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www.rsc.org/ There have been growing attention on plasma electrodes, as they are much cheaper than commonly used metal
electrodes such as Pt and have renewable electrodes interface. However, most of researches were mainly focused on
plasma cathode, while the research and application of plasma anode have been rarely reported. In this paper, we appli *
an atmospheric-pressure microplasma as gaseous anode for transferring positive charges and inducing electrochemical
reactions in solution. Cu and Cu,0 nanocrystals have been co-deposited on ITO cathodes in 100 mM CuSOs solution .
room temperature. By simply changing the precursor concentration and reaction temperatures, pure Cu and Cu,0 product
could be prepared. Our work will expend the application area of plasma electrodes in electrochemistry and nanomaterials

synthesis, and it is also a new rapid and simple electrochemical method for preparing copper and cuprous oxide

nanostructures.

Introduction

There have been growing applications of plasma-liquid system
in many fields, 1 such as electrochemistry, 2 nanomaterials
synthesis, 37 spectrochemical analysis 819 and waterwaste
treatment 1112, Recently, the research of using microplasma
as gaseous electrodes is of great interest for both fundamental
studies and technological applications, as they are much
cheaper than commonly used metal electrodes such as Pt and
have renewable electrodes interface. Although much effort
has been done, the charge-transfer reactions at plasma-liquid
interface are hardly to be clearly identified because of the
complex conditions presented in a plasma. Also, in most of the
previous studies, plasmas are usually operated at sub-
atmospheric pressure which have limited the further
application of gaseous plasma electrodes. Only recently,
Sankaran and colleagues provided the evidence of electrolytic
synthesis of metal nanoparticles in agueous solutions by using
an Ar microplasma jet as cathode. 13 Subsequently, they
reported the evidence of electron-transfer reactions at the
plasma-liquid interface by using a nonthermal, atmospheric-
pressure microplasma as cathode. 1* Then they found both
electron transfer and plasma neutral reactions occurred when
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plasmas interacted with agueous media and these two kinds of
reactions were often in competition with one another but
sometime could couple to one other. 15 These researches have
opened a new direction for electrochemistry based on
reactions between plasma and ionic electrolytes. Their work
were mainly focused on plasma cathode, while the research
and application of reactions at plasma anode have been rarely
reported. The condition at the plasma anode is more compl

and the deviation from Faraday's law are commonly observed.
In our former work, we have demonstrated that a plasma
anode is capable of transferring positive charges and inducing
electrochemical reactions in solution.1® In this paper, for
further extending the application area of microplasma
electrodes, we have applied an atmospheric-pressure
microplasma as anode and used the charge transfer reaction
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Scheme 1. Schematic of electrochemical
atmospheric-pressure  microplasma
depositing nanostructures on cathode.
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between plasma electrode and ionic solution for
electrodepositing nanostructures on solid cathode.

Cu and Cu;0 nanoparticles are useful in many fields, such
as energy, 17 18 catalyst 1° and sensors 20. Among many
synthesis methods, electrodeposition is an efficient and
inexpensive method for preparing nanostructures. 2123 |n most
of the former literatures, potentiostatic method was used to

co-deposit Cu and Cu;0 nanocrystals and obtain pure products.

Additives or a high pH value was often needed to obtain Cu,0
nanoparticles. 2426 Recently, by controlling the potential Cu,O
nanocrystals could also be prepared. 27 It is still needed to
develop rapid and simple method for depositing Cu and Cu,0
nanoparticles. In this paper, we have co-deposited Cu and
Cu;0 nanocrystals by using galvanostatic method and pure
product could be prepared by simply changing the precursor
concentration and reaction temperatures. Also it was the first
report on using an atmospheric-pressure microplasma as
anode for the electrodeposition of Cu and Cu,0 nanocrystals in
aqueous solution.

Experimental
Chemicals and materials

Analytical grade precursor salt, copper (Il) sulfate
pentahydrate, was used as received without further
purification. Stainless steel capillary tube with 180 um inner
diameter was purchased from Dikma Technologies Inc. The
metal capillary tube was cleaned by polishing the outside
surface with sand paper. Indium Tin Oxide (ITO) glasses (1cm
X 4cm, <10 ohm/sq) were washed in turn by methylbenzene,
acetone, ethyl alcohol and deionized water for three times and
dried by Ar gas blowing.

Characterization

The scanning electron microscope (SEM) micrographs of the
nanoparticles were obtained from a scanning electron
microscope (Merlin, Carl Zeiss, Germany). The energy
dispersive spectrum (EDS) was obtained from Energy
Dispersive X-ray Spectrometer (INCA300, Oxford, USA)
equipped on the SEM. The X-ray powder diffraction patterns
were obtained on an X-ray diffractometer (Bruker D8 Advance)
with Cu Ka radiation (A=1.54056 A, operating at 40 kV X 40
mA). X-ray photoelectron spectroscopy (XPS) data were
obtained on PHI Quantro SXM (ULVAC-PHI, Japan). Binding
energy was calibrated with C1s=284.8eV.

Electrochemical deposition of nanoparticles

ITO glass was partly immersed in the electrolyte (1cm X 1cm)
and served as the cathode. In the anode side, a stainless steel
capillary tube was positioned above and normal to the surface
of the electrolyte and fed with argon gas flow. The distance
between the cathode and anode was set to 2 cm. After a
negative high voltage was applied on the cathode by a DC
power supply, the anodic capillary tube was moved slowly
towards the solution surface using a micrometre-controlled
linear stage until a microplasma was ignited and sustained.
During experiments, the DC power supply was operated in a
current-limiting mode with a constant discharge current.
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Results and discussion

The nanostructure deposition was first operated in 0.1 M
CuSO, electrolyte at room temperature (25°C) with ITO glass
as cathode and substrate. Microplasma was ignited and
sustained by using a DC power supply and the discharge
current was fixed to 6 mA. As shown in Figure 1, two kinds of
nanostructures with different morphology and size were
obtained on ITO cathodes and the composition of these two
nanostructure were identified by EDS. The sphere-like
nanoparticles with larger size were mainly composed of Cu,
while the composition of the smaller octahedral nanoparticle
was Cu,O (Figure 2). We found that the size of both
nanostructures increased with discharge time. As the reaction
time increasing from 5 s to 120 s, the diameter of Cu
nanoparticles was increased from 1.3740.10 um to 3.52+0.21
um, while the edge length of Cu,0 octahedron was increas:
from 0.39+0.01 pm to 1.00+0.06 um. We also found that the
size of Cu nanoparticles was much larger than Cu,0 at tli.c
same condition.

When the microplasma was ignited, the Ar gas was firstly
positively charged in the plasma and then transferred charges
to the solution as follows:

Ar-e-— Art [1]
4Ar*+Ha0 — 4Ar + Oz + 4H* [2]

Once the charge transfer happened at the plasma-liquid

interface, Cu?* ions were driven by the electric filed to the

Fig. 1 The SEM image of nanostructures deposited on ITO
cathodes with discharge time of a) 5s, b) 20s, c) 60s and d!
120s. The scale bar is 10 pum. Magnified SEM image ol
nanostructures with discharge time of e, i) 5s, f, j) 20s, g, k) 60s
and h, 1) 120s. The scale bar is 1 pum. The electrolyte is 100 mIV.
CuS0; solution. The discharge current is 6 mA.
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Fig. 2 The EDS patterns of nanostructures deposited on ITO
cathodes with discharge time of 120s. The electrolyte is 100
mM CuSO; solution. The discharge current is 6 mA.

cathode and reduced there. It is known that there are two
reductive peaks on the cyclic voltammogram of copper sulfate,
which correspond to two electrochemical reduction steps of
Cu (), the reduction of Cu (ll) to Cu (1) and the reduction of Cu
(I) to Cu metal. So the possible electrochemical reactions on
the cathode were as following:

Cu?*+ H,0 + 2e"— Cuy0 + 2H* [3]
CuZ*+e — Cut [4]
Cu,0 + 2H* + 2e-— 2Cu + H,0 [5]
Cut+e — Cu [6]

In our experiments, as the Cu and Cu,O were co-deposited
in 100 mM CuSOsat 25 °C, it meant that under this condition

ARTICLE

the over-potential at the cathode was large enough to allow
both reduction step to occur. The nucleation of Cu,0O migi
occur first on ITO glass according to Eqg. 3, and then some of
them might be further reduced to Cu nanocrystals according to
Eg. 5. It was also possible for the Cu?* to be reduced to Cu
directly on the substrate according to Eqg. 4 and Eqg. 6. Once Cu
nanocrystals were formed in either way, as they had much
higher electrical conductivity than Cu,O, Cu (ll) were
preferentially attracted to the surface of Cu nanocrystals and
got reduced. That was why the size of Cu nanostructures was
much larger than that of Cu,O under the same condition. It
was found that on some of the Cu nanospheres surface, the
elements composition was not 100% copper but with smal’
amount of oxygen, which indicated that Cu,0 could be formed
on the surface of Cu nanoparticles and then be reduced to Cu
according Eg. 5. On the other hand, as the size of Cu,O
nanostructures also grew larger with reaction time, tl.C
reduction of Cu,0 to Cu might be very rare or even did n .
occur on Cuy0 octahedron once the Cu,O nanocrystals were
grown to a certain size.

More interestingly, by  simply modifying  the
electrodeposition condition, uniform nanoparticles with
different morphology were obtained (Figure 3). When raising
the concentration of CuSO4 to 1 M, the products were main"
sphere-like copper nanoparticles. When keeping the
concentration of CuSO, as 0.1 M but raising the deposition
temperature to 70 C, the products were nearly all octahedral
Cu,0 nanoparticles. The composition of these nanostructures
were confirmed by both EDS and XRD (Figure 4, 5). XPS was
also used to determinate the chemical state of Cu in both
nanostructures (Figure S1). Both samples showed two bands of
the binding energies at 932.2 eV and 952.1 eV, which
attributed to Cu 2ps/; and Cu 2py,; respectively. As it was ha* .
to distinguish the oxidation states between Cu* and Cu® only
by 2p XPS signals, the Cu LMM Auger spectra were also
collected. According to previous reports, the main LMM peaks

Fig. 3 The SEM image of nanostructures deposited on ITO cathodes with discharge time of a) 5's, b) 20 s, c) 60 s and d) 120 s
in 1 M CuSO, solution at 25 °C and e) 55, f) 20 s, g) 60 s and h) 120 s in 100 mM CuSOj4 solution at 70 °C.The scale bar is 50
um. The insert figures are magnified SEM image of nanostructures and the scale bar is 2 um. The discharge current is 6 mA.
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Fig. 4 The EDS patterns of nanostructures deposited on ITO
cathodes (6 mA, 120 s) at a) 25°C, 1 M CuS0O,4 and b) 70°C,
100 mM CuSOa,.
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Fig. 5 The XRD patterns of nanostructures deposited on ITO
cathodes with discharge time of 120 s at a) 25°C, 1 M CuSQ,, b)
70°C, 100 mM CuSO4 and ¢) 25°C, 100 mM CuSO4 . The
discharge current is 6 mA.

for Cu® and Cu,0O are located at 568 eV and 570 eV,
respectively.?82° The octahedral nanoparticles only showed
the peak at 570 eV, confirming that they were Cu;0. The
sphere nanostructures showed both peaks at 568 eV and 570
eV. It indicated that at the surface of the nanosphere there
were small amount of Cu,O and the results was in agreement
with the EDS analysis. These results further confirmed that
Cu30 could be formed on the surface of Cu nanoparticles and
then be reduced to Cu according Egq. 5. The size of both
nanostructures also increased with discharge time. As the
reaction time increasing from 5 s to 120 s, the diameter of Cu
nanoparticles was increased from 1.39+0.09 um to 3.92+0.18

4| J. Name., 2012, 00, 1-3
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um, while the edge length of Cu,0 octahedron was increased
from 1.97+0.10 um to 5.13+0.28 um (Figure S2).

At a high CuSO,4 concentration (1 M), even with a very short
reaction time (5 s), nearly no Cu;0 octahedron was observed
(Figure 3a). As the reaction time increasing from 5 s to 120 ;,
the diameter of Cu nanoparticles was increased from
1.394£0.09 um to 3.92+0.18 um, which were nearly the same
with that at a lower CuSO4 concentration (0.1 M). It meant
that the nucleation and growth speed of the Cu nanoparticles
were not changed much. While the distribution density of
these Cu spheres were obviously increased. These results
suggested that under a high Cu?* concentration, abundant Cu
metal seeds were formed in a short time and occupied most of
the active sites. As Cu (ll) were preferentially attracted to the
surface of Cu nanocrystals and there had been plenty of Cu
metal seeds, nearly all Cuz* were attracted to these seeds and
grew to larger particles. As a result, Cu,O nanocrystals hu.
little chance to take up active site and grow larger under tt".
condition.

When operated at a high temperature (70 ‘C), or':
octahedral Cu,O nanoparticles were observed on the SEM
images (Figure 3e-f). As the reaction time increasing from 5 s
to 120 s, the edge length of Cu,0 octahedron was increased
from 1.974+0.10 um to 5.13+0.28 um, which was about 5 time-
larger than those obtained at room temperature. According to
the Arrhenius formula, higher reaction temperature led to
higher rate constants and increased the diffusion rate,
nucleation and growth rates. Under this condition, the
reduction of Cu?* to Cu,0 was accelerated according to Eq. 3,
and Cu,O seeds occupied most of the active sites. As the
reaction rate of Eq.3 was much higher than Eq.5, the Cu,C
seeds were rapidly grew up to a certain size and then the
conversion of Cu;0 to Cu was inhibited similarly as that - .
room temperature. Without the concentration of Cu?* on Cu
metal surface, the size of Cu,0 octahedron could grow much
larger than those prepared at room temperature, as same
amount of charges were injected to the solution.

Conclusions

In summary, we have applied an atmospheric-pressure
microplasma as gaseous anode for transferring positive
charges and depositing Cu and Cu,O nanocrystals on ITO
cathodes. Cu and Cu,O nanocrystals have been co-deposited
by using galvanostatic method and pure product could be
prepared by simply changing the precursor concentration and
reaction temperatures. This is a new rapid and simple method
for preparing copper and cuprous nanostructures and the
mechanism is different with former reports. Also it was tk
first report on using an atmospheric-pressure microplasma as
anode for the controllably electrodepositing of Cu and Cu,0
nanocrystals in aqueous solution. Our work will expend tt :
application area of plasma electrodes in electrochemistry ar, '
nanomaterials synthesis.

This journal is © The Royal Society of Chemistry 20xx
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