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Abstract—A 3-dimensional disk electrode structure was designed to further improve the capacity and reduce the weight
in the anode of a Li-ion battery. The additives, such as binding and carbon based conducting materials, were removed.
In particular, Cu foil was not used in this 3-dimensional disk electrode. All the specimens were fabricated using con-
ventional ceramic process, which was appropriate for the scale-up in industry. In the 3-dimensional disk electrode, the
Cu-CoO composite was selected and excellent capacity was observed.
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INTRODUCTION rials such as oxides, composites etc. [1-14]. However, these devel-
opments have been limited to the design of active materials. Thus,

Regarding the Li-ion battery, many studies have been conducted we designed a new electrode structure, which is the structure for not

to enhance its electrochemical capability especially in active mate- active material but electrode, in order to obtain further improve-
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Scheme 1. 3D disk electrode structure designed in this study: (a) structure difference between conventional electrode and 3D disk electrode,
(b) appearance, microstructure, and schematic diagram of 3D disk electrode, and (c) F and C2 as a function of particle size
ratio (between Cu and CoO) in the 3D disk electrode (Inset: F and C2 variations with Cu particle sizes in 3D disk electrode,

when the particle size of CoO is 1 um).
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ment in capacity by increasing the weight ratio of active material at
the electrode as indicated in Scheme 1. It was achieved by remov-
ing additive materials and, especially, Cu foil. Furthermore, this elec-
trode structure is good for lightening the weight of the Li-ion battery.
The total weight of electrode is reduced by removing the additive
materials. The conventional ceramic process was chosen, consider-
ing the scale-up in industry.

To clarify the excellent quality of 3-dimensional (3D) disk elec-
trode in capacity, the capacity must be calculated by using the weight
of not only active material (C1) but also the whole electrode (C2).
The aim of this work is the C2 improvement and light weight pf
the electrode of the Li-ion battery. Hence, in this study, the fraction
of active material (F, wt%) must be considered as the following:

F=(active material)/(active material+conducting material
+binder+Cu foil) e

Primarily, F means the weight ratio of active material in anode.
It must be investigated to clarify the benefit of 3D disk structure as
seen in Table 1, since C2 can be calculated by:

C2=C1F 2

To lighten the electrode weight, F and C2 must be improved. In
atypical electrode structure, F magnitude might be located at around
0.15-0.30 region (due to the Cu foil and additives, especially Cu foil),
which is lower than that of 3D disk structure as seen in Scheme 1
and Table 1. The thickness of Cu foil was assumed to be 20-30 um

Table 1. Calculated capacities of typical and 3D disk structure for
the anode in Li-ion battery: It was supposed that F might
be around 15-30 wt% in typical electrode structure, owing
to the large fraction of Cu foil as well as the other addi-
tives such as binding and carbon based conducting mate-
rials. They were calculated using the weight of not only
active material (C1) but also whole electrode (C2)

Typical electrode 3D disk electrode

Graphite CoO 40 wt% CoO 90 wt% CoO
F [wWt%] 15-30 15-30 40 90
Cl[mAhg'l 372 715 715 715
C2[mAhg'l 56-112 107-214 286 643

and its reduction might be under trial at many companies. Because
of low F, the conventional structure can show relatively low C2,
compared to the 3D disk electrode as shown in Table 1. Moreover,
C2 of'the 3D disk electrode can be controlled by the particle size ratio
as shown in Scheme 1(c). F and C2 magnitudes of 3D disk struc-
ture in Table 1 and Scheme 1(c) were calculated on the assumption
that the surface of every CoO particle was entirely covered with
one layer of Cu particles, and all of the CoO particles completely
functioned for active materials in 3D disk electrode as shown in the
diagram of Scheme 1(b). Since the particle size of the active mate-
rial must be large to obtain high F, CoO was chosen to assemble
the 3D disk electrode in this work. It has been reported that the CoO

Fig. 1. EPMA images of (a) 0.1 and (b) 0.4 3D disk electrodes sintered at 500 and 600 °C for 2 h in N, atmosphere and SEM |[field emission
scanning electron microscopy (FE-SEM): Hitachi S-4300, Tokyo, Japan] images of (c) raw powders and (d) 0.4 3D disk electrode

sintered at 600 °C in N, atmosphere.
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CoO [particle size ~1 pm, Fig. 1(c)] and Cu [~300 nm, Fig. 1(d)]
powders were chosen to assemble the 3D disk electrode. Two com-
positions of 0.6 Cu - 0.4 CoO (at weight ratio, 0.4 3D disk elec-
trode) and 0.9 Cu - 0.1 CoO (0.1 3D disk electrode) were prepared
and compared to each other in this study. The composition of 0.4
3D disk electrode was chosen by considering the F value as seen
in Scheme 1(c), and 0.1 3D disk electrode was selected because it
has similar C2 to graphite-based conventional electrode. The 3D
disk electrode was prepared by using the typical ceramic process
which is suitable for scale-up in industry [15]. CoO and Cu pow-
ders were ball-milled for 4 h and compacted under a pressure of
100 kg/cm?. They were sintered at the range of 500-600 °C for 2 h
in N, atmosphere. Coin-type cells (CR 2016) were assembled in an
argon-filled glove box. The prepared 3D disk electrode and a metallic
lithium foil were used as the working electrode and the counter elec-
trode. A 1 M LiPF, [a mixture of ethylene carbonate (EC) and dime-
thyl carbonate (DMC) (1 : 1 volume ratio)] was used as the elec-
trolyte and a polypropylene (pp) film (Celgard 2400) was chosen
for the separator. The cells were cycled by using a multi-channel
battery cycler (Toyo System Co., Ltd.) between 0.001 V and 3.000 V
at arate of C/5.

To confirm the formation of Cu-CoO composite and the distri-
bution of particles, an electron probe X-ray micro-analysis (EPMA:
JXA-8900R, JEOL, Japan) was carried out as shown in Figs. 1(a)-
(b). The regions of CoO and Cu were clearly distinguished, and
the trends of their levels and areas were completely opposite. There-
fore, it was expected that Cu-CoO composites were well-formed
and CoO particles were well-distributed among Cu particles. How-
ever, the oxidation of Cu was also detected by EPMA as shown in
Table 2. There was a gap in the oxidation ratio of Cu, since Co is
oxidized more easily than Cu, as found at the Ellingham diagram
[16,17]. The good formation of the Cu-CoO composite was con-
firmed by XRD patterns at which no other peak was found at 0.1
and 0.4 3D disk electrodes except CoO, Cu, and Cu,0 peaks (not
shown in this manuscript).

The particle sizes were investigated because it has been well-
known that the particle size is an important factor in the electro-
chemical behavior of Cu,O, although it does not show a significant
effect on the capacity of CoO [14]. Fig. 1(d) shows the porous micro-
structure (density=76.3%, measured by the Archimedes method.)
of 0.4 3D disk electrode specimen. Quite small particles (Cu,0O, 10-
25 nm) were observed as marked with arrow inset of Fig. 1(d), which
shows the surface of Cu particles in a 0.4 3D disk electrode speci-
men. These small particles were also found at the surface of the Cu
particles heated at 500 °C for 2 h in N, (not shown in this manu-
script).

The 3D disk electrodes operated well, as shown in Fig. 2, and
the plateaus for both Cu,0 and CoO were observed. Moreover, at
the first cycle, the ratio of Cu,O plateaus was quite similar to the
EPMA results, as seen in Fig. 2(a) and Table 2 [13,14]. At 0.1 3D
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Fig. 2. (a) Charge and discharge curves and (b) cycling perfor-
mances of 0.1 and 0.4 3D disk electrodes sintered at S00 and
600 °C for 2 h.

disk electrode, a wider plateau of Cu,0 was observed, because a
larger amount of Cu was oxidized compared to the 0.4 3D disk elec-
trode. In addition, the 0.1 3D disk electrode showed higher C1 (1,650
and 970 mAh g ') than the 0.4 3D disk electrode (1,040 and 570
mAh g ') at the 1* cycle because of the higher Cu,O ratio of 0.1
3D disk electrode. However, as shown in Fig. 2(b), better cycling
retention was observed in the 0.4 than the 0.1 3D disk electrode.
This better cycling performance of the 0.4 3D disk electrode might

Table 2. Cu oxidation rates of Cu and 3D disk electrodes (analyzed by EPMA)

Specimens Ratio of Cu,O [mol%/wt%] Oxidation of Cu [mol%] Sintering condition [°C, atmosphere]
Cu 72.9/85.8 72.9 500, N,
0.1 3D disk electrode 10.4/20.4 11.6 500, N,
0.4 3D disk electrode 3.0/6.2 5.0 600, N,
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be due to the lower fraction of Cu,O particles, which showed poor
cycle retention as shown in the inset of Fig. 2(b). This poor cycle
retention of small Cu,O particles was already reported by Poizot et
al. [14].

Primarily, 0.1 and 0.4 3D disk electrode specimens showed C2
of ~60mAh g ' and ~190mAh g ' at 40" cycle, respectively, as seen
in Fig. 2(b). Therefore, it was demonstrated that the 0.4 3D disk
electrode has excellent capacity, since F and C2 might be ~15 wt%
and 107 mAh g ' in the conventional structure as seen at Table 1,
when CoO was used for active material. In particular, the 0.4 3D
disk electrode showed much higher capacity compared to the graph-
ite-based conventional electrode. This means the electrode is also
even lighter. Moreover, the CoO fraction was limited to approxi-
mately 40% in this work because of the size ratio (~0.3) as seen in
Scheme 1(c) and Fig. 1(c). Therefore, further study can be focused
on optimizing the structures of 3D disk electrodes. If smaller Cu
particles (<34 nm) are used, the fraction must be enhanced to >90%
and C2 can be also improved to >643 mAh g ' (11 times higher
than conventional electrode as shown in Table 1). Furthermore, Cu
coated CoO particle might be a more promising material for the
3D disk electrode. Therefore, the 3D disk electrode might be a prom-
ising candidate to improve energy density, etc., and reduce the weight
in the electrode of the Li-ion battery.
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