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Preparation of ultrafine nickel powder by wet chemical process
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Abstract: The main technical problems of nickel powder for multiplayer ceramic capacitors are particle size controlling, the
agglomeration and tap density. Ultrafine nickel powders with submicron size and spherical shape were synthesized by the hydrazine
reduction of nickel sulfate in ethanol-water solvent. The effects of reaction temperature, nucleator and flow rate of nickel sulfate
solution on nickel powders properties were investigated. The nickel particles synthesized were characterized by SEM and TGA. The
results show that the average particle size changes from 0.1 to 0.7 um by adjusting reaction temperature (53—73 ‘C) and flow rate of
nickel sulfate solution (50—100 mL/min). Moreover, temperature below 60 C and appropriate flow rate of nickel sulfate solution
(85 mL/min) are in favor of obtaining particles with high tap density (>3.0 g/cm?®). In addition, the introduction of nucleator is useful

to obtaining particles with narrow size distribution.
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1 Introduction

Driven towards smaller size, higher capacitance and
lower cost, the manufacturing techniques of multilayer
ceramic capacitorsMLCCs) are now undergoing a
revolution characterized by the development of ML CCs
with base metal internal electrode(BME) and thinner
dielectric layers[1]. Nickel powders are seen as a more
economical alternative to the conventional precious
metal powders for MLLCC internal electrode, owing to
their good electrical conductivity, high melting point and
low cost[2—4]. Preparation of nickel powders with small
average particle size, narrow particle size distribution,
spherical particle morphology, reduced agglomeration of
particles and high tap density has been one of the key
technologies for the manufacture of ML.CCs.

Preparation of ultrafine nickel powders has attracted
a great deal of attention over the past decades due to their
broad applications in conductive paste, battery materials,
catalysis materials, magnetic materials, etc[5—8]. Up to
now, various methods have been reported to synthesize
ultrafine nickel powders, such as ball milling,
electrodeposition, decomposition of Ni(CO),, chemical
vapor deposition(CVD) and wet chemical process[9—14].
However, it 1s difficult to obtain the ultrafine nickel

powders with the properties suitable for MLLCCs by most
of these methods. Among them, wet chemical process is
considered one of the most suitable methods to obtain
nickel powders for MLCCs because it is easy to operate
and to control the shape, the size distribution and
morphology of powders. However, though many
researchers have studied the preparation of nickel
powders for MLLCC by wet chemical processes, problems
like particle size controlling, the agglomeration and tap
density are still not dissolved.

In this work, the preparation of nickel was
investigated by the hydrazine reduction of nickel sulfate
in ethanol-water solvent. It has been found that the
combination of a nucleator and a complexing agent is
very effective for settling the problem of agglomeration
and for obtaining nickel particles with high tap density
and narrow size distribution. The effects of reaction
temperature, amount of the nucleator and flow rate of
nickel sulfate solution on the particle size, size
distribution and morphology of nickel powders are
investigated.

2 Experimental

2.1 Materials
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All agents including NiSO,6H,O, N,H,;H,O,
NaOH, ethanol and acetone were analytically pure. The
nucleator A is a metallic ions with a reduction potential
more positive than nickel. The complexing agent B is an
organic acid having suitable stability constant with
nickel.

2.2 Experiment
2.2.1 Powder preparation

In all experiments, the solvent was ethanol-water
mixture prepared by diluting 400 ml ethanol to 1 000
mL with water. The nickel sulfate solution was prepared
by adding NiSO,6H,O, the complexing agent B and
nucleator A into the ethanol-water solvent. The reducing
agent solution was prepared by adding N,H,-H,O and
NaOH to ethanol- water solvent. In all experiments, the
concentrations of agents in the nickel sulfate solution
were fixed at NiSO, 0.4 mol/L. and the complexing agent
B 0.12 mol/L.. The concentrations of agents in the reduc-
ing agent solution were fixed at N,H;-H,O 0.64 mol/L
and NaOH 1.5 mol/L.

The experimental procedure is as follows: 500 mL
of the nickel sulfate solution and 500 mL of the reducing
agent solution were heated respectively to a given
temperature in a water bath. Whereafter, the nickel
sulfate solution was added with a given flow rate to the
reducing agent solution under agitating condition (the
stirring rate 300 r/min). After nickel ion was completely
reduced, the nickel powder was separated from the
solution by centrifugal separation, and washed with
distilled water followed by ethanol and acetone. The
powder was finally dried in a vacuum dry oven at 40 C.
Gray-black nickel powder was obtained.

2.2.2 Powder characterization

The powder morphology was characterized by a
scanning electron microscopy(SEM). And the particle
size distribution was measured by an image analysis
software (Smile View). The thermal and oxidation
behaviors of the powder were characterized by the
thermogravimetry analysis(TGA) in atmosphere at a
heating rate of 10 ‘C/min. Tap density was determined by
pouring the powder into a graduated cylinder (about 5
cm®), weighing, and then vibrating to obtain the
maximum volume change and hence, the highest
apparent density.

3 Results and discussion

3.1 Effect of reaction temperature

To find the effect of reaction temperature for the
preparation of nickel powders, the chemical reduction
was performed at various temperatures including 53, 58,
63, 68 and 73 ‘C under the following conditions: the
flow rate of the NiSO, solution 73 mL/min and the molar

ratio of A-to-Ni 0.002.

Fig.1 shows SEM micrographs of samples obtained
at 53, 58, 63, 68 and 73 ‘C. From the SEM results, the
particles in all of samples are spherical in shape and not
agglomerated. In the sample of 53 C, the particle size
distribution is broad and surfaces are rough. While in the
samples of higher temperature (58, 63, 68 C), the
particle size distributions are more narrow and the
surfaces are smoother. But when reaction temperature
reaches 73 ‘C, the particle size distribution turns broad
again.

Fig.2 shows the average particle size and tap density
of the samples obtained at different reaction temperatures.
The average particle size of the samples is about 0.57 pm
at 53 C, 0.24 um at 58 C, 0.20 um at 63 C, 0.12 um at
68 C and 0.22 um at 73 °C. It 1s indicated that the
average particle size decreases first and then increases
with increasing temperature. Tap density is affected by
size, size distribution and morphology of particles[15,
16]. Samples of 58 ‘C and 73 ‘C have similar average
particle size, but the sample obtained at 58 C has
relatively high tap density. The reason is considered to be
that the surface morphology of sample obtained at a
lower temperature is much smoother and more regular as
shown in Fig.1.

3.2 Effects of nucleator A

The effects of nucleator are investigated in the range
of molar ratio of A-to-Ni from 0 to 0.004 under the
following conditions: the flow rate of the NiSO, solution
70 mL/min and the temperature 63 ‘C. The addition of
nucleator A is very important to the acceleration of the
reaction rate. When there is no nucleator in the NiSO,
solution, the reduction of nickel ion is quite slow and
only a few black particles are deposited on the wall of
the reactor in the initial stage of reaction. After nucleator
A 1s added into the NiSO, solution, a large amount of
nuclei can be rapidly formed since nucleator A can be
reduced more easily than that with nickel ion as nuclei.

Table 1 lists the effects of the molar ratio of A-to-Ni
on the size of nickel particles. It is indicated that the
molar ratio affects the size of nickel particles, but the
effect is not obvious. Fig.3 shows the particle size
distributions of the nickel particles obtained at the
condition with and without the addition of nucleator A. It
is found that the addition of nucleator A is in favor of
obtaining particles with more narrow size distribution.

3.3 Effects of flow rate of nickel sulfate solution

The effects of the flow rate of nickel sulfate solution
are investigated in the range of the flow rate of 50—100
mL/min under the following conditions: the molar ratio
of A-to-Ni 0.002 and the temperature 53 ‘C. The effects
of the flow rate of nickel sulfate solution on particle size
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Fig.2 Average particle size and tap density of samples obtained
at different reaction temperatures

Fig.1 SEM micrographs of nickel powders

obtained at different temperatures: (a) 53 C,
(b) 58 °C; (¢) 63 'C: (d) 68 C; (¢) 73 °C

Table 1 Effect of nucleator A on size of nickel particles

M(;ttiﬁl\ﬁ of Aversaitgee /ﬁfgtide Standard deviation
0 0.43 0.050
0.000 5 0.41 0.049
0.001 0.29 0.032
0.002 0.20 0.021
0.004 0.29 0.033

and tap density are illustrated in Fig.4. It is found that,
with increasing flow rate of nickel sulfate solution, the
average particle size of nickel particles decreases. This
phenomenon can be explained by the influence of
reduction rate on the nucleation. At a low flow rate of
nickel sulfate solution, the generation of nickel nuclei
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Fig.3 Particle size distribution of ultrafine nickel powders: (a)
Without nucleator A; (b) With nucleator A (molar ratio of
A-10-Ni=0.002)
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Fig.4 Average particle size and tap density of samples obtained

at different flow rates of nickel sulfate solution

may start at lower nickel ion concentration and fewer
nuclei are formed in the early period of the reduction.
Along the reaction, the nickel is reduced and grows on
the surface of nuclel, however the total amount of solute

in the system is the same, and fewer nuclei may form
larger nickel particles. While, with increasing the flow
rate of nickel sulfate solution, the tap density increases
first and then decreases when the flow rate is higher than
85 mL/min.

3.4 Oxidation resistance of nickel powders

The oxidation resistance of nickel powders in the
atmosphere is demonstrated in Fig.5. From Fig.5 we can
see that the temperature at which mass gain starts at
about 305 C and then stops at about 810 ‘C. This means
that the nickel powders begin to oxidize thermally at
above 305 C. Therefore, nickel powders prepared by
this method have excellent oxidation resistance
properties, and it is appropriate for MLCC internal
electrode.
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Fig.5 TGA curve of nickel powders
4 Conclusions

Ultrafine nickel powders with spherical shape and
narrow size distribution have been prepared by the
reduction of nickel sulfate with hydrazine hydrate in
ethanol-water solvent. The reaction temperature, amount
of nucleator A added and flow rate of nickel sulfate
solution affect the preparation of nickel powders. The
following conclusions are obtained.

1) With increasing reaction temperature, average
particle size decreases first and then increases when
reaction temperature is over 70 ‘C. And lower
temperature is in favor of obtaining smooth and regular
particles.

2) The sample obtained with addition of nucleator A
has much narrower size distribution than that obtained
without addition of nucleator A.

3) The flow rate of nickel sulfate solution is an
important factor to the reduction. With increasing flow
rate of nickel sulfate solution, the particle size decreases,
while the tap density increases first and then decreases.

4) Tt 1s found that the optimum conditions are:
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NiSO, 0.4 mol/L, the complexing agent B 0.12 mol/L
and the molar ratio of A-to-Ni of 0.002 in the nickel
sulfate solution; N,H,-H,O 0.64 mol/LL. and NaOH 1.5
mol/. in the reducing agent solution; the reaction
temperature 53 ‘C and the flow rate of the NiSO,
solution 85 mL/min. Nickel powders obtained under the
optimum conditions are 0.46 pm in average particle size
and 3.27 g/cm® in tap density.
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