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Abstract Ni nanoparticles were synthesized by plasma-
induced cathodic discharge electrolysis in LiCI-KCl-
CsCl + NiCl, at 573 K under 1 atm of Ar atmosphere. Ni
nanoparticles with diameters of around 100 nm were
obtained from the melt. It was also confirmed that particles
predominantly grow at the surface of the melt, especially
the region just under the discharge. Taking into account the
above results, a novel type plasma-induced electrolytic cell
has been designed and constructed; it operated success-
fully, a rotating Ni metal disk anode being adopted in order
for the formed particles to be quickly removed from the
region just under the discharge and be continuously
transferred to the inner wall of the cold container. By using
this novel type plasma-induced electrolytic cell, Ni nano-
particles with diameters of around 50 nm could be
obtained.
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1 Introduction

Metal nanoparticles with diameters smaller than 100 nm
are of great interest because of their special electronic,
catalytic, optical, and magnetic properties as compared
with their bulk counterparts [1-3]. These special properties
have been applied in various fields ranging from micro-
electronics to biochemical science [1-9]. For instance,
magnetic nanoparticles such as Ni, Co, and Fe have
attracted much attention because of both their unique
fundamental properties and application in various fields [4—
7]. As for Ni nanoparticles, they may be used as conductive
inks [4], electrode materials in multilayer ceramic capaci-
tors [5], magnetic storage media [6], and catalysts [7]. At
present, metal nanoparticles are synthesized mainly
through gas-phase and liquid-phase methods [1-9]. How-
ever, each method has its problems. For example, in the
case of gas-phase methods such as PVD [3] and CVD [7,
8], the process of producing metal nanoparticles requires
complex equipment. And in the case of liquid phase
methods [1, 2], mass-production of metal nanoparticles is
difficult.

Plasma-induced cathodic discharge electrolysis in
molten salt medium has now been created and developed
by the authors and their collaborators. The principle of
plasma-induced cathodic discharge electrolysis is shown
in Fig. 1. This method is a non-conventional electrolysis
that utilizes the discharge generated between the cathode
and a molten salt electrolyte. Even when the cathode is
positioned just above the melt surface, plasma-induced
stationary discharge makes continuous electrolysis possi-
ble under appropriate conditions, even under atmospheric
pressure. The discharge is maintained by electron emis-
sion from the cathode, whereby atmospheric Ar gas is
partially dissociated to form condensed plasma in the gas
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Fig. 1 Principle of plasma-
induced cathodic discharge
electrolysis
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phase. Therefore, when the metal ion source is dissolved
in the melt, fine metal particles are formed in the melt
whose sizes are in the nano- or micro-meter scale. In
order to develop this method for industrial application, it
is important to synthesize smaller and more uniform
metal nanoparticles. From this aspect, the particle growth
process was studied in detail [10-12]. At temperatures
higher than 673 K, Kawamura et al. confirmed that the
size of the particles obtained increased with rising bath
temperature and quantity of electricity flowed, which
suggests that particles collide and coalesce to form large
particles, and that their sizes depend on the collision
frequency between smaller particles [10, 11]. Oishi et al.
suggested that the local temperature of the surface region
of the melt just under the discharge is very high. In this
region, the collision frequency was inferred to increase
and particle growth was strongly promoted [12]. On the
other hand, in previous studies [10-12], most of the
particles were collected from the bottom part of the melt
after a long period of electrolysis, though shortening of
particle growth time, from a point in time of nucleation
through a point in time of collection of grown particles, is
considered necessary to obtain fine and uniform metal
nanoparticles.

In this study, to obtain fine and uniform metal nano-
particles, the authors focus attention on continuous
synthesis and quick collection of the metal nanoparticles.
Firstly, in order to establish appropriate conditions for
continuous synthesis and rapid collection of fine and uni-
form metal nanoparticles, we attempted to determine the
region where particles predominantly grow. Taking into
account the reports of Kawamura et al. that the sizes of the
particles increased with rising bath temperature [10, 11],
smaller and more uniform nanoparticles should be obtained
at lower bath temperature. Then, in order to use a lower
bath temperature than in the previous studies, LiCI-KCl-
CsCl eutectic melt was used as solvent, and the formation
of Ni particles in the melt containing Ni(Il) ion (0.1 mol%)
was conducted at 573 K.
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2 Experimental procedure

The apparatus is shown in Fig. 2. A mixture of LiCl, KCI,
and CsCl (LiCl:KCI1:CsCl = 57.5:13.3:29.2 mol%; 99.9%,
99.5%, and 99.0% purity, respectively, Wako Pure
Chemical Co., Ltd.) was dried at 473 K under vacuum for
over 12 h and after melting at 573 K, pure Ar gas
(99.998% purity, dew point: 208 K, Japan Air Gases Co.,
Ltd.) bubbling was conducted for 12 h. NiCl, (97.9%
purity, Wako Pure Chemical Co., Ltd.) was used as the
Ni(II) ion source. The cathode was a W rod (99.95% purity,
Nilaco Co., Ltd.). The anode was a Ni plate (99.97%
purity, Nilaco Co., Ltd.). The tip of the cathode was
positioned at a few mm above the surface melt and the
horizontal anode-cathode distance was around 15 mm
(Fig. 2). The beaker was made of Pyrex glass. For stabi-
lizing the discharge, a resistor was placed between the
anode and a positive terminal of a DC power supply.
Discharge was maintained by applying a few tens of volts

DC Power Supply

Fig. 2 Scheme of experimental apparatus for plasma-induced
cathodic discharge electrolysis. A Ar gas inlet, B Cathode, C Anode,
D Stabilizer (resistor: 125 Q), E Gas outlet, F Pyrex glass beaker, G
LiCl-KCI-CsCl + NiCl, (0.1 mol%) melt, H Heater
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between the anode and the cathode. The voltages between
the anode and the cathode at various currents are shown in
Fig. 3. A linear relation between the voltage and the cur-
rent was observed and the intercept of the fitted line was
18.1 V. In this study, the electrolysis was conducted at 1 A
or 2 A. After electrolysis, the particles formed were col-
lected and immersed in distilled water to remove the
solidified salt. After drying, the particles were character-
ized by X-ray diffraction (XRD; Rigaku Co., RINT-2500),
field emission scanning electron microscopy (FE-SEM;
Hitachi Co., S-4300) and dynamic light scattering (DLS;
Otsuka Electronics Co., MCLS-2000).

3 Results and discussions
3.1 Formation at 573 K

Figure 4 shows a typical XRD pattern of the product col-
lected from the bottom after plasma-induced cathodic
discharge electrolysis of 360 C at 1 A. The XRD pattern
shows that the product only consists of Ni. An SEM image
and the particle size distribution of the product are shown
in Fig. 5a and b, respectively. Here, the particle size dis-
tribution based on the number is introduced, which shows
the relative frequencies based on the number of each size
class. The relative frequencies are defined by Eq. 1:
n;

q; = Zni
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Fig. 4 X-ray diffraction pattern of the product obtained by plasma-
induced cathodic discharge electrolysis with 1 A for 6 min in LiCl-
KCI-CsClI + NiCl, (0.1 mol%) at 573 K. Quantity of electricity:
360 C

— zoonm 0 ‘ 260 ‘ 460
d;/nm

Fig. 5 SEM image (a) and number base particle size distribution (b)
of the product obtained by plasma-induced cathodic discharge
electrolysis with 1 A for 6 min in LiClI-KCIl-CsCl + NiCl,
(0.1 mol%) at 573 K. Quantity of electricity: 360 C

where q; and n; denote the relative frequency and the
number of particles classified into class i, respectively. The
vertical axis of particle size distribution is relative fre-
quency, q; defined by Eq. 1. The horizontal axis is the
particle size, d;. In the SEM image, nanoparticles with
diameters of around 100 nm were observed. In the particle
size distribution, it was also observed that the sizes of most
particles were around 130 nm. So it was confirmed that Ni
nanoparticles with diameters much smaller than those
obtained at higher temperature than 673 K were formed
[10]. The yield of Ni nanoparticles # calculated from the
total quantity of collected particles and Faraday’s law was
79.5% for the passage of 360 C.

3.2 Region of particle growth
3.2.1 Growth process

Although the growth process of initially deposited metal
atom clusters towards nanoparticles has not yet been
completely clarified, this might be explained by collision
and coalescence. Then, it is to be supposed that initially
deposited metal atom clusters descend from the surface
region of the melt to the bottom part while growing to form
fine particles. In order to determine the critical region
where the fine particles predominantly grow, the authors
classified the melt into three regions as shown in Fig. 6,
and collected particles from each region. Here, Region A is
the surface region of the melt just under the discharge. The
temperature of Region A is locally high, hence the collision
frequency there is high and the particles may predomi-
nantly grow. Region B is the middle part of the melt. In this
region, the particles descend from the surface region to the
bottom part of the melt as they collide with each other.
Region C is the bottom part of the melt. In this region,
accumulated particles stay and maintain contact with each
other for a long period.
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Fig. 6 Classification of the region of particle growth. Region A:
surface region of the melt just under the discharge, Region B: middle
part of the melt, Region C: bottom part of the melt

3.2.2 Bottom part of melt (Region C in Fig. 6)

If the particles grow in Region C by contact with each
other, the particle size should increase with length of the
residence time there. In order to investigate the relation
between the particle size and the residence time in Region
C, particles were collected from the bottom while the
electrolysis time was varied.

SEM image and particle size distribution of Ni nano-
particles (1 A, 3,600 C) are shown in Fig. 7a and b,
respectively. The electrolysis time was tenfold longer than
that of Fig. 5, which means the residence time in Region C
was also longer. In Fig. 7, though the residence time in
Region C was longer, both the particle sizes and the par-
ticle size distribution of Ni nanoparticles completely
correspond to those of Fig. 5. These results indicate that
the particle growth progresses little in Region C.

3.2.3 Middle part of the melt (Region B in Fig. 6)

If the particles grow in Region B by collision, the particle
size should increase with residence time. Here, the resi-
dence time is the time since the particles are descending. In
order to investigate the particle growth in Region B, the

Fig. 7 SEM image (a) and
number base particle size
distribution (b) of Ni
nanoparticles obtained by
plasma-induced cathodic
discharge electrolysis with 1 A
for 60 min in LiClI-KCl-

CsCl + NiCl, (0.1 mol%) at
573 K. Quantity of electricity:
3,600 C
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Fig. 8 Number base particle size distributions of Ni nanoparticles
obtained by plasma-induced cathodic discharge electrolysis with 1 A
for 6 min in LiCl-KCI-CsCl + NiCl, (0.1 mol %) at 573 K.
Quantity of electricity: 360 C. Collection time: a immediately b 1 h
and 3 h after the electrolysis

relation between the particle size and the residence time
was observed, whereby the accumulation of particles was
reduced by the agitation of the melt with Ar gas bubbling
of 100 mL min~'. Some particles were partly collected
immediately after electrolysis and the others were collected
1 h and 3 h after electrolysis. Agitation of the melt was
continued after the electrolysis was finished.

The particle size distribution obtained immediately after
electrolysis (1 A, 360 C) is shown in Fig. 8a. The particle
size distribution with agitation is broader than that of
Fig. 5. This is because the particle growth in Region A was
also promoted by agitation during electrolysis. Then, par-
ticle size distributions obtained 1 and 3 h after electrolysis
were measured; the results are shown in Fig. 8b. In spite of
the longer residence time, little difference among them is
observed. Also, the particle size distributions are narrower
than those of Figs. 5 and 8a. From the result that the par-
ticle sizes are smaller than those of Fig. 8a by residence in
the agitated melt and the particle sizes do not change fur-
ther with subsequent longer residence time than 1 h, it is
indicated that particle growth does not progress in Region
B after electrolysis. Therefore, it is suggested that particle
growth predominantly progresses in Region A, and pro-
gresses little in the other parts of the melt.
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Fig. 9 Schematic drawing of
novel type plasma-induced
electrolytic cell continuous supply
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3.3 Novel electrolytic cell for smaller and more
uniform particles

The above results suggest that particles predominantly
grow in Region A of the melt, the temperature of which is
573 K. Therefore, by rapid removal of the particles from
Region A immediately after deposition, smaller and more
uniform nanoparticles should be obtained. Taking into
account the above results and considerations, a novel type
plasma-induced electrolytic cell was designed and con-
structed. The scheme of this cell is shown in Fig. 9. The
molten electrolyte is continuously supplied onto the surface
of the rapidly rotating metal disk anode and is quickly
removed from the vicinity of the cathode, thereby mini-
mizing residence time in Region A by centrifugal force
generated by the rotation of the disk. Here, for a few sec-
onds, while the supplied electrolyte is removed from the
disk to the inner wall of the cold container, by conducting
plasma-induced cathodic discharge electrolysis in the
electrolyte film with a thickness of a few mm, the initially
deposited particles are quickly removed from the region
just under the discharge (Region A in Fig. 6) and are
continuously transferred to the inner wall of the cold
container.

An SEM image and particle size distribution of Ni
nanoparticles obtained using the novel electrolytic cell
(rotation speed of anode disk: 500 rpm) are shown in
Fig. 10a and b, respectively. In Fig. 10a, many Ni nano-
particles with diameters less than 50 nm were observed,
and the particle size distribution is considerably narrower
as seen in Fig. 10b. Thus smaller and more uniform Ni
nanoparticles were successfully obtained using this novel
electrolytic cell.

4 Conclusion
Ni nanoparticles were synthesized by plasma-induced

cathodic discharge electrolysis in LiClI-KCI-CsCl + NiCl,
at 573 K under 1 atm Ar atmosphere.
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Fig. 10 SEM image (a) and number base particle size distribution (b)
of Ni nanoparticles obtained by using the novel plasma-induced
electrolytic cell with 2 A in LiClI-KCI-CsCl + NiCl, (0.1 mol%)

Using a conventional type plasma-induced electrolytic
cell, Ni nanoparticles with diameters of around 100 nm
were obtained from the bottom part of the melt. Their sizes
were smaller than those obtained in previous work con-
ducted at temperatures higher than 673 K. It was also
confirmed that particles predominantly grow in the surface
region of the melt, especially the region just under the
discharge, and grow little in the inner part of the melt at
573 K. Hence, synthesis of smaller and more uniform
nanoparticles requires rapid removal of the particles from
the region just under the discharge immediately after
deposition.

Taking into account the above results and consider-
ations, a novel type plasma-induced electrolytic cell was
designed and constructed; a rotating Ni metal disk anode
was adopted in order for the formed particles to be quickly
removed from the region just under the discharge and be
continuously transferred to the inner wall of the cold
container. With the use of this novel plasma-induced
electrolytic cell, Ni nanoparticles with diameters of less
than 50 nm, with narrow particle size distribution, were
obtained.
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