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Modern electrochemical devices require the morphological control of the active material. In this paper
the synthesis of nickel hydroxide, as common active compound of such devices, is presented. The influ-
ence of ultrasound in the synthesis of nickel hydroxide from aqueous ammonia complexes is studied
showing that ultrasound allows the fabrication of flower-like particles with sizes ranging in between
0.7 and 1.0 pum in contrast with the 6-8 pm particles obtained in the absence of ultrasound. The influence
of gas flow, temperature of the process and surfactants in the ultrasonically prepared powders is dis-
cussed in term of shape, size and agglomeration of the particles. Adjusting the experimental condition,
spherical or platelet-like particles are obtained with sizes ranging from 1.3 um to 200 nm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nickel hydroxide has received increasing attention in the past
few decades due to its use as the active material in the positive
electrode of alkaline rechargeable batteries [1-6] and as the most
common precursor of nickel oxide, which is widely used as a
hydrogenation catalyst and in the ceramic industry for sintered
fritz and glazes. The effectiveness of Ni(OH), for these applications
depends highly on the size and morphology of the active material.
For example, it has been demonstrated that the addition of 8 wt.%
of nanoparticles to a micrometer phase of nickel hydroxide, in-
creases the capacity of alkaline rechargeable batteries electrodes
by 14% due to closer packing as the nanometer particles take up
free spaces between micrometer ones, which increases the proton
diffusion through the material [1,2]. The capability of fabricate
powders with a specific morphology and small particle size is also
important for producing metallic nanoparticles for ceramic matrix
reinforcement or incorporation to catalytic devices [7-9].

Nickel hydroxide presents two polymorphs, a-Ni(OH), and
B-Ni(OH),. Although the alpha phase presents higher theoretical elec-
trochemical capacity [5], it is a metastable turbostratic phase that
rapidly changes to the beta phase during synthesis or in strong alkali
media [10]. The beta phase is therefore a better candidate as battery
cathode material. The beta phase (teophrastite), is a hexagonal
phase isostructural with brucite (Mg(OH),) that presents an inter-
laminar distance of ¢ = 4.605 A and Ni-Ni distance of a = 3.126 A.
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The most common methods for obtaining beta nickel hydroxide
involve either chemical precipitation from nickel salts [11,12] or
hydrothermal synthesis [13-15]. For example, Meyer et al. reported
the synthesis of nickel hydroxide powder with different sizes and
morphologies depending on the precipitation agent and the molar
ratio (base/metal) [11] and Liang et al. studied the influence of pH
and reaction time during hydrothermal synthesis on those parame-
ters in order to achieve homogeneous products [13]. Sonochemical
synthesis of metal hydroxides has also been reported [16-20].
Jeevanandam et al. prepared o-Ni(OH), by a urea method assisted
by ultrasound [18] and Vidotti et al. synthesized nickel hydroxide
nanoparticles by a sonochemical method for electrochromic devices
[20]. The chemical effects of ultrasound originate primarily from the
phenomena of acoustic cavitation, i.e. the formation, growth and
subsequent implosive collapse of microbubbles within the liquid.
The generally accepted “hot spot” mechanism of sonochemistry
arises from the compressional heating that bubble collapse induces,
which produces extraordinary conditions inside the bubble. Mea-
sured temperatures of about 5000 K, pressures of approximately
1000 atm and cooling rates of >10'! K/s are created [21,22] and
these are responsible for the subsequent chemical reactions that
have found important uses in materials chemistry [23-25].

In this work we present the sonochemical synthesis of
B-Ni(OH), from simple aqueous ammonia complexes of nickel.
The effects of the temperature of the reaction media and a gas flow
above the solution on the morphology and particle size have been
studied. The employment of cationic (polyvinylpyrrolidone), anio-
nic (polyacrylic acid) and neutral (poly[vinyl alcohol]) surfactants
has also been considered in order to further control the particle
size and to obtain well dispersed powders.
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2. Experimental
2.1. Synthesis of B-Ni(OH),

Nickel nitrate hexahydrate (Ni(NOs),-6H,0; Panreac Quimica
S.A.U., Spain) and ammonium hydroxide (Panreac Quimica S.A.U.,
Spain) were used as reactants. A high intensity ultrasonic horn
(Ti horn, 24 kHz, 50 W/cm?, UP400S, Dr. Hielsecher, Germany)
was used as the source of ultrasound. An appropriate amount of
Ni(NO5),-6H50 ([Ni?*]sotution = 0.1 mol L~') was first dissolved in a
2 mol L~' ammonium solution to form stable nickel ammonia com-
plexes (Ni(NH3)§+) that were then sonicated for 90 min. Original
synthesis was performed using regular glassware (open system)
cooled in an ice/water bath (sample NH). Nickel hydroxide pow-
ders were also synthesized in absence of ultrasound by heating
the nickel ammonia complexes solution for 2 h at 60 °C in regular
glassware under magnetic stirring. This sample was used as refer-
ence (sample NHR) to establish the effect of ultrasound during the
process.

Powders obtained were filtered using polymeric filters
(p =0.22 um), washed with distilled water at pH ~ 10 (adjusted
with tetramethyl ammonium hydroxide) and dried at 60 °C for
2 h. XRD analysis was performed using a Siemens-Bruker D5000
diffractometer (Germany, Ko(Cu) 4=1.5405A; 40kV; 30 mA;
260 = 10-70). The size and morphology of the powders were exam-
ined by FE-SEM Hitachi S-4700 microscope (Japan). Density and
specific surface area were measured using a Monosorb Multipyc-
nometer and a Monosorb Surface Area from Quantachrome Corpo-
ration (USA). Average particles sizes were calculated directly from
FE-SEM micrographs by measuring two perpendicular diagonals of
the particles.

2.2. Effect of gas flow rate, temperature and surfactants

The influence of a gas flow rate was studied using two different
compress air flow rates, 0.4 and 0.6 standard liter per minute
(slpm), (samples NHAFO0.4 and NHAFO.6, respectively), and a sealed
Suslick cell (closed system). Influence of temperature was evalu-
ated for both, open and sealed systems using a thermostat. Four
different samples were obtained: two in an open system at 5 and
40 °C (samples NHT5 and NHTA40, respectively) and two more in
sealed system at 10 and 20 °C under an air flow rate of 0.4 slpm
(samples NHAFT10 and NHAFT20, respectively). Finally, the effects
of three different surfactants (polyacrylic acid (PAA, polyacrylic M,y
5100 sodium salt, Fluka, USA), polyvinylpyrrolidone (PVP, average
M,y ca. 29,000, Aldrich, USA) and poly(vinyl alcohol) (PVA, typical
M,, 31,000-50,000, Sigma-Aldrich, USA)) were tested by their
addition to the starting solution at a rate of 0.11 ml/min during
sonication (samples NHPAA, NHPVP, NHPVA, respectively). Surfac-
tant solutions were prepared in water or ethanol and in all cases
2 wt.% of each surfactant relative to Ni(OH), was added during
reaction.

3. Results and discussion
3.1. Synthesis of f-Ni(OH),

Chemical stability of nickel ammonia complexes (Ni(NH3)2")
was studied using equilibrium diagrams with MEDUSA software
(http://www.kemi.kth.se/medusa) and the hydrochemical equilib-
rium-constant database (HYDRA) in order to establish the experi-
mental conditions. Fig. 1 shows pH vs log [NH3] predominance
area diagram for a fixed nickel ion concentration of 0.1 mol L.
Experimentally, for [NH3] =2 mol L~! and [Ni®**] = 0.1 mol L', the
pH of the solution reaches a value of approximately 11, where

Ni(NH3)2" is the predominant specie. At this point, if ammonia
concentration decreases, the pH also decreases leading the precip-
itation of nickel hydroxide. In this experiment the decrease in
ammonia concentration is induced by the effects of ultrasound:
ultrasonic degassing occurs due to growth and coalescence of bub-
bles generated during cavitation, in this case depleting the concen-
tration of dissolved ammonia in the liquid and inducing
precipitation of nickel hydroxide.

Prior to any change within the media, reference samples was
synthesized by thermal treatment of the ammonia complexes solu-
tion. These samples were labeled as NHR and the synthesis yields
were about 60%. In the case of samples obtained in the presence
of ultrasound (labeled NH), the yield was 27%.

Fig. 2 shows the XRD pattern of the as-prepared powders ob-
tained with and without ultrasound. Both samples were character-
ized as pure B-Ni(OH), (indexed using the JCPDS card 14-0117) and
present a hexagonal structure with well defined peaks and an
interlaminar distance of 4.59 A. It can be seen that sample NH pre-
sents broader peaks than sample NHR what is related to smaller
particle size since the higher the peak width, the smaller the crys-
tallite size [26]. From peak position and full width at half maxi-
mum (FWHM) of (00 1) reflection, the crystallite size along the
c-axis (L) was calculated using the Warren modification of Scher-
rer formula,

K2
Ly = m (1)

where A(20) is the FWHM of a given peak [hkl] (in radians), 4 is the
wave length used (in A), 0 is half the scattering angle (in radians)
and K is the Scherrer constant that takes into account the symmetry
of the crystals (K is equal to 0.94 for [0 01] reflections and 1.84 for
[hkO] ones) [11]. Results of crystallite size are shown in Table 1
along with other morphological characteristics such as density, spe-
cific surface area and BET diameter for both powders.

Both the effective, BET diameter (calculated using specific sur-
face area and density values) and size estimated from Ly, show
again that sample NH has a significantly smaller particle size than
the reference sample. When applying ultrasound to the starting
solution, homogeneous nucleation occurs and is followed by the
growth of the particles and subsequent aggregation. The shock-
waves in the liquid created by the high energy process of sonica-
tion is sufficient to break some of the aggregates but does not
allow the primary particles to remain independently in solution
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Fig. 1. pH vs log [NH3] predominance area diagram for a fixed [Ni**]=0.1 mol L.
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Fig. 2. XRD patterns of samples NH (upper) and NHR (lower) samples. Both
powders correspond to the B-Ni(OH), phase.

Table 1
Crystallite size across the c-axis, density, specific surface area and BET diameter of
synthesized nickel hydroxide powders.

Sample L (nm) p (glcm?) SSA (m?/g) Dger (nm)
NH 13.9 3.9 30.3 51.0
NHR 23.7 3.8 20.8 75.9

[5]. FE-SEM images of sample NH (Fig. 3a) show flower-like parti-
cles with diameters between 0.75 and 1 um composed of thin
nanoplatelets of 50 nm thick (that corresponds to the theoretical
BET diameter). In the case of sample NHR (Fig. 3b) large aggregates,
in the range of 6-8 pm also made up of 50-100 nm thick nanoplat-
elets are obtained.

It has been stated that nucleation rate plays an important role in
the morphology of the fabricated powders. For that reason, other
factors affecting nucleation mechanism have been faced in the pre-
cipitation of nickel hydroxide assisted by ultrasound presented in
this work. Gas flow rate and reaction temperature have been
selected as synthesis variables. It must be noticed that temperature
will affect not only the nucleation but also the growing processes
of the particles.

3.2. Influence of gas flow rate

Fig. 4 shows the XRD patterns for samples obtained under air
flow rates of 0.4 and 0.6 slpm (samples NHAF0.4 and NHAFO0.6,

respectively) that corresponds to the B-Ni(OH), phase. The specific
surface area was found to be 16.4 m?/g for sample NHAF0.4 and
41.8 m?/g for sample NHAFO0.6. The increment in the specific sur-
face area of sample NHAFO0.6 corresponds to a reduction of the par-
ticle size, as can be observed in Fig. 5, where FE-SEM micrographs
show large differences in this parameter, with sample NHAF0.6
much smaller (0.2 pm) than sample NHAF0.4 (0.5 pm). The degas-
sing process, in which the nickel hydroxide precipitation is based
in this experiment, is more efficient at higher gas flow and this de-
creases the ammonia concentration in solution more rapidly,
which increases the nucleation rate of precipitation and produces
smaller particle sizes. This result is also observed in the XRD pat-
terns of Fig. 4 where peaks corresponding to sample NHAF0.6 seem
to be broader than those of sample NHAF0.4.

3.3. Influence of temperature

The influence of temperature in the described synthesis has
been studied using sealed and open systems. Temperatures of 10
and 20 °C for the sealed system (samples NHAFT10 and NHAFT20,
respectively), and 5 and 40 °C for the open system (samples NHT5
and NHTA40, respectively) were maintained constant around the
reaction cell using a thermostatic bath. Temperature inside the cell,
measured at the end of the experiments for synthesis under air
flow rate (sealed system) was about 20° higher than the bath tem-
perature while in the open system the final temperature rise was
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Fig. 4. XRD patterns of samples NHAF0.4 (upper) and NHAF0.6 (lower). Peaks at
20 =35 and 41 correspond to titanium from degradation of the ultrasonic tip horn.

Fig. 3. FE-SEM images of B-Ni(OH), synthesized with (left, sample NH) and without (right, sample NHR) ultrasound.
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Fig. 5. FE-SEM images of samples NHAFO0.4 (left) and NHAFO0.6 (right).

around 30° higher. This is due to the forced cooling that gas flow
imposes into the sealed system. Fig. 6 shows the FE-SEM images
for the four samples. It can be clearly seen that as temperature in-
creases, the aggregate size increases as well. Increasing tempera-
ture leads to a decrease in both surface tension and viscosity of
the aqueous system at the time that vapour pressure increases.
Therefore, bubbles will form more easily within the liquid [27].
This fact will increase the degassing process of the system and,
hence, nucleation rate will also increase. An increase in tempera-
ture, along with the high energy achieved with ultrasound, in-
creases the surface energy of the particles within the reaction
media and so coalescence processes can occur, bringing the growth

mechanism overcome the nucleation rate. From these results it can
be considered that coalescence mechanism does not depend on gas
flow and leads to a homogeneous growth that result in large spher-
ical aggregates with rough surfaces and a narrow size distribution
(Fig. 6b (sample NHAFT20) and d (sample NHT40)), in contrast
with samples obtained at the lowest temperatures (Fig. 6a (sam-
ples NHAFT10) and c (sample NHT5)) where platelet-like struc-
tures are obtained. Particles sizes measured using image analysis
were found to be around 0.2 and 0.4 pum for samples at the lowest
temperatures (NHAFT10 and NHT5, respectively) and 0.8 and
1.3 pm for samples at the higher temperatures (samples NHAFT20
and NHT40, respectively).

Fig. 6. FE-SEM images of samples (a) NHAFT10, (b) NHAFT20, (c) NHT5 and (d) NHT40.
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3.4. Influence of surfactants

Noting that during synthesis small particles tend to agglomer-
ate into larger ones that settle out of solution, surfactants were
added to the synthesis media during sonication. Surfactants can
act in two different ways when added to a synthesis media. On
the one hand, these additives can control the particle size or pro-
mote preferential growth of the particles by blocking the crystal
growth selectively. On the other hand, surfactants can stabilize
the growing particles within the reaction media allowing the
obtaining of well dispersed suspensions [11,28-32].

Three different surfactants have been chosen for this work: PAA
(anionic), PVP (cationic) and PVA (neutral). PAA was chosen be-
cause it has been proved its capability as well dispersion agent in
nickel oxide slurries and also for stabilization of metallic nanopar-
ticles [32,33]. In the case of PVP, it is commonly used to stabilize
metallic nanoparticles by the steric mechanism [34,35] and to con-
trol nickel powders morphology during synthesis [36], and the PVA
has been previously used as binder in some ceramic systems for
tape casting [37].

Although anionic PAA can act as a well dispersion agent in cera-
mic slurries stabilizing aqueous nickel oxide suspensions, when
adding PAA as a synthesis aid in our system, no nickel hydroxide
is obtained. According to Chou et al., PAA seems to form very stable
complexes with nickel ions in solution inhibiting nickel hydroxide
precipitation [32]. In contrast, the addition of cationic PVP or neu-
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Fig. 7. XRD patterns of samples NHPVP (upper) and NHPVA (lower). Peaks at
20 =35 and 41 correspond to titanium from degradation of the ultrasonic tip horn.

tral PVA both do lead to the synthesis of B-Ni(OH), (cf. XRD in
Fig. 7) with platelet-like morphology, as shown in Fig. 8. The isola-
tion of platelet-like particles instead of the flower-like ones could
be a consequence of the strong preferential absorption of the sur-
factants on the 0 0 1 plane of nickel hydroxide structure among the
steric effect of polymeric surfactants [34]. For both polymers the
platelet-like structures show thicknesses lower than 50 nm and
diameters lower than 1 pm.

4. Conclusions

In this work the synthesis of beta nickel hydroxide by a simple
method based on the application of ultrasound to an aqueous solu-
tion of the nickel ammonia complexes has been presented. This
method is faster than the traditional ones for nickel hydroxide syn-
thesis and enables the facile isolation of pure products. Powders
obtained under ultrasonic radiation have smaller particle sizes
(around 0.75 pum) with a narrower particle size distribution than
powders obtained in silence conditions where particles of several
microns are obtained.

Effects of environmental variables in the synthesis of Ni(OH),
assisted by ultrasound have also been studied. It has been observed
that by controlling the external atmosphere (by flushing with a
controlled air flow rate), smaller particle sizes are obtained. In this
sense, an air flow rate of 0.6 slpm decreases the particle size to
200 nm. The influence of temperature reveals that, independently
of the gas flow, by increasing the reaction temperature, a coales-
cence mechanism leads to formation of larger aggregates at the
time that particle morphology changes from platelet-like to
spheres.

Three different polymeric surfactants have been used as synthe-
sis aids. It has been observed that the use of anionic PAA inhibits
the nickel hydroxide precipitation. Nevertheless, cationic PVP and
neutral PVA allow the nickel hydroxide precipitation with plate-
let-like morphology although no significant changes in particle size
are observed. The obtaining of planar platelet-like morphologies
when using PVP and PVA may be due in part to the steric effect
of polymeric surfactants and to the preferential absorption of poly-
mers on a specific plane of nickel hydroxide structure.
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