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Synthesis of copper/copper oxide nanoparticles by solution plasma

Genki Saito, Sou Hosokai, Masakatsu Tsubota, and Tomohiro Akiyama®
Center for Advanced Research of Energy and Materials, Hokkaido University, Sapporo 060-8628, Japan

(Received 15 March 2011; accepted 12 June 2011; published online 19 July 2011)

This paper describes the synthesis of copper/copper oxide nanoparticles via a solution plasma, in
which the effect of the electrolyte and electrolysis time on the morphology of the products was
mainly examined. In the experiments, a copper wire as a cathode was immersed in an electrolysis
solution of a K,COj3 with the concentration from 0.001 to 0.50 M or a citrate buffer (pH =4.8), and
was melted by the local-concentration of current. The results demonstrated that by using the
K,COj; solution, we obtained CuO nanoflowers with many sharp nanorods, the size of which
decreased with decreasing the concentration of the solution. Spherical particles of copper with/
without pores formed when the citrate buffer was used. The pores in the copper nanoparticles
appeared when the applied voltage changed from 105 V to 130 V, due to the dissolution of Cu,O.
© 2011 American Institute of Physics. [doi:10.1063/1.3610496]

. INTRODUCTION

Presently, nanostructured copper-based materials,
including copper oxide and metallic copper, have been used
in a broad range of areas. For instance, CuO, is an important
p-type transition-metal-oxide semiconductor with a narrow
bandgap of 1.2 eV, and it has been widely used as a hetero-
geneous catalyst, gas sensor, electrode materials for lithium-
iron battery,"* and field emission emitter. Moreover, many
recent efforts have been directed toward the fabrication of
nanocrystalline CuO to enhance its performance®® and
develop new functions.”® Metallic nanoparticles of copper
attract attention not only in the scientific field but also in
industry because of their application in electronic devices
such as printed circuit boards’™"' and multilayer ceramic
capacitors.'*!?

Conventionally, copper/copper oxide nanoparticles have
been produced by gas-phase and liquid-phase methods, how-
ever, both methods face great challenges. Gas-phase methods
generate high-purity nanoparticles but they often require
high temperatures using a chloride gases and a vacuum
chamber. It is hard to disperse nanoparticles in a solvent.
Conversely, liquid phase methods produce highly dispersive
nanoparticles at low temperatures through the chemical
reduction of the solvent; however, they require a reducing
agent and long growth times for the production of
nanoparticles.

In this study, we applied a solution plasma'*~'® for syn-
thesizing copper nanoparticles. The solution plasma uses a
cathode of copper wire as the raw material for the nanopar-
ticles, which is placed at the center of a beaker. The surface
area of the anode is 50 times larger than the cathode. Since
the IR-loss is concentrated at the cathode/solution interface,
the solution near the cathode is heated to the boiling point
and a gas-layer containing hydrogen gas and steam was
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generated near the cathode. If the voltage is sufficiently high,
a glow discharge with intense light emission starts in the
gas-layer. It is known that the cathode can discharge at a
lower cell voltage (~140 V) than the anode.'”"'® The surface
of the electrode partially melts to produce nanoparticles
owing to the concentration of current caused by the electro-
thermal instability.'*-?°

A solution plasma offers many advantages: (1) simple
equipment, (2) no requirement of gas supply, (3) easy mass
production, (4) applicability to any metals/alloys, and (5)
controllable product size. According to the major databases,
the production of copper/copper oxide nanoparticles via
solution plasma has never been reported, in spite of its high-
efficacy and low-cost production. Therefore, the purpose of
this paper is to study the experimental conditions that pro-
duce copper/copper oxide nanoparticles. In fact, we investi-
gated the effect of the electrolyte solution and electrolysis
time on formation of nanoparticles in a solution plasma, in
which the electrolysis solution was K,CO5; with a concentra-
tion from 0.001 to 0.50 M or citrate buffer (pH=4.8). The
products obtained were characterized using field-emission
electron microscopy (FE-SEM), transmission electron mi-
croscopy (TEM), X-ray diffractometry (XRD), and selected
area electron diffraction (SAED) patterns. Finally, a possible
mechanism for the synthesis of copper/copper oxide nano-
particles was discussed based on the results.

Il. EXPERIMENTAL METHODS
A. Experimental setup

Figure 1 shows the experimental setup, which consists
of two electrodes in a glass cell with a capacity of 300 ml.
A cathode placed in the center of the glass cell was a copper
wire of 1.0 mm in diameter and a purity of 99.9 mass%
(Nilaco, Tokyo, Japan). The upper part of the cathode elec-
trode was shielded by a quartz-glass tube to obtain an
exposed length of 10 mm; the exposed part functioned as the
actual electrode. The anode was a platinum wire, which was
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FIG. 1. Schematic diagram of the experimental apparatus of plasma elec-
trolysis for the synthesis of Cu nanoparticles. The only exposed part with
length of 20 mm worked as an electrode. Anode of a platinum wire, which
was bent into a half-round mesh with a length of 1000 mm, a diameter of 0.5
mm and the distance between both electrodes was kept to be 30 mm, as
shown in the corresponding cubic diagram.

bent into a half-round mesh with a length of 1000 mm, a
diameter of 0.5 mm, and a purity of 99.98 mass% (Nilaco,
Tokyo, Japan). The cubic diagram in the right side of Fig. 1
shows the shape of the anode electrode. The surface area of
the anode was 50 times larger than the cathode. The distance
between the electrodes was kept at 30 mm. The glow dis-
charge plasma was generated around the cathode and was
maintained by applying a voltage from a direct-current
power supply (ZX800 H, Takasago, Tokyo, Japan).

B. Nanoparticles synthesis and characterization

We used K,COj3 solutions as electrolytes with concen-
trations of 0.5 to 0.001 M or citrate buffer (pH =4.8). When
the electrolyte was citrate buffer, the effects of the electroly-
sis time and applied voltage on the product morphology
were investigated; the electrolysis times were 60 and 5 min,

J. Appl. Phys. 110, 023302 (2011)

Potential (V vs. SHE)

FIG. 3. (Color online) Cu E-pH diagram under the assumption of
[Cu*"]=1.0 mol/kg (solid line) and [Cu®>"]=1.0 x 10°® mol/kg (dotted
line); (1) CuO+2 H" =Cu*" +H,0; (2) Cu®* +2¢"=Cu; (3) Cu,0+2
HY=2e +2Cu*" +H,0; (4) 2CuO+2 H' +2¢ =Cu,0+H,0; (5)
Cu,0+2 H" +2¢"=2Cu+H,0; (6) 2 H,O=0,+4 H" +4e7; and (7) 2
H" +2e =H,. The plots show the pH of solutions which were used in the
experiments; (a) citrate buffer (pH=4.8), (b) 0.001 M K,COs; (c) 0.01 M
K,CO3; (d) 0.01 M K,COs3; and (e) 0.5 M K,CO;. SHE means standard
hydrogen electrode.

and the applied voltages were 105 and 130 V. After the
experiments, the products were collected by the centrifuga-
tion. The collected particles were washed with a de-ionized
water to remove solidified salts. After drying, the particles
were characterized by XRD using a Miniflex II (Rigaku,
Tokyo, Japan) diffractometer. The surface of the cathode af-
ter the experiments and the products were observed by FE-
SEM using a JSM-7001 F (JEOL, Tokyo, Japan) microscope,
transmission electron microscopy (TEM) using a H-700
(Hitachi High-Technologies, Japan) microscope, High-
resolution TEM (HR-TEM), and selected area electron dif-
fraction (SAED) patterns using a JEM-2010 F (JEOL, To-
kyo, Japan) microscope.
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FIG. 2. XRD patterns of the products, which were collected by centrifuga-
tion, washed with de-ionized water, and dried. When a citrate buffer solution
was used as an electrolyte with a pH of 4.8, only metallic copper formed.

b) 0.001 M

FIG. 4. SEM and TEM images of the products. The upper captions show
the concentration of the electrolyte, the applied voltage, and phase. The
phase of the product was identified by X-ray and electron diffraction.
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FIG. 5. (a) TEM image of a CuO nanorod peeled from the CuO nanoflower
(0.01-M K,CO3;) and its corresponding SAED pattern. (b) High-resolution
TEM image.

lll. RESULTS AND DISCUSSION
A. Influence of electrolyte

Electrolytes of 0.5 to 0.001M K,COj solution and citrate
buffer (pH =4.8) were used to investigate the influence of
the electrolyte. According to the XRD patterns of the prod-
ucts (Fig. 2), metallic copper formed when using the citrate
buffer solution. When a K,COj solution was used, copper
oxide formed in all concentrations of the electrolyte. Figure
3 shows the copper E—pH diagram and explains which phase
is electrochemically stable. Before the electrodes were con-
nected to the power supply, the potential was zero. The cop-
per cathode was charged negatively during the electrolysis,
which stabilized metallic copper. When the cathode surface
was melted to generate nanoparticles, the particles peeled
from the surface had zero potential. Plots show the pH of sol-
utions used in the experiments: (a) citrate buffer (pH =4.8);
(b) 0.001 M K,COs3; (c) 0.01 M K,COs3; (d) 0.01 M K,CO3;
and (e) 0.5 M K,COs;. According to this diagram, copper is
easily forms CuO in the case of (c), (d), and (e). In addition,
Cu,0 becomes stable in (b). In case of (a), the citrate buffer
solution (pH =4.8), metallic copper is generated. The theo-
retical results agree well with the XRD patterns (Fig. 2).
These results revealed that the phase of the product is con-
trolled by the solution pH.

B. Formation mechanism of the products

Figure 4 shows the SEM and TEM images of the prod-
ucts, in which the use of K,COj solution yielded flower-like
products including many nanorods [Figs. 5(a) and 5(b)].

Time (cooling)

J. Appl. Phys. 110, 023302 (2011)

Interestingly, the product size decreased with the decrease in
the electrolyte concentration because of the high applied
voltage.'® Figure 5(a) shows a typical TEM image of the
nanorod peeled from the CuO nanoflowers (0.01-M K2CO3,
200 V), the inset of which is an SAED pattern taken from
one of the nanorods. This confirmed the single crystal of the
CuO grown along the [010] direction. Further, an HR-TEM
image, shown in Fig. 5(b), revealed a lattice fringe of
approximately 0.25 nm, which corresponded to the
(11[mac]1) plane of the CuO. Previously, the solution
plasma had produced spherical nanoparticles as following
steps; first, the surface of the cathode melted. Secondary, the
molten metal formed sphere due to the surface tension in the
solution, and then was solidified to form spherical nanopar-
ticles.'*'® However, the flower-like products formed due to
another mechanism, which was not solidification after melt-
ing but nucleation and crystal growth. The flower-like CuO
have been produced through a hydrothermal synthesis, >~
solution routes*®**37° and microwave irradiation.>’ The
growth unit of CuO nanoflowers in these methods is a
[Cu(OH)4]2' ions. Here, we consider the formation mecha-
nism of the flower-like CuO in the following three steps.
First, the surface of the Cu electrode forms Cu(OH), by
steam corrosion at a high temperature, as shown in Eq. (1).
The reaction proceeds at over 260 °C because the tempera-
ture of the solution surrounding the cathode is high enough
to melt copper. Second, the product Cu(OH), reacts with the
hydroxide ion to produce so-called “tetrahydroxocuprate (II)
anions”, [Cu(OH)4]2’,23’27 [Eq. (2)]. Then, solid CuO precip-
itates with a decrease in temperature via reaction (3). The
growth rates of CuO are different for each crystal plane as
reported by Yang er al.*’; growth rates is [010] >[100] >
[001] Because of the high growth rate along the [010] direc-
tion, CuO crystals grew preferentially along the [010] direc-
tion to form flower-like particle.

2H20—|—CU(S) — Cu(OH)z(S)+H2(g)7 (1)

_ 2—
Cu(OH)2(§> +20H(dq) — [CU(OH)AJ (aq)’ (2)
[Cu(OH),] ﬁa‘q) — CuOyy) + H,0+20H . 3)

Spherical particles of copper were also produced when using ci-
trate buffer as the electrolyte [see Figs. 5(c) 5(d)]. In addition,
the particles synthesized by applying a voltage of 130 V had

1) (2) (3)

Molten copper
containing oxygen

Oxygen-ric

Solid Cu
copper melt

®0 8¢

Eutectic structure Porous Cu appeared
of Cu-Cu,O

FIG. 6. (Color online) Formation mech-
anism of porous copper particles. The
liquid solidifies to form crystals of pure
Copper (2). As the temperature
decreases, the liquid becomes richer in
oxygen (3). When solidification is com-
plete, the eutectic microstructure of Cu-
Cu,O appears as shown in (4). The
phase of Cu,0 dissolved to produce po-
due to dissolution rous particle.

of Cu,O
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many pores with a particle diameter of less than 100 nm. The
partially melt of the electrode led to the formation of spheres. A
higher voltage increased the temperature of the electrode sur-
face, and thereby the electrode oxidized. The oxidized electrode
melted to produce copper melt containing oxygen (Fig. 6). Mol-
ten copper containing oxygen remains liquid until the tempera-
ture reaches the liquidus line, as shown in the phase diagram®>
[see Fig. 7(a)*]. At the liquidus [see T; in Fig. 7(a)], the liquid
solidifies to form crystals of pure copper [Fig. 6(2)]. As the
temperature decreases, the liquid becomes richer in oxygen
[Fig. 6(3)]. When it reaches the eutectic temperature E, there
are two phases, solid copper and molten copper containing
Cu,O with a concentration of 3.4 mass%. When the solidifica-
tion is complete, the eutectic microstructure of Cu-Cu,O
appears [Fig. 6(4)]. Solid Cu,0 is dissolved as shown in follow-

60 min B
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FIG. 7. (a) Cu-Cu,O phase diagram (see
Ref. 19). The difference in the product
morphology is explained by the oxygen
concentration. When a molten copper
slightly oxidizes as shown with arrow B,
the ratio of Cu,O decreases to form
spherical particles with a few pores.
Conversely, with a high concentration of
oxygen shown with arrow C, the par-
ticles with many pores form. (b) and (c)
Corresponding SEM images.

ing Eq. (4), which reaction proceeds at under 290 °C, and a pH
of 4.8 to produce porous particles.

CuO(s) +2H(,, — Cu%;)Cu(s>+H20. 4)

Moreover, the proportion of pores in the particles varies.
This difference in product morphology is explained by the
oxygen concentration. When molten copper slightly oxi-
dizes, as shown by the B arrow in Fig. 7(a), the ratio of
Cu,0 decreases to form spherical particles having few pores.
Conversely, with a high concentration of oxygen, as shown
with the C arrow, particles with many pores form. Figure
7(b) and 7(c) show the SEM images of the porous Cu prod-
uct obtained at different concentrations of oxygen, as shown
in arrows B and C in Fig. 7(a).

FIG. 8. (Color online) (a) SEM images
of the product at different periods during
electrolysis: 5 min and 60 min. The
product became larger in size. (b) His-
tories of cathode electrodes during elec-
trolysis. The edge of the cathode was
gradually consumed.

54 min

v



023302-5 Saito et al.

Macroscopic structure

Microscopic strus
N ¢ Oy S

Wire

|
2004 m

FIG. 9. SEM images of the cathode surface, which were observed after the
experiments. Coarse particles with a diameter over 1 mm attached to the
edge of the electrode (see arrows).

C. Influence of electrolysis time

We also controlled the time of plasma electrolysis at 60
min and 5 min under the condition of citrate buffer solutions
as the electrolyte. According to the SEM images of the prod-
ucts produced at the different times of electrolysis [Fig.
8(a)], it was found that the particle size became larger with
time; the product size reached 500 nm after 5 min and 2 pm
after 60 min. Figure 8(b) shows the histories of the cathode
electrodes during electrolysis, in which the edge of the cath-
ode was gradually consumed with time. The results indicated
that products were mainly generated at the tip of the elec-
trode. To understand why particles became larger with time,
we observed the electrode surface after the experiments
using FE-SEM. Figure 9 shows the SEM images of the cath-
ode surface which were observed after experiments. The
SEM images revealed that the wire tip became thinner, and
the larger particles with a diameter of over 1 pum were
attached to the edge of the electrode (see arrows). The cur-
rent was concentrated on the tip due to the highly inhomoge-
neous electric field, and then, the tip of the electrode was
heated up to form the coarse particles. The experimental con-
ditions for the preparation of Cu and CuO nanostructures are
summarized in Table I.

TABLE 1. Summary of experimental conditions and products

morphologies.

Electrolyte Electrolysis Applied Morphology
Time (min) Voltage (V)

0.5M K,CO3 60 80 Flower-like CuO

0.IM K,CO3 60 130 Flower-like CuO

0.01M K,CO5 60 200 Flower-like CuO

0.001M K,CO3 60 390 Flower-like CuO

Citrate buffer 60 105 Cu Sphere

(pH=4.8)

Citrate buffer 60 130 Cu Porous sphere

(pH=4.8)

Citrate buffer 5 130 Cu Porous sphere

(pH=4.8)

J. Appl. Phys. 110, 023302 (2011)

IV. CONCLUSIONS

In this paper, we studied the relationship between the
experimental conditions and the formation of copper/copper
oxide nanoparticles via a solution plasma, and concluded the
following:

(1) Flower-like CuO with many nanorods under 100 nm in
diameter and a [010] orientation in the growth direction
were synthesized because of the formation of
[Cu(OH)4]2' ions and oriented crystal growth. In addi-
tion, the particle size of CuO decreased with decreasing
concentration of the K,COj electrolyte.

(2) The application of the citrate buffer solution yielded me-
tallic copper nanoparticles, whose shape changed accord-
ing to the applied voltage: spherical particles at an
applied voltage of 105 V and porous spherical nanopar-
ticles at 130 V.

(3) The size of the porous copper nanoparticles increased
with electrolysis time due to the thinning of the electrode
tip with time.

(4) The porous copper nanoparticles appeared due to the dis-
solution of Cu,O.

The results will also offer many benefits for production
of copper/copper oxide nanoparticles in easily and quickly.
The prepared CuO nanoflowers can be used to construct the
electrode of lithium ion battery, and Cu nanoparticles is an
attractive material for conductive paste.
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