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a b s t r a c t

Nanostructural b-nickel hydroxide (b-Ni(OH)2) plates were prepared using the microwave–hydrothermal

(MH) method at a low temperature and short reaction times. An ammonia solution was employed as the

coordinating agent, which reacts with [Ni(H2O)6]2þ to control the growth of b-Ni(OH)2 nuclei. A trigonal

b-Ni(OH)2 single phase was observed by X-ray diffraction (XRD) analyses, and the crystal cell was

constructed with structural parameters and atomic coordinates obtained from Rietveld refinement. Field

emission scanning electron microscopy (FE-SEM) images revealed that the samples consisted of

hexagonal-shaped nanoplates with a different particle size distribution. Broad absorption bands assigned

as transitions of Ni2þ in oxygen octahedral sites were revealed by UV–vis spectra. Photoluminescence

(PL) properties observed with a maximum peak centered in the blue-green region were attributed to

different defects, which were produced during the nucleation process. We present a growth process

scheme of the b-Ni(OH)2 nanoplates.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Ni(OH)2 is widely used in many applications from power tools to
portable electronics and electric vehicles [1] as well as a precursor for
catalysts [2]. This material has a hexagonal layered structure with
two polymorphs (a and b-Ni(OH)2 ) [3–6]. The a-Ni(OH)2 form is a
hydroxyl-deficient phase with a hydrotalcite-like structure consisting
of stacks of positively charged Ni(OH)2�x layers with intercalated
anions and water molecules in the interlayer space to restore charge
neutrality. The interlamellar distance is about 7.0 Å. The a-Ni(OH)2

structure shows more disorderliness because the layers are randomly
oriented. The b-form (a stoichiometric phase with a composition
Ni(OH)2) has a brucite-like structure with a hexagonal lattice
consisting of an ordered stacking of well-oriented Ni(OH)2 layers
with no intercalated species in the interlayer space [7].

Various researches have been focused on the morphology-con-
trollable preparation of Ni(OH)2 and related composite materials
[8–11]. The attention devoted to its shape is due to its important
role in influencing magnetic, electrical, optical and other properties.
There are many factors, which can affect product shapes; e.g.,
internal structure of the product, solvents used, temperature of
the preparation, concentration of the reactants, use of surfactant
templates, etc. [12–14]. The Ni(OH)2 preparation method usually
ll rights reserved.

unesp.br (R.C. Lima),
involves the precipitation of Ni(OH)2 by employing an alkaline
reagent such as urea, ammonia or sodium hydroxide [15–22]. Due
to various methods used for the preparation of Ni(OH)2, different
morphologies such as nanosheets [22,23], nanotubes [24,25], nanor-
ods [15], hollow spheres [26,27], stacks of pancakes [28] and
carnation-like structures [29] have been obtained.

Microwave heat processing has been successfully applied for
the preparation of microsized or nanosized inorganic materials
[30–36]. The mechanism of energy transfer using a microwave
field is very different from the mechanism of the three well-
established modes of heat transfer; i.e., conduction, radiation and
convection [37]. In particular, there is an interesting synthesis
method utilizing reaction kinetics, which results in an increase in
the reaction rate by one to two orders of magnitude, the forma-
tion of materials with different morphologies on a microscale or
nanoscale, rapid heating, low synthesis temperatures, reduced
processing times and low electrical energy costs; this method is
environmentally friendly [38–41]. For this study, a b-Ni(OH)2

nanostructure was prepared by a one-step MH synthesis from a
nickel nitrate and aqueous ammonia precursor without the use of
a template and other additives.
2. Experimental

Nickel hydroxide nanostructures were obtained using MH
processing without the use of surfactants: 5.0 mmol of Nickel
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Table 1

Data from the Rietveld refinement of a b-Ni(OH)2 powder processed by the MH

method at 100 1C for 1 min.

Space group Lattice parameter (Å) Unit cell volume (Å3)

P�3m1 a¼b¼3.1299 c¼4.6106 V¼39.116
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nitrate (Ni(NO3)2 �6H2O) (99% purity, Aldrich) and 5.0 mL of
ammonium hydroxide (NH4OH) (30% in NH3, Synth) were added
to the solution until the pH value reached 12. This solution was
placed in a conical flask with 80 mL of deionized water and stirred
at room temperature for 15 min.

The solution was then transferred to a Teflon-lined stainless
steel autoclave, sealed and placed in a MH domestic microwave
(2.45 GHz), which was maintained at 100 1C for different times. A
greenish product was separated by centrifugation, washed with
deionized water and ethanol and dried at 60 1C in air.

The powders obtained were structurally characterized by XRD
using a Rigaku-DMax/2500PC equipped with CuKa radiation
(l¼1.5406 Å) in the 2y range from 101 to 1001 with 0.021/min.
UV–vis spectroscopy of the crystalline sample powders was
performed with Cary 5G equipment. The morphology was char-
acterized by FE-SEM (Supra 35-VP, Carl Zeiss, Germany). The PL
was measured with a Thermal Jarrel-Ash Monospec 27 mono-
chromator and a Hamamatsu R446 photomultiplier. The 350.7 nm
exciting wavelength of a krypton ion laser (Coherent Innova) was
used, and the nominal output power of the laser was maintained
at 550 mW. All measurements were taken at room temperature.
Fig. 2. Representation of a b-Ni(OH)2 structure.
3. Results and discussion

Fig. 1 shows XRD patterns of samples processed by the MH
method at 100 1C for 1, 8 and 32 min. XRD results revealed that all
diffraction peaks can be indexed to the trigonal b-Ni(OH)2

structure, which shows good agreement with the data reported
in the literature (JCPDS card number 14-0117) [42]. The lattice
parameters, a¼b¼3.1298 Å and c¼4.6106 Å, and unit cell volume
of 39.115 Å3 were calculated using the least-square refinement
from the UNITCELL-97 program [42,43]. The strong and sharp
peaks indicate that the b-Ni(OH)2 powders processed in MH are
highly crystalline and structurally ordered at long range. These
results show that the MH system promotes the complete crystal-
lization of nickel hydroxide powders at low temperatures and
reduced processing time. The peaks also indicate that the pow-
ders are free of secondary phases.

The Rietveld refinement of the b-Ni(OH)2 sample obtained by
the MH method at 100 1C for 1 min was performed using the
GSAS program [44]. The diffraction peak profiles were further
adjusted by the Thompson–Cox–Hastings pseudo-Voigt function
and by an asymmetry function as described by Finger et al. [45].
The results obtained from the Rietveld refinement are presented
Fig. 1. XRD patterns of b-Ni(OH)2 powders prepared by the MH method at 100 1C.
in Table 1. A schematic representation of the trigonal b-Ni(OH)2

structure is shown in Fig. 2. The cell was constructed with
structural parameters and atomic coordinates obtained from
Rietveld refinement and shows the nickel atoms coordinated to
four oxygen atoms in a planar square configuration.

The morphology of the b-Ni(OH)2 powders prepared by the
MH method at 100 1C for different reaction times was investi-
gated using FE-SEM (see Fig. 3). These images reveal that the
samples are irregular hexagonal shapes using 1 and 8 min
processing time while the nanoplates obtained in 32 min exhibit
regular hexagonal shapes with equal opposite edges. The
micrographs show that the microwave irradiation contributes
significantly to the formation of b-Ni(OH)2 plates after short
processing times.

Fig. 3 depicts nanoplates with different average particle
distributions for samples obtained after treatment under hydro-
thermal conditions for 1, 8 and 32 min. Average size distributions
of particle graphics were constructed from FE-SEM micrographs
of b-Ni(OH)2 plates using measurements of approximately 100
plates. The average particle sizes were 110, 115 and 146 nm for
the samples treated under hydrothermal conditions for 1, 8 and
32 min, respectively. The particle sizes increase when the reaction
time is increased.

In our synthetic strategy, nickel hydroxide was obtained by
Ni2þ hydrolysis in an aqueous solution. Ni(NO3)2 �6H2O was
selected as the nickel source. An ammonia solution was employed
as the coordinating agent, which reacts with [Ni(H2O)6]2þ and
controls the growth of b-Ni(OH)2 nuclei.

Solid hydrated nickel (II) salts and their aqueous solutions usually
contain a green [Ni(H2O)6]2þ ion complex (see Fig. 4, step 1). In the
presence of an excess of aqueous ammonia solution, the
[Ni(NH3)6]2þ stable species is formed, and the solution color changes



Fig. 3. FE-SEM images and particle average distributions of b-Ni(OH)2 powders prepared by the MH method at 100 1C.

Fig. 4. Schematic representation of the growth process of Ni(OH)2 nanoplates.
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to blue (Fig. 4, step 2). In the presence of Ni2þ and an OH� aqueous
solution, the solution becomes turbid due to the formation of green
Ni(OH)2 precipitates. During MH treatment, the amount of green
Ni(OH)2 crystal precipitates increases (see Fig. 4, step 3).

Fig. 3 shows the low-magnification FE-SEM images of nano-
plates, which indicate that the interaction between the NH3 and
nanoplates plays an important role in the 2D pattern population.
In a polar solvent (H2O–NH3), the dipole moments are larger, so
they have stronger dipole–dipole interactions between the nano-
crystals. The dipole–dipole interactions may cause the nanocrys-
tals to favor growth in a particular direction. Solvent polarity
promotes faster growth of nanocrystals along a particular
direction, which results in nanoplates with a two-dimensional
configuration. FE-SEM images (Figs. 3 and 4) verify that the
nanoplates are assemblies of small crystals rather than single
crystal. Density functional calculations [46–48] reveal that
growth is an order–disorder–order pattern of a cyclic nature.
Growth proceeds via disordered clusters between two ordered
clusters, and global order emerges rapidly with the addition of
only one or two atoms.

From FE-SEM analyses, we concluded that the morphologies
can be obtained via a crystallization–dissolution–recrystallization
self-assembly growth mechanism (Fig. 4, step 4) [37,49]. This
process occurs in a sealed hydrothermal system during 1, 8 and



Fig. 5. UV–vis absorbance spectra of b-Ni(OH)2 powders prepared by the MH

method at 100 1C.
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32 min of reaction time and results in different shapes. When the
reaction time was increased to 32 min, the product was composed
of plate-like nanostructures with a regular hexagonal shape. A
growth process scheme of Ni(OH)2 nanoplates is presented in
Fig. 4.

During the growth process, large amounts of nuclei are first
generated, and then they expand into primary nanoparticles,
which are active; a number of them will orient and assemble
into a large nanocrystal. However, the assembly process may also
produce defects in the crystals obtained, and therefore parts of
the nanocrystals are more easily decomposable. When the blue
solution Ni(NH3)6 was treated under hydrothermal conditions for
1, 8 and 32 min, a multicrystal assembled porous structure
formed (an aggregate crystal), which may create a new opportu-
nity to facilitate the application of nickel hydroxide-based nano-
crystals. This kind of aggregate is a special case of colloidal
crystals, which can create materials with complex structures.
Self-alignment crystal assemblies of semiconductors of this vari-
ety may also bring new electronic and optical properties to
materials.

Fig. 5 shows b-Ni(OH)2 optical absorption characteristics in
the UV and visible region. The b-Ni(OH)2 is characterized by a
sharp peak at 226 nm; this absorption in the UV region is
attributed to band gap absorptions in b-Ni(OH)2 of about 4.4 eV.
The optical band gap energy can be estimated using the equation
proposed by Wood and Tauc [50]. Absorption spectra exhibit
three other broad bands at 381, 423 and 705 nm. These b-Ni(OH)2

absorption bands were assigned as transitions of Ni2þ in oxygen
octahedral sites from the ground state 3A2g to 3T2g(G), 3A2g to
3T1g(P) and 3A2g to 3T1g(F) states [51,52].

PL spectra recorded at room temperature for b-Ni(OH)2 sam-
ples obtained by MH processing for 1, 8 and 32 min at 100 1C are
shown in Fig. 6.

Both surface states and lattice defects are closely related to
crystal growth mechanisms. Recently, it was observed that the
nucleation and growth processes are related to the size and
distribution of the defects and that the luminescence mechanism
of defects varies during different synthesis time [46]. However,
most of the research for improving the quantum yield is still
based on the assumption that the classic Oswald ripening (OR)
growth mechanism is involved in the liquid-phase synthesis of
nanocrystals, which are inclined to have relatively internal
lattices where the variation of the bulk and surface defects is
the main factor influencing luminescent properties [47].

The above phenomena are illustrated in Fig. 6. The strong
defect induced luminescence of the initial nanoparticles can be
attributed mainly to complex cluster vacancies that arise from
fast crystallization during the initial nucleation process. At the
beginning of OR growth, these defects could be concentrated in
the nanocrystals.

These factors result in different structural defects such as
oxygen vacancies and bond distortions, which can promote the
formation of intermediary energy levels within the band gap. The
profile of the emission band is typical of a multiphonon process;
i.e., a system in which relaxation occurs by several paths invol-
ving the participation of numerous states within the material
band gap. This behavior is associated with the structural dis-
orderliness of material and indicates the presence of additional
electronic levels in the forbidden band gap of the material [48,53].
The general aspect of the spectra is a broad band covering a large
part of the visible spectra with one dominant maximum emission
centered at blue emission.

Based on the Gaussian line broadening mechanism for lumi-
nescence processes [52,54], PL curves were decomposed into five
components (see Fig. 6). The peaks correspond to the blue-green
region in the visible spectrum where its maximum peak intensity
appears at about 455.8, 459.6 and 454.7 nm in 1, 8 and 32 min of
processing time, respectively. Each component represents a
different type of electronic transition, which can be linked to
the structural arrangement or surface defects. The parameters
obtained in the fit are recorded in Table 2, including the
individual position, area and amplitude of each peak.

Theoretical results verify that a breaking symmetry process in
the structure of various semiconductors associated with order–
disorder effects is a necessary condition for intermediate levels in
the forbidden band gap [46–48,55,56]. These structural changes
can be related to the charge polarization in different ranges that,
at the very least, are manifestations of quantum confinement
when they occur at short and intermediate ranges independent of
the particle size. The main point for quantum confinement is
discrete levels in the band gap, which is impossible with periodic
crystals or defects.

Cluster-to-cluster charge transfer (CCCT) for a crystal with
more than one type of cluster is defined to be an excitation
transition of an electron from one cluster to the other.

The structural and electronic reconstruction of all the possible
combinations of clusters in a crystal is essential to understand the
CCCT process and the PL phenomenon. In this case, a decrease in
the band gap and possibly the surface leads to the dislocation of
the natural nickel hydroxide green emission to the blue emission.
Photo-induced electron transfers exist where an electron is
promoted from an occupied level of the cluster donor to a vacant
level of the cluster receptor.
4. Summary

Crystalline nickel hydroxide nanostructures were successfully
prepared using the MH method at low temperatures and short
reaction times. The trigonal b-Ni(OH)2 phase and transitions of
Ni2þ in oxygen octahedral sites were detected by XRD and UV–vis
analyses, respectively. The growth process of crystals during MH
conditions plays an important role in the formation of b-Ni(OH)2

nanoplates. The emission luminescence observed with excitation
in the UV–vis range was used as a tool for the study of the
structure. The maximum PL emission appears at about 456 nm in
the blue-green region of the visible spectrum. Aqueous ammonia
was used as a precursor to provide hydroxyl ions for the



Table 2

Data obtained from the decomposition of PL curves of b-Ni(OH)2 powders

processed by the MH method at 100 1C.

Processing time 1 min 8 min 32 min
Center of
maximum PL emission

455.8 nm 459.6 nm 454.7 nm

Parameters l (nm) Area (%) l (nm) Area (%) l (nm) Area (%)

Peak-P1 414.1 15.7 419.9 19.5 415.6 15.9

Peak-P2 442.0 21.6 445.4 14.1 443.3 20.8

Peak-P3 469.0 19.9 469.1 15.5 469.6 18.7

Peak-P4 500.5 20.4 495.4 20.0 498.9 20.3

Peak-P5 534.3 22.3 528.1 30.9 531.0 24.0

Fig. 6. PL spectra at room temperature of b-Ni(OH)2 powders prepared by the MH method at 100 1C.
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formation of b-Ni(OH)2. [Ni(NH3)6]2þ complex ions, which are
formed in liquid-phase and may control the reaction rate of Ni2þ

ions with OH� ions for the formation of b-Ni(OH)2 regular
nanoplate structures.
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