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Ammonia-Assisted Fabrication of Flowery Nanostructures of Metallic Nickel
Assembled from Hexagonal Platelets
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A simple one-pot solution method was reported for the syn-
thesis of metallic nickel nanostructures assembled from hex-
agonal nanoplatelets. The process involved the reduction of
nickelous salt with hydrazine in ammonia solution, and the
reaction proceeded without the use of surfactants or external
magnetic forces. By properly adjusting the experimental pa-
rameters, we realized the anisotropic growth of face-cen-
tered-cubic (fcc) nickel into hexagonal nanoplatelets and

their simultaneous assembly into flowery architectures. The
cooperative effects of the ammonia complexing agent, a
proper reaction rate, inherent magnetic interactions, and as-
sembly entropy were considered the key factors driving the
formation of the special assembly nanostructures on the basis
of a series of contrast experiments.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Metal nanoparticles with various shapes and organiza-
tions have been of great interest in material synthesis for
their relevance to the construction of nanodevices.!
Among them, magnetic metal assemblies are paid particular
attention for their novel properties, which are different from
their isolated or bulk counterparts, and for their wide po-
tential applications in catalysis, drug delivery, conduction,
magnetic recording, biological labeling, and electron de-
vices.>>! Metallic nickel, as one of the most used elements,
shows applications spanning over almost all sizes and
fields.[° 81 Its uses today and in the future would benefit
from materials designed with nanosized novel morpho-
logies.[”) Most nickel assembly nanostructures are fabricated
by two methods. One method involves harnessing the non-
covalent interactions between the organic molecules func-
tionalized nanoparticles, including van der Waals forces, n—
7 interactions, electrostatic forces, and hydrogen bonding,
which act as the “mortar” to associate the building blocks
into certain configurations.'>!" For example, nickel nano-
particles modified with C12SH formed an ordered assembly
through attractive van der Waals interactions between the
hydrophobic outer face of the nickel subunits.['l Nickel
nanorods covered with hexadecylamine spontaneously or-
ganized into aggregates with their long axes parallel to each
other.l'3] However, in these assemblies, the content of or-
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ganic molecules was relatively high, which usually damaged
their magnetic properties.['¥ When immersed into some sol-
vents, dissolution of the “mortar” made the assembly col-
lapse, which resulted in difficulty in their applications as
nanodevices.'>!3 Another efficient method to build nickel
assembly nanostructures is by the direction of magnetic
field, which typically produces 1D chains of particles with
the magnetic dipoles aligned head-to-tail and parallel to the
magnetic field.!">"!”! For instance, colloidal nickel nanopar-
ticles self-assembled into nanochains when subjected to a
magnetic field with a strength of about 250 Gauss.'®! 1D
microwires assembled from nickel nanoneedles were fabri-
cated in the presence of an external magnetic field of
0.2 T.I" Hierarchical nanowires and nanoflowers were fab-
ricated by a nonaqueous sol-gel approach in static constant
and rotating magnetic fields, respectively.?’l However, these
assemblies usually required an external magnetic field to
remain stable, and when the external magnetic field was re-
moved from the system, the alignments destabilized.l*!->%]
As a result, additional equipment is needed to sustain the
assembled nanostructure, which sometimes makes the prep-
aration inconvenient. Nowadays, the development of simple
approaches for multidimensional interconnection of nano-
scaled building blocks into desired structures is still a sig-
nificant challenge for material scientists. Recently, we re-
ported the fabrication of a series of assembly nickel nanos-
tructures without any surfactants or external magnetic
field.[?>-231 The present work, as a continuation of our re-
search endeavor in this area, reports another simple and
time-saving method for the synthesis of a new type of nickel
assembly nanostructures independent of any surfactants or
external magnetic forces. The process involves the reduction
of nickelous salt with hydrazine in ammonia solution within
4 h. By properly adjusting the experimental parameters, we
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realized the anisotropic growth of face-centered-cubic (fcc)
nickel into hexagonal nanoplatelets and their simultaneous
assembly into flowery architectures.

Results and Discussion

Morphological and Structural Characterization

As shown in Figure 1, the typical morphology of the as-
prepared nickel sample was flowery crystallite with a size
of 5-15 um. Each flower exhibited a hierarchical structure,
which consisted of columnar petals radiating from the cen-
ter. All the constituent columns were assembled by dozens
of hexagonal platelets stacking in a face-to-face fashion.
Interestingly, it was found that the platelet subunits were
crossbedded self-adhesive. The platelets had a side length
of 0.2-1 um and a thickness of 50-100 nm. Such assembling
characteristics are also reflected in the corresponding TEM
image of Figure 1f, in which the flakes are viewed edgewise.
A typical isolated hexagonal platelet displayed in Figure 1g
showed a side length of about 1 um and an angle between
the two adjacent edges of 120°. The corresponding SAED
pattern could be indexed to fcc nickel with the electron
beam along the [111] zone direction. The six spots nearest
the center spot could be indexed to 1/3[422] diffractions of
fce nickel, whereas the spots located further away were due

Figure 1. SEM images of the obtained nickel sample: (a) a pano-
ramic image, (b) a typical flowery structure, (c) magnified image of
the flowery petals, (d) magnified image of the tops of the petals,
(e) TEM image of an individual flower; inset was part of the colum-
nar petal, (f) TEM image of a typical hexagonal platelet unit,
(g) the corresponding SAED pattern, (h) HRTEM image of the
platelet.
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to the (220) lattice planes of a fcc single crystal. Emergence
of 1/3[422] forbidden diffractions in the [111] zone spots
could be ascribed to structural defects, such as stacking
faults in the [111] axis, which was similar to that observed
in thin Au or Ag crystals.[>*281 The HRTEM image of the
platelet showed a 2D lattice with a spacing of 2.16 A, which
is in accord with the separation between the 1/3[422] planes
of fcc Ni. This was in good agreement with a fcc single
crystal oriented along the [111] direction, indicating the
platelet was a single crystalline structure with the up and
bottom faces of (111) planes. Thus, the side faces of the
platelets could be ascertained as (110) planes of fcc Ni. The
assembling manner of each columnar petal of the flowery
architecture is schematically shown in Scheme 1.
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Scheme 1. Schematic illustration of the assembly of the hexagonal
nanoplatelets.

Evolution Process of the Nanoflowers

In order to investigate the formation process of the novel
flowers, time-dependent evolution of the product was ob-
served through XRD and SEM. It was found that the initial
product of the reaction was B-Ni(OH), and not metallic
nickel, as revealed by the XRD patterns of Figure 2a. After
the starting solution was heated for 0.5 h, the supernatant
solution became colorless and precipitation of green [-
Ni(OH), powder was observed. Dimethylglyoxime tests
indicated that nearly all soluble Ni'' species had trans-
formed into solid nickel hydroxides. With the reaction pro-
cessed, the content of B-Ni(OH), decreased and metallic
nickel gradually predominated the product (Figure 2b,c).
When the reaction time was prolonged to 4 h, hydroxide
disappeared and the product became pure metallic fcc
nickel (Figure 2d). We collected the products at different
stages, separated the metallic nickel and the hydroxide apart
by magnetic decantation, and then studied their morpho-
logies, respectively.

The SEM images in Figure 3 indicate that the initial
nickel product consisted of coarse spheres, which were as-
sembled from nanoparticles with a diameter of 50 nm (Fig-
ure 3a). At the second stage, hexagonal platelets grew out
around the surface of the spherical aggregate and spontane-
ously arranged with the top/bottom faces oriented the
same, as seen in Figure 3b. These hexagonal nanoplatelets
gradually stacked face-to-face and finally developed into
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Figure 2. XRD patterns of the product obtained at different reac-
tion stages: (a) 0.5 h, (b) 1.0 h, (c) 3.0 h, (d) 4.0 h.

columnar petals that are radially located on the initial
spherical cores (Figure 3c). In contrast, we observed that
the B-Ni(OH), rudiments were pancake-shaped, which were
formed through the stacking of nanosheets (Figure 3d).
With the reaction processed, these crystallites with defined
shapes gradually broke into irregular fragments, as shown
in Figure 3e.f.

Figure 3. (a), (b), and (c) SEM images of the metallic nickel sepa-
rated from the system at reaction stages of 1.0, 3.0, and 4.0 h,
respectively. (d), (e), and (f) SEM images of the B-Ni(OH), product
separated from the system at reaction stages of 0.5, 1.0, and 3.0 h,
respectively.
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Effect of the Experimental Conditions on the Product
Morphologies

It was found that the molar ratio (w) between ammonia
and hydrazine plays an important role in controlling the
morphology of the final product. Figure 4 shows the typical
SEM images of the three samples prepared at different w
values. Without ammonia, the product emerged as irregular
particles, whereas pearl chain-like microwires were pro-
duced at values of w above 12. When the w value was in-
creased to 20, large coarse crystallites were produced, as
seen in Figure 4c. The optimized w value suitable for the
formation of the flowery architectures was between 6 and
10. In the system, ammonia was introduced as the complex-
ing agent and the source of hydroxide ions. The ammonia
molecules coordinated with the Ni** ions to form a
Ni(NH;)¢>* complex; formation of this complex decreased
the amount of free Ni?* ions in solution, which resulted in
a relatively slow reaction rate. In addition to the small
amount of ammonia molecules as the complexing agent,
the excessive amount of ammonia in the solution partly ion-
ized and released the hydroxide ions, which inevitably re-
sulted in the reduction of Ni?* to metallic Ni by hydrazine.
It is known that the reducing power of hydrazine increases
with the basicity of the medium. A proper concentration of
ammonia was found to effectively control the reducing
power of hydrazine by yielding a suitable concentration of
hydroxides ions, and thus, the reaction rate and growth rate
of the nickel platelets and their spontancous assembly into
flowers was kinetically modulated.

Figure 4. SEM images of the samples prepared in the systems with
different molar ratios (w) of ammonia to hydrazine: (a) @ = 0, (b)
w=12,(c) w = 18.

Temperature also showed a significant influence on the
product morphology. Keeping the other reaction conditions
constant, the optimized temperature for the production of
the nickel flowers was 100-140 °C. At a temperature lower
than 100 °C, the product was made up of microcrystallites,
which were assembled from branched and interconnected

Figure 5. SEM images of the samples prepared at a temperature of
(a) 100 °C and (b)160 °C.
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nanosheets (Figure 5a). When the temperature increased
above 140 °C, the product became spherical particles, poss-
ibly for a faster reaction rate (Figure 5b).

Possible Formation Mechanism

The formation of magnetically assembled nanostructures
was a complex process that was influenced by several fac-
tors, such as the reaction velocity, shape of the building
blocks, spatial hindrance, magnetic interactions, and so
on.?’) On the basis of the above experimental results, we
proposed that the configuration of the flower-like nickel
nanostructure assemblies could be ascribed to the coopera-
tive effect of the ammonia complexing agent, kinetic con-
trol, inherent magnetic interactions, and assembly entropy.
In the system, ammonia molecules were considered to have
a threefold purpose: to serve as the complexing agent, to
serve as the source of hydroxide ions, and to serve as the
structure-directing agent. When the solution was heated,
decomplexation of Ni(NH3)s>" occurred first for its higher
reaction rate than the redox reaction, resulting in the pre-
cipitation of B-Ni(OH), from the solution. Then, these
newly formed hydroxide ions dissociated in solution and re-
leased free Ni** ions. The free Ni** ions were reduced by
hydrazine to metallic Ni, which could be described as a so-
lid—solution—solid process.*®3!1 Because the solubility of
nickel hydroxide was low, the concentration of Ni** in solu-
tion was also correspondingly low. Therefore, the reduction
rate and crystal growth rate were relatively slow, which may
be favorable for the anisotropic growth of nickel nanocrys-
tals. Here, it was found that the special-shaped hydroxide
was crucial for the formation of the unique nickel nanos-
tructures. Keeping the other conditions constant, replace-
ment of the hydroxide initial stacking platelets with other-
shaped counterparts such as flowers, hexagonal platelets, or
particulates did not result in such hierarchical nickel nanos-
tructures (Figure 6). It was possibly the different solubility
of these hydroxide ions that led to unfavorable reaction
rates for the growth of the nickel flowers.*!] Second, ammo-
nia was also considered to play the role of structure-direct-
ing agent, which modulated the orientation growth of nickel
nanocrystals into hexagonal platelets. In a contrasting ex-
periment, the tower-shaped hydroxide ions (as shown in
Figure 3d) were reduced in a system without ammonia and
the results showed that only spherical nickel crystallites
could be fabricated. this experiment revealed the important
effect of ammonia on the anisotropic growth of nickel
nanocrystals. During the crystal growth process, ammonia
molecules may selectively absorb on the (111) planes of the
fce nickel for the affinity between nickel and ammonia.>?]
Thus, the growth rates of different crystalline planes were
kinetically adjusted, in which the (111) planes were passiv-
ated, while the (110) planes were seldomly affected. As a
result, the nickel crystals developed into hexagonal plates
with the top/bottom faces of (111) planes. In contrast, we
noted that these platelets all aligned with (111) planes ori-
ented the same. It was known that the [111] direction was
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the magnetic easy axis of fcc nickel.[?3] Such an assembling
manner with the magnetic easy axis oriented the same facil-
itated the reduction of magnetic anisotropic energy.['’! At
the same time, for the hexagonal platelets, such a face-to-
face packing mode can maximize the entropy of the self-
assembled structures by minimizing the excluded volume
per nanoplatelet in the array through the existence of a ne-
matic phase.** Therefore, the magnetic interactions and the
assembly entropy may be an inherent driving force for the
assembly of the nickel platelets.

Figure 6. SEM images of the nickel samples prepared from dif-
ferently shaped B-Ni(OH), precursors: (a) B-Ni(OH), flowers and
(b) their reduced product of nickel; (¢) hexagonal platelets of f-
Ni(OH), and (d) their reduced product of nickel; (e) spherical -
Ni(OH), particles and (f) their reduced product of nickel.

In our previous work, another kind of assembly nickel
nanostructure with similar morphology was prepared in the
system with dimethylglyoxime (dmg) as the complexing
agent instead of ammonia, but the size was much smaller
(about 1 um) and the packing of the platelets were over-
lapped not crossbedded.>’! It was found that the two reac-
tion systems both underwent a solid-solution—-solid process,
but the reaction rate was much different. The similar mor-
phology was possible due to the similar reaction process, in
which dmgH and ammonia both acted as the complexing
agent and structure-directing agent with the same coordi-
nating nitrogen atom except that ammonia played the ad-
ditional role of alkali source. However, the different product
sizes may be ascribed to the different reaction rates. In the
former system, the initial solid Ni(dmg), precursor was only
2.8 X 107> mol with a solubility product (Ky,) of 4.5 X 1024,
which resulted in a slow release rate of Ni>* and a long
reduction process of 12 h.*31 However, in the present system
with 1.0 X 103 mol of Ni(OH), (Ky, = 2.5X107'5) as the
solid precursor, the reaction proceeded at a much faster rate
and was complete in 4 h.’® The higher concentration of
the reactants and the faster reaction rate produced a larger
amount of nickel atoms at the same time, which resulted in
relatively large-sized building blocks and the final assembly
structures. As to the crossbedded packing of the platelets in
this case, it could be ascribed to the fact that such a stack-
ing mode could further decrease the magnetic interactions
between the neighboring subunits with a relatively large size
by reducing the overlapping surface area.

Eur. J. Inorg. Chem. 2009, 677-682
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Scheme 2 illustrates a possible formation process of the
flowers. At the initial reaction stage, nickel nanoparticles
were produced and they spontanecously aggregated together
into spheres to lower the surface energy. Then, under the
confinement of ammonia molecules, these surface particles
gradually developed into hexagonal platelets. As the reac-
tion progressed, more nickel platelets were reduced and the
newly produced nickel platelets could spontaneously attach
onto the formerly formed one with their similarly oriented
axes to reach a low magnetic anisotropy energy. This pro-
cess was repeated and the columnar petals grew longer until
all the hydroxide ions were consumed, which eventually re-
sulted in flower-like nickel nanostructure assemblies. Dur-
ing the whole reaction process, a suitable reaction rate was
crucial for the growth of the hexagonal platelets and their
spontaneous assembly. Only by proper monitoring of the
reaction conditions, such as the concentration of ammonia
and the temperature, could the formation of hexagonal
platelets and their subsequent oriented organization be real-
ized. Further research is needed to probe the actual mecha-
nism of formation of the flowers and the corresponding

work is underway.
d

i — i —
Scheme 2. Schematic illustration of the possible formation process

a b c
of the flower-like, assembled nanostructure of nickel: (a) small
nickel nucleus, (b) the nucleus aggregated into a sphere, (c) hexago-
nal platelets developed from the sphere surface, (d) more platelets
stacked on the core sphere with the (111) planes oriented in the
same direction.

Magnetic Properties

The magnetic properties of nanomaterials are highly de-
pendent on their size, shape, crystallinity, magnetization ori-
entation, and so on. Magnetic properties of the flowery
architectures were measured at room temperature, which ex-
hibited a coercivity (H.) of 274 Oe, a saturation magnetism
(M) of 448 emug!, and a remanent magnetism (M,) of
9.6emug'. In comparison to bulk nickel, the coercivity
was greatly enhanced, possibly as a result of the nano-
size.B7-381 Such an H, value was also superior to that of the
counterparts prepared from the dmgH system and non-
aqueous sol-gel approach, which was believed to be associ-
ated with the unique packing manner of the singly crystal-
line nanoplatelets in the hierarchical nanostructures.-23
This value, however, was much lower than that of the 1D
nanorods (332 Oe) or nanobelts (640 Oe), which might be
due to the fact that the flowery configuration as a total
exhibited a much lower anisotropy than isolated 1D nano-
crystals.[?*4%1 When subjected to an external magnetic field,
it was difficult for the radially orientated petals to be
aligned simultaneously along the direction of the magnetic
field like isolated nanorods or wires. Therefore, a relatively

Eur. J. Inorg. Chem. 2009, 677-682
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lower H_ value was shown. As for the decreased M, value,
it might likewise be due to the decrease in the particle size
accompanied by an increase in the surface area, and the
magnetic interaction between the subunits, which reduced
the total magnetic moment at a given field.*!1-43]

Conclusions

In summary, a facile solution method was developed for
the fabrication of novel hierarchical nickel nanostructures
that are assembled by hexagonal nanoplatelets without the
assistance of any surfactants or external magnetic forces.
The structure, magnetic properties, and possible mechanism
of formation of the flowery structures were studied. It was
found that the ammonia complexing agent, the concentra-
tion of the reagent, the inherent dipole—dipole interactions,
and the assembly entropy played important roles in the for-
mation of the nickel flower assembly. The present work pro-
vided a simple kinetic-control route for the synthesis of
magnetic assembly architectures by properly adjusting the
reaction conditions, which could be extended to the fabrica-
tion of other magnetic assemblies with interesting and com-
plex configurations. The special nickel assembly nanostruc-
tures are expected to find applications in the fields of cataly-
sis, electron conduction, and so forth.

Experimental Section

All chemicals used were of analytical grade. In a typical synthesis,
NiCl,6H>O (1.0 mmol) was dissolved in diluted ammonia solution
(39 mL) to give a blue transparent solution. Then, hydrazine hy-
drate (N,H4 H,O; 85% w/w, 1.0 mL) was added. The mixture was
transferred to a 45-mL Teflon-lined autoclave and the temperature
was maintained at 120 °C for 4 h. The resulting black powder was
collected, washed, and finally dried in vacuo at 50 °C for 4 h.

X-ray diffraction (XRD) patterns of the samples were recorded
with a Philips X'pert diffractometer with Cu-K, radiation (4 =
1.54178 A). The morphology and structure of the samples were
studied with transmission electron microscopy (TEM, Hitachi, H-
800) with an accelerating voltage of 200 kV, and field emission
scanning electron microscopy (FE-SEM, JEOL JSM-6300F). High-
resolution transmission electron microscopy (HRTEM) images and
the selected area electron diffraction (SAED) pattern were recorded
with a JEOL-2010 TEM at an acceleration voltage of 200 kV. M-
H hysteresis loops (Figure 7) were recorded on a vibrating sample
magnetometer (BHV-55).
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Figure 7. M-H hysteresis loop of the resulting nickel flowers.
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