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a b s t r a c t

To improve the cycle-life performance of LiFePO4/Cu-Sn lithium ion battery, a new methodology using
a foam-type three-dimensional current collector was investigated. By applying the three-dimensional
nickel substrate for the negative electrode, instead of conventional copper foil, the cycle performance of
the Cu-Sn electrode was improved. In addition, a heat treatment of the electrode was revealed to suppress
vailable online 8 November 2009
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the capacity decline drastically: the heat treated electrode showed the capacity above 400 mAh g−1 even
after 50 cycles. A full-cell which combined the developed negative electrode and a positive electrode
based on LiFePO4 also showed a favorable cycle performance. Furthermore, a full-cell using aqueous
slurry was prepared, and the cell exhibited an excellent cycle-life performance in which it maintained
above 90% of the maximum capacity even at the 200th cycle.
iFePO4

queous slurry

. Introduction

Lithium ion batteries using lithium cobalt oxide (LiCoO2) and
raphite-based materials for the positive and negative electrodes,
espectively, have been widely used as electric power sources.
o increase the energy density of the batteries, various materials
ave been studied. As new negative active materials, some metal-

ic substances which form alloys with lithium have been evaluated
1,2], and especially, tin-based alloys have been extensively stud-
ed because of the low toxicity and the large specific capacity [3–8].
in reacts with lithium forming the alloy Li4.4Sn and its theoretical
apacity is about 1000 mAh g−1 which is about three-times larger
han that of the conventional graphite-based materials. However,
he tin-based negative electrodes generally exhibit poor cycle-life
erformances. During the charge/discharge processes, the tin-
ased active materials cause a large volumetric change followed
y the pulverization of the active materials powder, which leads

o the capacity fading. To suppress the volumetric change, some

ethodologies have been attempted, such as alloy-formations of
in with a various electrochemically inert metal [2–4], carbon-
eposition [5,6], and structure-control of active material layer [7,8].
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As another methodology, we hereby propose a new strategy using
a foam-type three-dimensional (3D) substrate instead of the foil-
type current collectors which have been generally used. Whereas
this kind of 3D substrate has been used as a current collector for
the positive electrode of nickel/metal-hydride (Ni/MH) batteries,
there has been little attention paid for the current collectors of
lithium ion batteries [9]. We have extensively studied the effect
of the current collector structure on some electrochemical energy
storage systems [10–16], and have previously revealed a benefit
of the 3D substrate use for improving the power output prop-
erty of a positive electrode of lithium ion batteries [16]. In this
paper, the tin-based negative electrodes using the 3D substrate
and the full-cells using the 3D substrates for positive and nega-
tive electrodes were prepared and the effect of the 3D substrate on
the cycle-life performance was examined. Furthermore, the appli-
cability of aqueous slurry for LiFePO4/Cu-Sn battery system was
investigated.

2. Experimental

As a 3D current collector, a foam-type nickel substrate was used
(Celmet No. 8, Sumitomo Electric Industries Ltd.). This substrate
is manufactured by nickel plating on foamed polyurethane fol-

lowed by a heat treatment to remove the inner polyurethane. The
morphology of the 3D substrate was examined with a digital micro-
scope (VHX-200, Keyence Corp.). Analytical data of the substrate
such as weight, thickness, porosity, and specific surface area were
420 g m−2, 1.4 mm, 97%, 5800 m2 m−3, respectively.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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decrease was suppressed to some extent. Moreover, the additional
annealing treatment showed a significant effect to improve the
cycle-life performance. Annealing temperature was also examined,
and the annealing at 500 ◦C showed the best cycle-life performance
among the temperatures we checked. Contrary, the annealing treat-
078 M. Yao et al. / Journal of Pow

As a tin-based material, Cu-Sn alloy powder (Sn content: 35 wt%)
as used which was provided by Fukuda Metal Foil & Powder Co.

td. [4]. Slurry for the negative electrode was prepared by mix-
ng the alloy powder, ketchen black (KB) as a conductive additive,
nd polyvinylidene fluoride (PVDF) as a binder in a weight ratio
f 85:5:15 with the organic solvent of N-methyl-2-pyrrolidone
NMP). The prepared slurry was loaded into the 3D substrates;
nd the resultant electrodes were dried and then roll-pressed to
he thickness of about 90 �m. In addition, some electrodes were
nnealed at 500 ◦C for 8 h under vacuum. For a comparison, a con-
entional electrode was also prepared by using copper foil as the
urrent collector (electrode thickness: 50 �m). Each prepared neg-
tive electrodes was prepared such that they have approximately
he same capacity. The prepared each electrode was placed into an
2032 coin type cell case with a glass filter, porous polypropylene
eparator (Celgard No. 2400, Celgard Inc.), and a lithium sheet as
counter electrode. After an electrolyte of the mixed solution of

thylene carbonate and diethyl carbonate containing lithium hex-
fluorophosphate (1.0 mol L−1 LiPF6 in EC/DEC = 1/1) was added,
he half-cell case was sealed.

For the full-cells composed of both the negative and posi-
ive electrodes, carbon layer deposited lithium iron phosphate
LiFePO4) (primary particle diameter: 70–100 nm) (Mitsui Engi-
eering & Shipbuilding Co. Ltd. [17]) was used as the positive
ctive material. For this positive electrode, a high tolerance nickel-
hromium (Ni-Cr) 3D substrate was used [13,16]. For the negative
lectrode, the above-mentioned annealing process was applied
nder vacuum and then pre-doped by using lithium metal to
over the irreversible capacity of the alloy-based active materi-
ls [18]. Specifically, this pre-doping was carried out as follows.
he required amount of lithium for irreversible capacity was esti-
ated first from the experimental result obtained from the initial

harge/discharge curves of each negative electrode. The predeter-
ined total amount of lithium sheet was then placed in contact
ith the surface of each electrode before assembling the cell. After

he electrolyte was added, the prepared cell was left as it is till the
pen-circuit-voltage becomes stable. The other materials used for
ssembling the full-cells were the same to those of the half-cells.
he capacity of the positive electrode was about half as large as that
f the negative electrode. For a comparison, a conventional full-cell
as also prepared by using an aluminum foil and a copper foil for

he positive and the negative current collector, respectively.
The full-cell using aqueous slurry for the both positive and

egative electrodes was also examined. Aqueous solution of car-
oxymethylcellulose (CMC) (Daicel Chemical Industries Ltd.) and
queous dispersion of poly-tetrafluoroethylene (PTFE) (Daikin
ndustries Ltd.) as the binder materials were used instead the
rganic solution of PVDF in NMP. The aqueous slurry was prepared
y mixing the active material powder, the conductive additive, and
he above-mentioned aqueous solution in a specific weight ratio
ith water (LiFePO4 powder:KB:CMC:PTFE = 90:5:4:1 for the pos-

tive electrode; Cu-Sn powder:KB:CMC = 93:6:1 for the negative
lectrode, where PTFE was not used). The both electrodes were
repared by loading the aqueous slurries into the 3D substrates
ollowed by the roll-press. For these electrodes, a careful drying
rocess at the temperature of over 150 ◦C under vacuum was car-
ied out to remove the water enough. Subsequently, the annealing
rocess for the negative electrode was applied under vacuum and
hen pre-doped by using a lithium metal sheet. The cell was assem-
led in the similar way described above.

In the cycle-life test, the prepared half-cells were galvanostat-

cally charged at a current density of 100 mA g−1 followed by a
otentiostatic charge at 0.0 V vs. Li+/Li for 2 h; then, they were gal-
anostatically discharged at a current density of 100 mA g−1 with
cutoff voltage of 1.0 V vs. Li+/Li (In this paper, the charge and dis-

harge represent lithiation and delithiation processes on the alloy,
rces 195 (2010) 2077–2081

respectively). In the cycle-life test of the full-cells, the cells were
galvanostatically charged and discharged at the current density of
0.2-C rate, where n-C corresponds to the current density to com-
plete charging or discharging of the cell in 1/n hours. All of the
charge/discharge tests were performed at 30 ◦C with a computer-
controlled charge/discharge system (BLS series, Keisokuki Center
Co. Ltd.).

3. Results and discussion

Fig. 1 shows an optical microscopic image of the 3D substrate.
The morphology of the substrate reflects the structure of the
foamed polyurethane grounding. The 3D substrate has a large sur-
face area due to its unique framework structure. The active material
particles can be filled in the inner pore space. This characteristic
structure could suppress the separation of the active materials from
the current collectors caused by the large volumetric change of the
active material powder during the charge/discharge process.

Fig. 2 shows a comparison of the charge/discharge curves of the
prepared Cu-Sn-based negative electrodes at the second cycle. All
of the electrodes show large capacity about 500 mAh g−1. These
obtained initial discharge capacities are typical values for Cu-Sn
materials [2–7]. The electrode using the conventional copper foil
and the one using the 3D substrate exhibit almost the same behav-
ior in which the discharge curves have two plateau voltage regions
at 0.5 and 0.7 V (vs. Li+/Li). This attributes to the charge/discharge
process of Cu6Sn5 phase [3,4]. On the other hand, the annealed
electrode exhibits a smooth discharge curve having one plateau
region.

The cycle-life performance of the prepared Cu-Sn-based nega-
tive electrodes is shown in Fig. 3. The capacity retention ratios at
the 50th cycle of the electrodes were 24, 55 and 92% for the con-
ventional electrode, the electrode using the 3D substrate and the
annealed electrode using the 3D substrate, respectively. By only
applying the 3D substrate to the negative electrode, the capacity
Fig. 1. Optical microscopic image of the 3D substrate.
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ig. 2. Charge/discharge curves of the negative electrodes at the second cycles: (a)
he electrode using the Cu-foil, (b) the electrode using the 3D substrate, and (c) the
nnealed electrode using the 3D substrate. Current densities of 100 mA g−1 were
pplied for the both charge and discharge.

ent on the conventional electrode using Cu-foil did not provide
uch a significant improvement.

In order to investigate the property of the annealed negative
lectrode in a practical system, a full-cell was assembled with a
ositive electrode using carbon layer deposited LiFePO4 as active
aterial. For the positive electrode, a 3D substrate made out of

ickel-chromium (Ni-Cr) alloy was used to suppress the corrosion
ue to the high electric potential of the cell [13,16]. This Ni-Cr
D substrate was manufactured by alloying the nickel 3D sub-
trate with metallic chromium powder, and the substrate has a
assivation layer on the surface, which makes the electrochemical
olerance much higher than that of pure nickel substrate.
In general, alloy-based electrodes show large irreversible capac-
ty as described in Section 2. Owing to this irreversible capacity,
ne cannot use these alloy-based negative active materials as is.
o overcome this problem, we applied a pre-doping technique

ig. 3. Cycle-life performance of the Cu-Sn electrodes at 30 ◦C (current density:
00 mA g−1, potential range: 0.0–1.0 V vs. Li+/Li). (�: annealed electrode using the
D substrate; �: electrode using the 3D substrate; : electrode using conventional
u-foil.)
Fig. 4. Charge/discharge curvets of the full-cell using the 3D substrates for the
both positive and negative electrodes at the fifth cycle. The negative electrode
was annealed before the assembling the cell. (Current density: 0.2-C rate, potential
range: 2.0–4.2 V, temperature: 30 ◦C.)

using a lithium metal sheet for the negative electrode before use
[18].

Fig. 4 shows the charge and discharge curves of the prepared
full-cell using the 3D substrates for the both positive and nega-
tive electrodes at the current density of 0.2-C rate. The cell shows
the average discharge voltage of about 2.8 V at the early cycle,
which approximately corresponds to the average potential differ-
ence between LiFePO4 electrode (∼3.4 V vs. Li+/Li) and Cu-Sn-based
electrode (∼0.6 V vs. Li+/Li).

The cycle test was also carried out for the prepared full-cells
at the same current density. Fig. 5 shows the comparison of the
cycle-life performance of the full-cell using the 3D substrates and
the full-cell using the conventional foil substrates. The discharge

capacity of the full-cell using conventional foil substrates begins to
decrease drastically from around the 15th cycle and falls to 2% of the
initial capacity at the 100th cycle. On the other hand, the full-cell
using the 3D substrates shows a much better cycle performance;

Fig. 5. Cycle-life performance of the full-cells at 30 ◦C (Current density: 0.2-C rate,
potential range: 2.0–4.2 V). (©: the full-cell using the 3D substrates for both the
positive and annealed negative electrodes; �: the full-cell using conventional Al-foil
and Cu-foil for the positive and negative electrodes, respectively.)
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Fig. 6. Charge/discharge curves of the full-cell using the aqueous slurry at the 20th
cycle. The 3D substrates were applied for both the positive and negative electrodes.
The negative electrode was annealed before the assembling the cell. (Current den-
sity: 0.2-C rate, potential range: 1.5–4.2 V, temperature: 30 ◦C.)
080 M. Yao et al. / Journal of Pow

t maintains about an 80% of the initial capacity even after the 100
ycles. The high retention ability of the 3D substrate for the active
aterial is considered to suppress the poor electrical contact which

s often caused by the swelling of active material particles during
he charge/discharge process. Besides, the annealing treatment of
he electrode was found to be effective to improve the cycle-life
roperty of the Cu-Sn electrode.

In a preliminary X-ray diffraction (XRD) measurement, the
nnealed electrode showed a complicated pattern composed of
any peaks ascribed to partial oxidation, phase changes of the

ctive material and alloys formation between the Cu-Sn powder
nd the nickel substrate. There are some reports on the improved
ycle stability of tin-based electrode by oxidation [19–22]. For these
xidized materials such as SnO and SnO2, the lithium oxide matrix
ormed during the first charge works as a buffer for the volumetric
hange of the active material powder. On the other hand, an alloy
ormation of tin with nickel of substrate can also improve the cycle
tability as negative active materials. Osaka and co-workers have
eported the electrochemical properties of various Ni-Sn alloys
23,24]. In their studies, the alloy formation of tin with nickel is
evealed to lead a stable cycle-life performance. In our case, similar
lloys can form at the interface of alloy powder and the nickel sub-
trate. In addition, the ternary alloy formation among copper, nickel
nd tin can also occur during the annealing process. Lots of phases
re known for this ternary system [25–27], which will make the
RD pattern of the annealed electrode complex. The mechanism of

he structural change during the annealing of the negative electrode
s not clear at the present stage; however, the enhanced contact
etween the 3D substrate and the Cu-Sn powder upon heating, and
he phase change itself are considered to synergistically work for
he improvement in the cycle-life of the Cu-Sn-based negative elec-
rode. In order to clarify the mechanism, a further investigation of
he structure change of the alloy is under progress.

Finally, the applicability of aqueous slurry for the 3D substrate
ill be described. In the preparation process of electrodes of lithium

on batteries, organic solvent such as NMP is generally used for the
lurry of active material powder. If the application of aqueous slurry
ecomes possible, the manufacturing process of the batteries can
e simplified and reduce environmental load. However, the appli-
ation of aqueous slurry is a challenging task because the binder
aterials used for aqueous slurry usually have some problems in

uch dispersion property, adhesibility, and wettability compared
ith these properties of the conventional binder materials used

or organic slurry. In particular, the application of aqueous slurry
or positive electrode is difficult because most aqueous binder has a
roblem in electrochemical stability at the high potential of lithium

on batteries. As shown in the results above, the electrodes using
he 3D substrates exhibit favorable battery performances. The high
etention ability of the 3D substrate for the active material could
ompensate the drawback of the low adhesibility of aqueous slurry
ystem. We also prepared a full-cell by using aqueous slurry for
oth of the positive and negative electrodes. Specifically, CMC-
TFE/water or CMC/water-based slurry was used, instead of the
onventional PVDF/NMP-based slurry. Fig. 6 shows charge and dis-
harge curves of the prepared full-cell using the aqueous slurry at
he current density of 0.2-C rate. The cell shows almost the same
attern to the cell using the conventional organic solvent-based
lurry shown in Fig. 4. The cell exhibited an excellent cycle per-
ormance as shown in Fig. 7. The capacity increased, reached a

aximum at around the 20th cycle, and then slightly decreased;
owever, the cell maintained more than 90% capacity of the max-
mum value even at the 200th cycle. The application of the 3D
ubstrate was revealed to make the use of aqueous slurry possible
or both of the negative and positive electrodes. It is particularly
otable that popular binder material of PTFE becomes practicable

or LiFePO4 positive electrode by using the Ni-Cr 3D substrate since
Fig. 7. Cycle-life performance of the full-cell using the aqueous slurry. The 3D sub-
strates were applied for both the positive and negative electrodes. (Current density:
0.2-C rate, potential range: 1.5–4.2 V, temperature: 30 ◦C.)

the report on the use of aqueous slurry for positive electrode is only
a few because of some drawbacks as described above. By replac-
ing the organic slurry to aqueous one, the manufacturing process
of lithium ion batteries becomes simple, which would lead to the
reduction of environmental load.

4. Conclusion

A new methodology using a 3D current collector was inves-
tigated, and was revealed to improve the charge/discharge
performance of the Cu-Sn-based negative electrode of the lithium
ion battery. The cycle-life performance was improved more by an

◦
annealing of the negative electrode at 500 C under vacuum.
Furthermore, aqueous slurry becomes practicable by applying

the 3D substrate. The cell using the aqueous slurry and the 3D
substrates for the both positive and negative showed an excellent
cycle-life performance: the cell maintained more than 90% capacity
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f the maximum value even at the 200th cycle. It is noteworthy that
queous slurry based on PTFE dispersion can be applied for LiFePO4
ositive electrode by using the Ni-Cr 3D substrate.

The 3D substrate has high flexibilities in structure, such as thick-
ess, porosity, and pore size. By optimizing the structure of the 3D
ubstrate and the annealing condition, a much improvement in the
ithium ion battery using alloy-based negative electrodes will be
ealized. Bedsides, this methodology also would lead to the simpli-
cation of the manufacturing process of lithium ion batteries and
educe the environmental load.
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