. of complexant Conc. of NaOH
Citrate 0.10 m 0.03-0.3m
Tartrate 0.10 m 0.03-0.4m
Lactate 0.10 m 0.06-0.2 m
Ethyleneamine 0.10 m 0.50-2.0 m
Triethanolamine 0.10 m 0.40-1.2m
Diethanolamine 0.10 m 0.40-1.0 m

[a] The other reaction conditions were kept the same: [NiCl,] =
0.025 M, [N,Hy4] = 0.2 M, hydrothermal treatment at 120 °C.

Magnetic Properties

It is known that the magnetic properties of nanomateri-
als are strongly dependent on their size, morphology, crys-
tallinity, synthetic methods, etc. Four samples (samples 1,
2, 3, and 5) with different morphologies were selected as
the subjects for investigation; their M-H hysteresis loops are
presented in Figure 6. These samples show a coercivity (Hc)
of 268, 257, 202, and 173 Oe, respectively. The correspond-
ing saturation magnetism (Ms) is about 29.21, 27.36, 22.96,
and 15.81 emug!. All four samples show a much higher
coercivity than bulk nickel (Hc = 100 Oe).['® As ultrafine
ferromagnetic particles often exhibit enhanced coercivity
relative to the corresponding bulk material, the small size
of the samples may be responsible for the increased Hc val-
ues.['] The lower Ms values with respect to that of bulk
nickel (55 emug ') can be ascribed to the surface spin disor-
der and inevitable slight surface oxidation of the nanoscale
subunits, which significantly reduce the total magnetic mo-
ments.[?l Moreover, it was found that the Hc and Ms values
decrease gradually from sample 1 (S1) to sample 5 (S5) and
that the wires with the thorn-like subunits have the highest
Hc and Ms values, possibly due to the relatively higher
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shape anisotropy of their subunits.?! This demonstrates
that the microstructure of the samples greatly influences
their magnetic properties, and the building blocks with
higher shape anisotropy can effectively improve the mag-
netic properties of the assembly.

M (emu g")

T T
-5000 Q 5000
Hc (coercivity)

-10000 10000

Figure 6. M—H hysteresis loops of four samples with different mor-
phologies: (a) sample 1, (b) sample 2, (c) sample 4, (d) sample 5.

Catalytic Activity for the Formation of Carbon Nanotubes

Nickel is a commonly used catalyst for the formation of
carbon particles.??! Here, we studied the catalysis of the as-
prepared nickel wires for the growth of carbon nanotubes
in pyrolyzing acetone. Figure 7 shows the SEM and the cor-
responding TEM images of the obtained carbon particles
catalyzed by S1-S5. In contrast to the product obtained
without any metal particles, which appears as aggregated
carbon particles without regular shapes (Figure 7, f), the
five nickel samples all show catalytic activity for the cre-
ation of carbon nanotubes, but with different performances.
Samples 1 and 2 both give carbon nanotubes with a yield
of above 95% according to SEM observations (Figure 7, a,
b). In the product catalyzed by sample 3 (S3), however, the
yield of carbon nanotubes is only about 70% and some ir-
regular particles are observed (seen in Figure 7, c¢). As for
the reaction catalyzed by sample 4 (pearl-necklace-like
chain), the yield of the tubes decreased to 40% and the
length of the nanotubes obviously shortened (Figure 7, d).
When it came to the reaction catalyzed by sample 5 (dis-
persed particles), much more irregular carbon particles
were formed and only a few nanotubes (about 10%) could
be detected, as seen in Figure 7 (e). These contrasting re-
sults clearly demonstrate that the catalytic activity of these
nickel samples depends strongly on their microstructure.
Since the structure and surface area of the catalyst are im-
portant factors affecting their activity, the samples with a
relatively high surface area have more surface accessible to
the reagents, which is believed contributive to their im-
proved activity for the nucleation of carbon nanotubes,?’]
although further research is needed to explore the detailed
mechanism.

Eur. J. Inorg. Chem. 2007, 422-428
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Figure 7. SEM images of the samples obtained in pyrolyzing acetone catalyzed by different nickel samples: (a) sample 1, (b) sample 2,
(c) sample 3, (d) sample 4, (e) sample 5, (f) carbon particles fabricated without any nickel. The insets are the corresponding TEM images.

Conclusion

In summary, we have reported a simple complex-assisted
hydrazine reduction method for the synthesis of hierarchical
nickel microwires by controlling the reaction rate. The mor-
phological details of the building blocks and their assembly
behavior can be tailored by adjusting the reagent concentra-
tion. These nickel wires can be reproducibly created with
the aid of various complexants, which proves the generality
of this approach. The thus-prepared nickel wires show mi-
crostructure-dependent magnetic properties and catalytic
activity for the growth of carbon nanotubes in pyrolyzing
acetone, and they show superior magnetic properties and
catalytic performance to the discrete particles. Our syn-
thetic methodology is a facile route for assembling nano-
sized building blocks into desired structures through kinetic
control that avoids the use of any surfactants or an external
magnetic field. Such a method is expected to be extendable
to the synthesis of other magnetic nanostructures.

Experimental Section

All chemicals were of analytical grade and were used without puri-
fication. A typical experiment for the preparation of nickel wires is
as follows: trisodium citrate dihydrate (Na;C4HsO,-2H,0; 1.0 g)

Eur. J. Inorg. Chem. 2007, 422-428
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was dissolved in 30 mL of an aqueous solution of 0.025 M NiCl,
whilst stirring. Then, 1.0 mL of hydrazine hydrate (N,H4H,O
80%) and a certain amount of dilute NaOH solution were added.
The whole mixture was stirred for another 10 min to obtain a
homogeneous solution and subsequently transferred into a 40-mL
autoclave, which was sealed and maintained at 120 °C for 2-10 h.
After the heating treatment was over, the black fluffy particles
floating on the solution were collected, rinsed with distilled water
and absolute ethanol, and finally dried under vacuum. The samples
obtained at NaOH concentrations of 0.05, 0.10, 0.15, 0.30, and
0.40 M are denoted as samples 1 (S1), 2 (S2), 3 (S3), 4 (S4), and 5
(S5), respectively.

For the synthesis of carbon particles, 20 mg of the thus-prepared
nickel sample was added to two 20-mL stainless autoclaves contain-
ing 12 mL of acetone. The autoclave was then sealed, heated at a
rate of 5°Cmin! to 550 °C, and kept at this temperature for 10 h.
After the heating treatment was over, the autoclave was cooled nat-
urally to room temperature and the black precipitates were col-
lected and immersed in dilute HNOj; solution whilst stirring for
12 h. The product was then centrifuged, rinsed with distilled water
and absolute ethanol, and finally vacuum dried at 50 °C for 2 h.

X-ray diffraction (XRD) patterns of the samples were recorded
with a Philips X'pert diffractometer with Cu-K,, radiation (4 =
1.5418 A). The morphology and structure of the sample were
studied by field emission scanning electron microscopy (FE-SEM,
JEOL JSM-6300F) and transmission electron microscopy (TEM,
Hitachi, H-800) with an accelerating voltage of 200 kV. High-reso-
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lution TEM images were recorded with a JEOL-2010 TEM at an
acceleration voltage of 200 kV. Magnetization—hysteresis (M-H)
loops were recorded with a BHV-55 vibrating sample magnetome-
ter (VSM) at room temperature.

Supporting Information (see also the footnote on the first page of
this article): SEM images of the samples prepared with the assist-
ance of different complexing agents (Figure S1).
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