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a b s t r a c t

Nickel hydroxide/carbonate was chosen as the precursor to synthesize nickel nanopowders via an RF
plasma-assisted hydrogen reduction route. Thermodynamic analysis revealed that the reaction could
take place spontaneously. XRD patterns showed that metallic nickel powders could be obtained within
the limited residence time. FESEM images indicated that the products consisted of well-dispersed spheres
with an average diameter of about 60–100 nm. The obtained nickel powders exhibited high tap density.
eywords:
lectrode materials
etals

hemical synthesis
canning and transmission electron
icroscopy

The use of nickel hydroxide/carbonate as the precursor guaranteed the products of high purity and the
processing of environmental safety. The present plasma-assisted hydrogen reduction of nickel hydrox-
ide/carbonate is an ideal route for large-scale synthesis of well-dispersed metallic nickel nanospheres
used as electrode materials.

© 2009 Elsevier B.V. All rights reserved.
-ray diffraction

. Introduction

Fine nickel powders have great potential technological applica-
ions such as conducting paints, rechargeable batteries, chemical
atalysts, microwave absorbing materials, and magnetic recording
edia [1–5]. In addition, they are attracting increasing attention

s the substitute for noble metals Pd or Pd/Ag used in the inter-
al electrodes of multilayer ceramic capacitor (MLCC) due to their
ood electrical conductivity, high melting point, and low cost [6].
ickel powders as the electrode materials need to be prepared as
ell-dispersed spheres with a narrow size distribution. Practical

pplication always promotes the synthetic development. A vari-
ty of techniques such as chemical reduction, spray pyrolysis, and
lasma technique have been employed to produce fine spherical
ickel powders [7–14].

Radio-frequency (RF) thermal plasma is an easy way to prepare
pherical powders [15–18]. The plasma system has a high tempera-
ure flame (up to 10,000 K) with a rapidly cooled tail (105–106 K/s).
he high temperature region can provide enough energy for

he melting/evaporation of the raw materials and the rapidly
ooled tail could help rapid solidification. Melting–spheroidization
nd evaporation–condensation often coexist during the forma-
ion of spherical powders. Melting–spheroidization results in

∗ Corresponding author. Tel.: +86 10 82627058; fax: +86 10 62561822.
E-mail address: flyuan@home.ipe.ac.cn (F. Yuan).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.03.054
micron spheres while evaporation–condensation leads to spheri-
cal nanoparticles. When the particle size of the input materials is
small enough and the feedrate is proper, all the raw materials would
evaporate instantly upon injection into the plasma flame and sub-
sequently condensate into nanoparticles in the quenching region.
The plasma gas does not come in contact with electrodes, which
can eliminate possible sources of contamination. Furthermore, the
operation environment is flexible from oxidizing to reducing atmo-
sphere [18]. So RF thermal plasma is also an effective way to prepare
high purity powders. Using the plasma-assisted physical vapor
deposition (PVD) method, various nanopowders including metal
and ceramic were synthesized [19,20]. RF thermal plasma could
also be used in the chemical synthesis due to its chemically active
species [18,21]. In this regard, Chau [22] attempted to synthesize Ni
and FeNi nanopowders using nickel chloride as precursor in reduc-
tion atmosphere provided by hydrogen. But the generated HCl in
the exhausting gas would be harmful to the equipments as well
as human health and environment. It is also difficult to obtain high
purity powders using chloride as precursor for the strong Cl adsorp-
tion.

In the present paper, we reported the RF plasma synthesis of
spherical nickel nanoparticles via hydrogen reduction of nickel

hydroxide/carbonate. Both thermodynamic calculation and exper-
imental results showed that metallic nickel powders could be
obtained. Different influencing parameters were examined. The for-
mation process of the nickel particles was discussed based on the
experimental results.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:flyuan@home.ipe.ac.cn
dx.doi.org/10.1016/j.jallcom.2009.03.054
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was used as precursor. The accomplishment of complete reduc-
tion within the limited residence time in plasma flame might be
attributed to the unique reaction field provided by the thermal
nonequilibrium effects in plasma [25,26]. Fig. 3 shows the typi-
cal XRD patterns of the product obtained with proper feeding rate,
Fig. 1. The schematic illustration of the experimental setup.

. Experimental

Nickel hydroxide and basic nickel carbonate were used as the precursor. Nickel
ydroxide was synthesized using ammonia-precipitation method. Na has low sur-
ace energy and is difficult to be removed from the resulting powders. The present
mmonia-precipitation method guaranteed the final products of high purity. Basic
ickel carbonate was provided by JNMC (Jinchuan Group Ltd., China). Commercial
ickel hydroxide microspheres were obtained from WESTAIM.

The experiments were carried out in an RF thermal plasma system under atmo-
pheric pressure. The experimental setup consists of an RF generator (30 kW, 4 MHz),
plasma generator, a reactor, and a powder-collecting filter. The schematic illustra-

ion of the setup is shown in Fig. 1 [23]. The screw feeder was homemade and the
eedrate could be controlled by setting the screw speed.

In a typical experimental procedure, stable plasma was first generated using
rgon and nitrogen as the plasma-forming gas and sheath gas, respectively. Nickel
ydroxide or basic nickel carbonate was supplied into the plasma flame in a contin-
ous way with the use of hydrogen as carrier gas. Hydrogen also played the role of
educing agent. The precursor underwent vaporization and reduction, and then the
esulting metallic nickel species condensed and formed nanoparticles as a result of
he high quenching rate. Most of the products were collected from the filters and
ome were collected from the chamber wall. Detailed processing parameters are
iven in Table 1.

The crystalline phase of the as-prepared samples was characterized by X-ray
iffractometry (XRD, X’pert PRO, Panalytical, Cu K� radiation) in a 2� range from
0◦ to 110◦ . The purity of the product was demonstrated by energy dispersive X-ray
pectrometry (EDX). Their size and morphology were inspected with field emission
canning electron microscopy (FESEM, JEOL JSM-6700F). The thermal stability of the
roducts was recorded using thermal analyzer (Netzsch STA 449 TG–DTA/DSC). The
ap density of the nickel powders was examined with the help of a Hall flowmeter.
. Results and discussion

NiCO3 (s) decomposes at the temperature of 381 K and Ni(OH)2
s) decomposes at the temperature of 600 K. NiO can react with

Table 1
Detailed parameters for plasma processing.

Parameters Values

Central gas, argon 1.0 m3/h
Sheath gas, nitrogen 5.0 m3/h
Carrier gas, hydrogen 0.7 m3/h
Quenching gas, nitrogen 0–5.0 m3/h
Powder feedrate 2–10 g/min
Fig. 2. �G–T curves of the possible reduction reactions.

gaseous H2O and form gaseous Ni(OH)2 [24]. Accordingly, the pos-
sible reaction during the plasma processing can be expressed as
below:

NiCO3(s) → NiO(s) + CO2(g) (1)

Ni(OH)2(s) → NiO(s) + H2O(g) (2)

NiO(s) → NiO(g) (3)

NiO(s) + H2O(g) → Ni(OH)2(g) (4)

NiO(s) + H2(g) → Ni(g) + H2O(g) (5)

NiO(g) + H2(g) → Ni(g) + H2O(g) (6)

Ni(OH)2(g) + H2(g) → Ni(g) + 2H2O(g) (7)

The change of the Gibbs free energy �G is usually used to judge
the spontaneous direction of a reaction. The corresponding �G–T
curves of the reduction are shown in Fig. 2. (The curves were drawn
based on the data given in Ref. [24].) The �G values for both reac-
tions between NiO and H2 are below zero and declined as the
temperature increased, which means that both of them can take
place spontaneously. The �G value for Eq. (7) is below zero at the
temperature higher than 1550 K, indicating that the reactions can
also take place spontaneously at high temperature.

Experimental results showed that metallic nickel powders could
be obtained whether nickel hydroxide or basic nickel carbonate
Fig. 3. XRD patterns of the product obtained using nickel hydroxide (a) and basic
nickel carbonate (b), respectively.
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Fig. 4. EDX spectra of the product.

sing nickel hydroxide and basic nickel carbonate, respectively. The
ve diffraction peaks of (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) of

ace-centered cubic (fcc) Ni can be easily observed. No peaks of
ickel oxide are detected, indicating high purity of the products.

Fig. 4 shows the EDX spectra of the product. Besides that of Ni
onfirmed by XRD patterns, the peaks associated to O is present. The
ther peaks originate from the Cu grid and the TEM equipment. The
ole content of O was 1.2%. Taking the air adsorbed on the surface

f the Ni particles into consideration, the mole content of O in the

roduct was about 1%.

Fig. 5 shows the FESEM images of the homemade nickel hydrox-
de and commercial basic nickel carbonate, and the products
btained using them as precursors, respectively. The nickel hydrox-
de particles shown in Fig. 5a are well-dispersed and flake-like in

Fig. 5. FESEM images of the homemade nickel hydroxide (a) and commercial basic nic
pounds 481 (2009) 563–567 565

shape, the uniform size and thickness of which is about 500 nm
and 50 nm. The basic nickel carbonate particles shown in Fig. 5b
are irregular in shape and loosely aggregated. Powders with big-
ger particle size always have better fluidity, which is helpful for the
feedrate control. However, bigger particles are difficult to evaporate
and would influence the following reduction. Both the homemade
nickel hydroxide and commercial basic nickel carbonate could be
used as the raw material, while the commercial nickel hydroxide
microspheres are too big and dense for complete evaporation and
reduction. Fig. 5c shows the FESEM images of the nickel powders
obtained using homemade nickel hydroxide as the precursor with
a feeding rate of 2 g/min. The nickel particles are well-dispersed
nanospheres and most particles have a diameter in the range of
50–100 nm and only a few coarse particles exist. The products
obtained using commercial basic nickel carbonate as the precursor
shown in Fig. 5d exhibit similar results.

As mentioned previously, the main products were collected from
the filters, and some were collected from the chamber wall. The
products collected from the chamber account for about 20%. Fig. 6
shows the FESEM images of the nickel powders collected from the
chamber wall using homemade nickel hydroxide as precursor. The
powders collected from the high temperature region (shown in
Fig. 6a) are more aggregated and have bigger particle size com-
pared to that collected from the low temperature region (shown
in Fig. 6b). The reason is that the particles deposited on the wall
in high temperature region keep active and can absorb more nickel

species and grow. Meanwhile, the active nickel particles have a ten-
dency to aggregate. On the contrary, the particles staying in the low
temperature region lose the activity partly.

The cooling rate has great effect on both shape and size of the
resulting particles. Rapid cooling is necessary for the formation

kel carbonate (b), and the product obtained using them as procedure (c and d).
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Fig. 6. FESEM images of the nickel powders collected from the chamber wall: (a) high temperature region and (b) low temperature region.
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Fig. 7. FESEM images of the nickel powders

f spherical particles. The plasma system itself has a high cooling
ate, so the products exhibited spherical shape whether quench-
ng gas was introduced or not. Fig. 7 shows the FESEM images
f the nickel powders obtained in case with (a) and without (b)
uenching gas. Both powders consist of spherical nanoparticles.
owever, the average particle size was reduced from 100 nm to
0 nm when nitrogen was introduced as quenching gas at a rate
f 5 m3/h.

The effect of feedrate on the resulting powders was also

xamined. Particle size increased a bit and the aggregation
ecame serious with the feeding rate increased. The con-
entration of the reactive species would increase when the
eedrate was high and the resulting Ni species would increase
ccordingly, which would lead to the growth and aggrega-

Fig. 8. FESEM images of the commercial nickel hydroxide (a) and
ed with (a) and without (b) quenching gas.

tion of the nickel particles. The proper feeding rate was about
10 g/min.

We believe that the reduction and formation of nickel nanopar-
ticles were achieved via vapor instead of liquid phase. In order
to verify this process, commercial nickel hydroxide microspheres
with the size range of 2–10 �m were used as precursor to synthe-
size nickel powders. Two separated categories of particles existed
in the resulting products. Fine particles similar with that shown
in Fig. 5c and d were collected from filters, which were indicated

by XRD as pure metallic Ni. Big particles collected from the bot-
tom of the reactor remained the shape and size of the nickel
hydroxide precursor as shown in Fig. 8. XRD pattern showed that
the main phase of the big particles was hydroxide. It is known
that the surface of the particles becomes smooth and the size

the product collected from the bottom of the reactor (b).
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Fig. 9. TG curve of the obtained Ni powders.

eeps almost constant after plasma melting–spheroidization. If
he reduction had been achieved via liquid phase, the obtained
ickel particles should be in micron size when commercial nickel
ydroxide microspheres were used as precursor. As a matter of
act, nickel nanoparticles were obtained instead, and the newly
ormed Ni were not on the surface but separated from the pre-
ursor. It can be induced that the reduction and formation of
ickel nanoparticles were achieved via vapor instead of liquid
hase.

Thermal stability and tap density are two important param-
ters for the electrode materials. The sample obtained with the
eedrate of 10 g/min and cooling gas rate of 5 m3/h was exam-
ned. The thermal stability of the products was recorded using
hermal analyzer. As shown in Fig. 9, obvious weight gain starts
t about 250 ◦C, indicating thermal oxidation of the obtained
ickel powders began at about 250 ◦C. Compared with that
eported (300 nm, 340 ◦C), the obtained nickel nanoparticles are
asily oxidized [7]. The low oxidation temperature is related to
he small particle size. Most of the electrodes need sintered
t relatively high temperature (above 800 ◦C), so inert/reducing
tmosphere is necessary for the materials with poor oxidation resis-
ance.

In order to measure the tap density with the help of a
all flowmeter, the container was vibrated regularly when the
owders were flowing down. The accordingly calculated result
as 3.7 g/cm3, which was much higher than that reported in

he literature (1000 nm, 3.0 g/cm3) [27]. We also measured the
ommercial carbonyl nickel powders and the spherical nickel

owders synthesized via wet chemical reduction [7], using the
ame flowmeter-assisted method. Both samples are no more than
.5 g/cm3 in tap density. So the present plasma-assisted hydrogen
eduction is an effective route to synthesize nickel nanopowders
ith a high tap density.

[

[
[
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4. Conclusions

Spherical nickel nanoparticles with uniform size were syn-
thesized using RF plasma-assisted hydrogen reduction route.
Nickel hydroxide/carbonate was chosen as the precursor, which
guaranteed the products of high purity and the processing of envi-
ronmental safety. The product consists of well-dispersed particles
in the size range of 60–100 nm and has a tap density as high
as 3.7 g/cm3. The present plasma-assisted hydrogen reduction is
an ideal route for large-scale synthesis of well-dispersed metallic
nickel nanospheres used as electrode materials.
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