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Abstract Using a copper oxide powder of micrometer

size as the starting electrode material in CuO/Li cells,

copper oxide (CuO) can be electrochemically reduced into

metal particles of smaller sizes in a controllable way. A

novel electrochemical milling (ECM) method is developed

for a ‘‘top–down’’ synthesis of nanometer-scaled metal

particles. X-ray diffraction (XRD), field-emission scanning

electron microscopy (FESEM), and transmission electron

microscopy (TEM) were employed to characterize the

structure of copper particles obtained by the electrochem-

ical reduction. The influences of CuO precursors, current

density, and operating temperature on the final products

were also studied. It is found that the latter two factors had

pronounced effects on the obtained copper products.

Introduction

Nanosized metal materials have attracted much techno-

logical and scientific attention due to their interesting

physical and chemical properties, which should accelerate

their extensive applications in the nanodevices [1–4].

Among all the metals copper is the most commonly used

one, because nanosized copper has some advantages over

other metals in common uses such as lower resistance,

higher allowed current density and increased scalability

[5]. Thus, a number of ways have been tried to synthesize

nanosized metallic copper, including template synthesis

[6–9], electrochemical deposition [10–13], reduction of

copper compounds in solution [14–17], and other novel

methods [18, 19]. By these methods, nanosized copper with

uniform and controllable dimensions could be obtained, but

the complicated synthesis process, the requirements for

special instruments or harsh conditions and the usually

low-yield limit their applications in practice.

In our recent work on the lithium ion battery a novel

electrochemical milling (ECM) process was developed to

fabricate nanosized copper spheres and fibers. It is widely

acknowledged that copper oxide (CuO) may be used as a

new class of electrode materials for rechargeable lithium–

ion batteries [20–23]. During the discharge step, the CuO

electrode is converted into metallic copper grains dispersed

in a Li2O matrix [21, 22]. Thus, in our previous research

work on the lithium ion battery, CuO/Li cells were used as

‘‘micro-reactor’’ to synthesize copper particles by dis-

charging CuO electrode [24]. Yu et al. further studied the

ECM process on other transition metal oxides by using

their thin-film type electrodes as the starting materials [25].

Maier’ group also applied the same strategy on the syn-

thesis of nanosized Pt from Li cells [26]. In this article we

present the effects of a few control parameters such as

temperature and CuO precursors on the size and mor-

phology of the final products, in order to develop a

controllable synthesis approach.

Experimental section

All the metallic copper particles were fabricated in elec-

trochemical cells with CuO electrode versus Li counter
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electrode. The used coin cells (CR2032) of the Li j 1 M

LiPF6 (EC:DEC = 1:1) j CuO were assembled in an

Ar-filled glove box (MBraun Labmaster 130), where EC

and DEC, respectively, stand for ethylene carbonate and

diethyl carbonate. The CuO electrode was prepared by

casting a slurry consisting of 90 wt.% CuO and 10 wt.%

poly (vinylidene fluoride) (PVDF) onto a copper foil. Here,

PVDF served as the binder with a wide stable electro-

chemical window. The cells were discharged to 0 V on a

multi-channel battery test system (NEWARE BTS-610).

After the discharge, the cells were disassembled in the

Ar-filled glove box. Then the CuO electrode films were

washed with pure DEC to remove the electrolyte residue

before they transferred outside of the glove box. They were

further washed with 1-methyl-2-pyrrolidone (NMP), a

dilute hydrochloric acid and anhydrous ethanol to remove

PVDF, Li2O and the residual copper oxide. The resulting

solid product was finally separated in a centrifuge machine

(15,000 rpm). The obtained powder was brought for

characterization by X-ray diffraction (Philips X’Pert Pro

Super, CuKa radiation) and transmission electron micros-

copy (Hitachi 800). Lithium contents of the discharged

electrode film and the powders obtained finally were

determined by inductively coupled plasma-atomic emis-

sion spectrometer (ICP-AES, Atomscan Advantage, USA).

Results and discussion

The initial discharge experiment

The initial discharge experiment was conducted under a set

of fixed conditions. The CuO powders used as the electrode

were of analytical grade and were composed of micrometer

scaled CuO particles. The cells were discharged at room

temperature with the discharge current of 0.064 mA/cm2.

After discharged and washed, the final powder product was

obtained and transferred to the sample chamber of an X-ray

diffractometer without exposure in air. This discharge

experiment has been discussed in our previous paper [24].

The X-ray diffraction (XRD) pattern of the final products is

shown in Fig. 1. Obviously, only copper is left after the

washing procedure. The rather sharp diffraction peaks

suggest a high crystallinity of these copper particles with

an average crystallite size of 35 nm, which is calculated

with the Scherrer equation. The lattice parameter (a) of a

unit cell is estimated to be 0.361 nm, which is very close to

the reported data (JCPDS 4-836 a = 3.615 Å). From this

pattern it can be seen that reaction (1) was easily accom-

plished in the ‘‘micro-reactor’’ and this ECM process is

feasible to obtain metallic copper.

CuO + 2Li! Cu + Li2O ð1Þ

According to the test of ICP-AES, after fully discharged

lithium content is 10.4% in the electrode film, which

quantificationally describes the lithium insertion into CuO

electrode in reaction (1). The lithium content of the pow-

ders obtained finally is 0%, which shows Li2O was cleared

away after washing the electrode film with dilute hydro-

chloric acid and anhydrous ethanol.

The size and morphology of the precursor CuO powder

and the obtained copper particles are shown by their

scanning electron micrographs (Fig. 2). Thus, in these Li

cells the CuO electrodes are composed of commercial CuO

powders with a particle size of about 4 lm (Fig. 2a). After

the ECM process a large scale of nano-sized copper has

been fabricated as shown in Fig. 2b. The size of the

nanoparticles is about 40 nm, being consistent with the

calculated XRD result based on Scherrer equation. Hence,

Fig. 1 The XRD patterns of the Cu powders recovered from the

electrochemical reduction process

Fig. 2 The scanning electron micrographs of the starting CuO

powder (a), and the TEM image of the discharged products (metallic

copper) obtained at the current density of 0.064 mA/cm2 in room

temperature (b)

J Mater Sci (2008) 43:1492–1496 1493

123



after the electrochemical reduction process the micrometer-

sized CuO particles are milled into nanosized copper

particles.

According to Burbank’s work on lead acid batteries

[27], a metasomatic transformation mechanism is adopted

to explain the Li-driven transformation when Li is elec-

trochemically inserted into metal oxide. In this mechanism,

the global particle shape is retained after driving metal

atoms out of the metal oxide precursor, but more elemen-

tary particles (e.g., nanograins) of different shape and size

from the precursor are produced. Specifically, when CuO

electrode is reduced in a Li cell the reaction (2) occurs

initially and the intermediate product Cu2O is formed [16,

28]. Since Cu2O and final products (Li2O) respectively

have a cubic-type structure with a = 4.267 Å and 4.614 Å,

one can easily imagine that when the reaction (3) occurs, Li

will enter into the oxygen framework in Cu2O and the

copper is pushed out of the lattice, forming elemental

copper. Then the copper nucleation and growth process

lead the formation of copper nanoparticles.

CuO + Li! 1

2
Cu2O +

1

2
Li2O ð2Þ

1

2
Cu2O + Li! Cu +

1

2
Li2O ð3Þ

Effects of CuO precursor on final product

In our previous research work, another CuO sample com-

posed of nanosheet particles (Fig. 3a) was used to make

CuO/Li cells in order to analyze its electrochemical prop-

erties [29]. To investigate the influence of precursor CuO

on final product, the final electrochemically milled product

of this CuO sample was also characterized to compare with

the previous CuO electrode. The transmission electron

microscopy (TEM) analysis (Fig. 3b) demonstrates that the

final product also consists of a large quantity of nanopar-

ticles with a uniform diameter of about 40 nm, which is

similar to the electrochemical reduction products obtained

from previous CuO electrode. This result illuminates that

the morphology and size of the CuO precursor have little

influence on the final reduction products.

It is easy to interpret this result according to the meta-

somatic transformation mechanism. Since when Li enters

into the oxygen framework of the intermediate product

Cu2O, copper atoms are pushed out and then the mor-

phology and size of the precursor CuO have already had

nothing to do with the copper nucleation and growth pro-

cess. Thus, when the external conditions are definite, the

morphology and size of the precursor CuO have no effect

on the final products.

Effects of discharge current on the nanograins growth

When the Li cells are discharged, different current density

are adopted to analyze the effects on the copper nanograins

growth. Figure 4 shows the TEM images of the samples

after discharged with different current densities, such as

0.32 mA/cm2 and 0.032 mA/cm2. Compared with the

results of 0.064 mA/cm2 in the initial experiment (Fig. 2b),

when at a larger current density of 0.32 mA/cm2, a large

quantity of uniform and spherical nanoparticles are

obtained, but with a larger size of 100 nm (Fig. 4a). When

the current density is decreased to 0.032 mA/cm2, ‘‘octo-

pus’’-shaped copper particles are obtained in the final

product (Fig. 4b). Field-emission scanning electron

microscopy (FESEM) images shows this surprising

‘‘octopus’’ structure consists of many nanofibers with a

rather uniform thickness of about 40 nm originated from a

core (Fig. 4c).

Obviously, the current density has a pronounced influ-

ence on the morphology and size of the nanosized copper

products. Since there is no electronic conducting additive

(carbon black) in the CuO electrode composition, the

electronic conduction on the CuO electrode controls the

growth of the copper particles. As showed in reaction (2)

and (3), Cu and Li2O are finally formed when lithium

inserted into the CuO electrode. In this process the elec-

tronic conduction should be the copper particles growing

along the Li2O matrix, since Li2O is insulating. Obviously,

the electronic conductivity is proportional to the size of the

copper particles. So, as showed in Fig. 4a and b, in a larger

current density (0.32 mA/cm2) the obtained Cu particles are

larger than in a smaller current density (0.064 mA/cm2) so

as to maintain a fast reduction process. However this order

is broken in a very small current density (0.032 mA/cm2), in

which copper can only be pushed out of the Li2O structure

by forming many nanofibers emanating from a core

Fig. 3 The scanning electron micrographs of the CuO powder shaped

in nanosheet (a), and the TEM image of the discharged products

(metallic copper) obtained at the current density of 0.064 mA/cm2 at

room temperature (b)
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(Fig. 4c). This result is similar as the copper dendrimers

growing on the discharged product of Cu2.33V4O11 [30].

Basically, the electron conduction involved in the reaction

(1) follows the path with the least resistance. At a small

current density, the reduction takes place first at some (but

not all) contact points between the CuO and the current

collector. As long as some copper grains are produced at

these points, the electrons would preferentially pass through

them and thus lead to the formation of copper fibers.

Microscopically, this process can be realized by pushing

copper out of the original CuO particles and form a similar

dendritic structure as in Cu2.33V4O11. On the other hand, at

a large current density, the copper may be formed at all the

contact points between CuO particles and the current col-

lectors, and no orientational growth or dendrimer formation

is necessary. Hence, spherical copper particles are obtained

at a large current density.

Influences of the temperature

Since temperature can influence the rate of conversion

reaction (1) or the rate of generating copper, we also dis-

charged the assembled cells at different temperatures of

0 �C, and 70 �C at a small current density of 0.032 mA/cm2

to compare the results with that obtained at room temper-

ature (Fig. 4b). As shown in Fig. 5a, when discharged at

70 �C copper nanofibers are also formed, but the product

also comprises large numbers of spherical nanoparticles.

The diameter of the obtained copper nanofibers and nano-

particles is about 40–50 nm. At the same time when

discharged at 0 �C the copper product are all nanofibers

(Fig. 5b) with the width of about 50 nm, which is similar to

the product obtained at room temperature. This means that

the temperature for discharging can influence the

morphology of reduction-derived copper particles.

As discussed above, in the case of the nanofibers obtained

by a room temperature discharging with a small current

density of 0.032 mA/cm2, the least resistance path for the

electron conduction is along the copper nanofibers. When

discharged at 0 �C, the rate of the reduction reaction (1) is

even slower than at room temperature, which results in more

orientational growth of copper nanofibers (Fig. 5b). How-

ever, when discharged at 70 �C the reaction (1) proceeds

faster, resulting in the decrease of the degree of orientational

growth. Consequently, the formation of both copper nanof-

ibers and spherical particles is observed (Fig. 5a).

Conclusions

In this article, the CuO/Li cells are used as ‘‘micro-reactor’’

to fabricate nanosized metallic copper by electrochemically

reducing CuO electrode. This novel way can be described

Fig. 5 The TEM images of the discharged products (metallic copper)

obtained at different temperatures of 70 �C (a), 0 �C (b) at the current

density of 0.032 mA/cm2

Fig. 4 The TEM images of the discharged products (metallic

copper) obtained at different current density of 0.32 mA/cm2 (a),

0.032 mA/cm2 (b) in room temperature; The FESEM image of the

discharged products (metallic copper) obtained at the current density

of 0.032 mA/cm2 in room temperature (c)
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as an ECM process. The formation mechanism of copper

nanoparticles can be interpreted with a metasomatic

transformation process. The most important factors to

influence the structure of the generated copper products are

the current density and operating temperature. The mor-

phology of the CuO precursors is found to have a little

effect on the final copper products. We believe that such an

ECM process is versatile and could be adapted for the

fabrication of 1D nanostructures of various transition

metals by choosing the suitable discharge conditions.
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