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Abstract Well-dispersed cupric oxide (CuO) nano-
particles with the size from 10 to 100 nm were
successfully synthesized by thermal decomposition of
CuC,04 precursor at 400 °C. The prepared CuO
nanoparticles of different sizes used as anode mate-
rials for Li ion Dbattery all exhibit high
electrochemical capacity at the first discharge. How-
ever, with the particles size changing, an interesting
phenomenon appears. That is, the larger size of the
particles is, the discharge capacity of the first time
smaller is, while that of the second time is larger. At
the same time, the mechanism of the above phenom-
enon is discussed in this paper. Surprisingly, we have
synthesized the copper nanoparticles with different
sizes by the CuO of different sizes as the electrodes.
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Introduction

Since the early 1990s, people everywhere have been
enjoying the great convenience brought about in daily
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life through the use of rechargeable lithium-ion
batteries (LIBs) (Ozawa 1994). Compared with other
battery systems, LIBs show the advantages of high
energy density, long cycle and shelf life, and no
memory effect. The search for better electrode mate-
rials has been the most dynamic motivation behind the
research and development of LIBs (Scrosati 1995;
Wang et al. 2005; Ritchie and Howard 2006; Liu et al.
2006; Ng et al. 2006). The most attractive research in
this respect directed towards both improving the state-
of-the-art electrode materials, i.e. LiCoO,, LiNiO, and
LiMn,O, for the positive electrode, and exploring
alternative electrode materials with superior proper-
ties (Kalaiselvi et al. 2003; Zhang et al. 2006; Zhou
et al. 2005a, b; Ha et al. 2006; Kim et al. 2006). As the
negative electrode, some metal oxides such as ZnO,
NiO, MnO,, SnO, and CuO are promising candidates
(Zhou et al. 2005a, b; Wang et al. 2005; Park and
Yoon 2003; Yuan et al. 2006). Among those metal
oxides, copper oxide (CuO), as a p-type semiconduc-
tor has been found widespread application in many
areas such as high temperature superconductors,
optical switching and anode materials (Poizot et al.
2000; Tarascon and Armand 2001; Grugeon et al.
2001; Shembel et al. 2005). For rechargeable batter-
ies, copper oxide electrode has been found to have
high capacity density and good capacity retention for
lithium insertion and extraction (Chang et al. 2003;
Gao et al. 2004). As CuO is a new electrode material
with good electrochemical performance, study of the
mechanism of the reaction of CuO electrode with Li is
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also one of the most active areas (Zhang et al. 2004,
2005; Grugeon et al. 2001).

In this work, well-dispersed CuO nanoparticles
with the size from 10 to 100 nm were successfully
synthesized by a facile way. With the particles size
changing, an interesting phenomenon appears. That is,
the size of the particles is larger, the discharge
capacity of the first time is smaller, while that of the
second time is larger. We have discussed the mech-
anism of the above appearance. At the same time, we
have synthesized the copper nanoparticles with
different sizes by used the cupric oxide with different
sizes as the electrodes.

Experimental

In a typical process, analytic grade Cu(NOs3), was
dissolved in 40 mL distilled water to form a trans-
parent solution. Then oxalic acid dissolved in an
equal volume of distilled water was dropwise added
to the above solution under magnetic stirring. After
stirring for about 2 min, the suspension colloids were
washed with distilled water and ethanol for several
times to purify the product. Then the product was
dried at 50 °C for 12 h. Finally the obtained copper
oxalate precursor was heated to 400 °C at a ramping
rate of 10 °C min~" and calcined at 400 °C for 4 h.

The samples were characterized by means of their
X-ray powder diffraction (XRD) patterns with a
Philips X’Pert Super diffractometer with graphite
monochromatized Cu Ko radiation (4 = 1.54178 A)
in the 260 range of 10-80. The field emission
scanning electron microscopy (FE-SEM) images
were taken using a JEOL JSM-67700F SEM.

The electrochemical tests were conducted with a
Teflon cell. The working electrode was a mixture of
CuO nanoparticles/acetylene black/polyvinylidene
fluoride (PVDF) with weight ratio 80/10/10. Metallic
lithium was used as the reference electrode. The cells
were assembled in a glove box filled with highly pure
argon gas (O, and H,O levels <5 ppm). The cell was
galvanostatically cycled in the 3.5-0.5 V range at a

current density of 0.1 mA cm ™.

Results and discussion

As shown in Table 1, with the amount of Cu(NO3),
decreasing, the size of the obtained CuO particles
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Table 1 Different molar rate of the Cu(NOj3), (mmol) and
H,C,0, (mmol) due to the different crystalline size (nm)

Number Cu(NO3y), H,C,0, Size
1. 10 5 10
2. 8 5 20
3. 6 5 40
4. 4 5 70
5. 2 5 100
6. 10 4 10
7. 10 2 10
8. 10 1 10

increased. In order to investigate the effect of the
ratio on the size of the CuO particles, we changed the
amount of the H,C,0, in the reaction and kept the
other conditions as the same, the size of the CuO
particles nearly did not change. In order to discuss the
negative ion effect, we used CuCl, or CuSQy instead
of Cu(NOs;),, the size of the particles is almost the
same as that of the method with Cu(NOs),. So we
supposed the size of the particles may be attributed to
the effect of the concentration of Cu®*.

In order to investigate the mechanism more easily
and conveniently, we took sample 1, 3, and 5 as our
study object in the following discussion.

XRD analysis is used to determine the structure
and phase of the sample 1, 3, and 5. Figure 1 shows
the XRD patterns of the samples. All the peaks can be
clearly indexed to monoclinic-phase CuO (space
group C2/c). Compared with the standard diffraction
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Fig. 1 XRD patterns of the as-prepared CuO nanoparticles (a)
sample 1, (b) sample 3, (¢) sample 5
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peaks (JCPDS Card No. 41-0254), no other peak is
observed belonging to the impurities, such as CuC,04
or Cu,0, indicating the high purity of as-obtained
samples. According to the Debye—Scherrer equation,
the average crystalline diameter of the obtained CuO
particles is about 10 nm (a), 40 nm (b), 100 nm (c) of
sample 1, 3, and 5, respectively.

The morphology of the product is examined by
FESEM. From the FESEM image of nanostructures
CuO (Fig. 2), the average particle size is about 10, 40
and 100 nm with narrow size distribution, according
with the calculated value. The HRTEM image
(Fig. 3) exhibits that regular spacing of the clear
lattice planes is ~0.274 nm, which correspond well
to (—110) planes of monoclinic-phase CuO.

Figure 4 shows the potential-capacity curves for
the CuO/Li cell at a current density of 0.1 mA cm 2.
When Li is inserted into CuO in the first discharge,
there are two obvious sloping potential ranges (1.2—
0.8 and 0.8-0 V versus Li*/Li) for the lithium
reaction with the CuO nanoparticles, corresponding
to Li insertion into the crystal lattice of CuO (Novak
1985; Novak et al. 1985; Podhajecky 1985). As

Fig. 2 SEM images of the
as-prepared CuO

nanoparticles (a) sample 1,
(b) sample 3, (c) sample 5

shown in the Fig. 4 of a, b, ¢, a common appearance
of them existed. That is, there is an additional plateau
at 2V in the first discharge curve after close
observation. It may be attributed to the reduction of
0O, and H,O (Podhajecky et al. 1985). So the
participation of O, and H,O cannot be excluded,
since these species are known to be strongly absorbed
on the CuO surface. After the first charge, the plateau
disappears because O, and H,O absorbed on the CuO
surface decrease completely. Therefore, in the fol-
lowing discharge curves, there exists no substantial
change in the curve shape. And from the Fig. 4, we
know that the initial discharge capacity of the sample
1,3,5is 810, 795, 776 mA h gfl, which corresponds
to a consumption of 2.47, 2.37, 2.32 Li per CuO,
respectively, larger than the value calculated from the
stoichiometric formula demands. The overall electro-
chemical process can be expressed as follows:

. _discharge .
CuO + 2Li" + 2¢e~ & CuO + Li,O

charge

After the comparison of the data from both the first
discharge and the second discharge of all the particles

100mm
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Fig. 3 (a) High-
magnification HRTEM
image of the samplel, (b)
corresponding HRTEM
image of this nanoparticle
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of the three different sizes (Fig.4 a, b, c¢), an
interesting rule was found. With the particles size
increasing, the first discharge capacity decreased
while the second discharge capacity increased. We
think if the CuO particles size is larger, the smaller
specific surface area of CuO may lead to the decrease
of the capacity of the first discharge. So the first
discharge capacity decreased. At the same time
according to Tarascon’s studies (Grugeon et al. 2001;
Debart et al. 2001), the electrochemical reduction
process of CuO includes a phase transition into Cu,O
and the subsequent formation of Cu nanoparticles,
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and then a part of Cu nanoparticles will be coated
by the organic-type. And if the size of the Cu
particles is larger, they are more difficult to be
coated by the organic-type and to dissolve into the
electrolyte. In our experiment we suggest that the
larger size CuO particles is, the larger Cu particles
form (proved in our following discussion). There-
fore, the large size CuO particles will induce more
Cu particles take part in the next step of the cell
reaction after the first discharge, which may results
in the increase of the capacity of the second
discharge.
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Fig. 5 The XRD patterns of Cu particles by treated at the first
discharged electrode (a) electrode a, (b) electrode ¢

In order to prove the above suggestion, the CuO
electrode (a and c) after the first discharge was treated
with NMP (N-Methyl—2-Pyrrolidone) and hydro-
chloric acid. Pure metallic copper powder with face-
centered cubic crystal structures was obtained as
shown in the XRD pattern of the isolated copper
particles (Fig. 5). The rather sharp diffraction peaks
suggest a high crystalline of these copper particles
with an average crystallite size of 10 nm (Fig. 5a)
and 100 nm (Fig. 5b), which is calculated with the
Scherrer equation. The FESEM image of the copper
particles (Fig. 6) reveals that the final solid product
consists of a large quantity of uniform nanoparticles
with a particle size of about 10 nm (Fig. 6a) and a

Fig. 6 FESEM images of
the Cu particles by treated
with (a) electrode a, (b)
electrode ¢

less quantity of uniform nanoparticles with a particle
size of about 100 nm (Fig. 6b), respectively.

According to the analysis of the XRD and FESEM
of the as-prepared products after the first discharge,
we think that after the first discharge almost all of the
CuO particles changed to the Cu particles. And the
size of the particles did not change before and after
the discharge. Hence, we think this electrochemical
reduction method can be also used as a way to
synthesize Cu nanoparticles with different sizes by
using the CuO nanoparticles of different sizes as the
electrode.

Conclusion

Well-dispersed cupric oxide (CuO) nanoparticles with
the size from 10 to 100 nm were successfully synthe-
sized by thermal decomposition of CuC,0O, precursor at
400 °C. The electrochemical tests showed an interest-
ing phenomenon that the larger average size of the
particles is, the smaller discharge capacity of the first
time is, while that of the second time is larger. We have
also synthesized the copper nanoparticles with different
sizes by using the cupric oxide with different sizes as
the electrodes. And this method can be realized easily
and controlled elegantly via the discharge process of
CuO/Li cells. We think that other metal oxide powders
may also be electrochemically synthesized in the
reduction reactions, indicating a new synthesis method
to fabricate nanosized metals.
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