NIPPON STEEL TECHNICAL REPORT No. 122 NOVEMBER 2019

Technical Report

UDC 621 .3.035.3:669.884:669.14.018.8

Fe-based Metal Foils for Current Collectors
in Li-ion Secondary Batteries

Abstract

Hiroto UNNO*
Naoki FUJIMOTO

Tatsuo NAGATA
Masahiro FUKUDA

In lithium-ion secondary batteries for vehicles, focus on safety and cycle life has been
required in addition to improvement of energy density and input/output performance con-
cerning the traveling distance and power generation accepting characteristics. Therefore,
materials for constituting the batteries are facing realignment of some fundamental func-
tions. Fe-based materials including stainless steel are excellent in high electrolyte resist-

ance, exhibit excellent mechanical properties, and also have a wide electric potential win-
dow. As a result, Fe-based metal foils for current collectors would significantly improve the

performance and quality of batteries.

1. Introduction

Recently, it is said that the automotive industry is facing a turn-
ing point that occurs once every 100 years. With various countries’
environmental regulations as a background, demand has clearly
been shifting to motorized vehicles. Properties required for on-vehi-
cle secondary batteries that control the vehicle performance vary de-
pending on the vehicle type such as hybrid vehicle (HEV), plug-in
hybrid vehicle (PHEV), and electric vehicle (EV). Generally, impor-
tance is attached to the safety and cycle life in addition to improve-
ment of the energy density and input/output performance that are re-
lated to the traveling distance and power generation accepting char-
acteristics. As the levels of required properties become higher, mate-
rials constituting secondary batteries, such as materials for positive
and negative electrodes and electrolytes, need to be reformed. Vari-
ous materials for positive and negative electrodes have previously
been studied for higher energy density of lithium-ion secondary bat-
teries (LIBs). In addition, recently, to satisfy both higher energy
density and safety, all-solid-state LIBs for which electrolytes and all
components are solids have been actively studied.

Due to environmental changes to which battery component ma-
terials are subjected, studies to apply Fe-based metal foils having
corrosion resistance and mechanical properties superior to those of
conventional materials to current collectors, being one battery com-
ponent, have been actively conducted. These current collectors do
not contribute to the battery capacity directly and there is demand
for them to be as thin as possible. As a result, a technology for re-

ducing the thickness to approximately 10 4m by cold rolling is re-
quired. The Metal Foil Division of Nippon Steel Chemical & Mate-
rial Co., Ltd. has an overwhelming share of ultra-thin stainless steel
foils for hard disk drive suspensions in the world. The Nippon Steel
Corporation group has strong points—rolling technologies that can
control the thickness and flatness highly accurately even for very
thin sheets and an integrated production and quality management
system in which all processes from the procurement of raw materi-
als to foil rolling are conducted within the group. This paper outlines
ultra-thin Fe-based metal foil for current collectors that have been
studied to realize high-capacity, long-cycle-life LIBs with high safe-
ty and reliability.

2. Structure of Liquid-based LIBs and Positive and

Negative Current Collectors

Figure 1 illustrates the structure of a liquid-based LIB." A posi-
tive electrode and negative electrode face each other with a separa-
tor to prevent a short circuit in-between. A tab lead has been welded
to each electrode to take current out from the electrode to the out-
side of the battery. An electrode consists of an electrode layer and
current collector. The electrode layer consists of active materials
that can occlude and release lithium (Li) ions during charge and dis-
charge, conductive additives that improve electro-conductivity, and
binders that bind active materials to each other and active materials
to the current collector. The space enclosed by the case including
voids in the electrodes and separator is filled with an organic elec-
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Fig. 1 Structures of (a) Li-ion secondary batteries and (b) Electrodes

trolyte into which Li salt has been dissolved. The current collector is
a passage to flow a current to the electrode layer and tab lead, and
also plays the role of a base of the electrode layer from a mechanical
perspective. Therefore, current collectors need to have conductivity
and mechanical strength. In addition to such, they require various
characteristics, for example, they should have adhesion with elec-
trode layers and corrosion resistance in electrolytes and they should
be thin and lightweight. From a practical perspective, they should be
easy to obtain and inexpensive.

The non-reactivity in electrolytes is a particularly important
property that significantly affects the cycle life of devices. Figure 2
shows the oxidation-reduction potentials of candidate materials of
current collectors that were obtained by simply converting values
for aqueous solutions into the Li electrode potential reference.” The
oxidation-reduction potential of copper (Cu) foils, which are often
used as negative current collectors, is around 3.5 V (vs. Li/ Li") at
present and therefore they are not suitable for positive electrodes
that are exposed to 4 V or more. Meanwhile, in the normal operating
potential range of negative electrodes, Cu foils are stable in the me-
tallic state. The oxidation-reduction potential of nickel (Ni), which
is often used for tab leads, is around 2.8 V (vs. Li/Li"), so it is stable
in the metallic state in the operating potential range of negative elec-
trodes. Ni-plated steel foils manufactured by coating Ni on the plain
steel surface have been suggested as negative current collectors.?

The oxidation-reduction potential of aluminum (Al) foils, which
are often used for positive current collectors, is approximately 1.4V,
so they are not suitable for positive electrodes from a thermodynam-
ical perspective. However, they easily passivate in typical LIB elec-
trolytes, so it is known that they show rather good corrosion resist-
ance in practice.*® This is because Al is covered with an oxide film
in the air, but, in fluoro-acid salt-based electrolytes represented by
LiPF,, a fluoride (AIF,) film is formed on this oxide film; so, even
when an Al foil is in contact with a positive electrode active material
having strong oxidizability, Al does not significantly oxidize.>®
However, when Al is polarized to 1 V or less in an electrolyte, it al-
loys with Li, so Al cannot be used as a negative current collector.”
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Fig. 2 Oxidation-reduction potential of various metals (vs. Li/Li")

Stainless steel has a passive-state film formed on the surface as
is the case with Al and it does not alloy with Li, so it is expected as
both a positive and a negative current collector. The passive-state
film on stainless steel may consist of two layers of chromium (Cr)
oxides on the metal base side and hydroxides consisting of iron (Fe)
and Cr on the atmospheric side. The layer thickness may be approxi-
mately 1 to 3 nm although it varies depending on the conditions. A
passive-state film is naturally formed in an environment where
stainless steel is placed and this contributes to maintaining corrosion
resistance. It is said that, in a normal environment, the higher the
content of Cr (Cr/(Cr+Fe) ratio) in the passive-state film of stainless
steel is, the higher the corrosion resistance is, and thereby the elu-
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tion of metal ions decreases.

Meanwhile, regarding the passivation behavior of stainless steel
in electrolytes used for liquid-based LIBs, some researchers have
studied the details using SUS304, which is austenitic (y) stainless
steel in which Cr and Ni were added to Fe.®? These studies have re-
ported that, in an electrolyte of a fluoro-acid salt represented by
LiPF,, the stainless steel reacts with anions including fluorine to
form fluorides (CrF, and FeF,) on oxides, so excellent corrosion re-
sistance is retained up to 5 V (vs. Li/Li"). Figure 3 shows a cyclic
voltammogram (CV) of SUS316L (y stainless steel) in 1M-
LiPF,+EC:DEC (EC: ethylene carbonate, DEC: diethyl carbonate)
(volume ratio of 1:1).'” As is the case with the aforementioned
SUS304, the anodic current is very small at 25 yA/cm? or less up to
4.2V (vs. Li/Li*) and the peaks of the cathode and anode are similar
to those of SUS304. Therefore, it is expected that, for SUS316L,
fluorides are formed on oxides in an electrolyte and the corrosion
resistance is retained up to high potential.

Figure 4 shows the CV of the Nippon Steel group’s representa-
tive stainless steel grades in IM-LiPF +EC:EMC (EMC: ethyl
methyl carbonate) (volume ratio of 1:3). The CV was measured by
voltage sweep at a constant sweep rate of 5 mV/s under cyclic con-
ditions of 2.5 V—4.7 V—2.0 V—4.3 V—2.3 V. The anodic cur-
rent at each potential is very small at 4 gA/cm? or less for all the
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Fig. 3 Cyclic voltammogram of SUS316L in electrolyte
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Fig. 4 Electrolyte resistance behavior of typical stainless steel grades

stainless steel grades, so it can be said that the levels compare favor-
ably with those of Al foils that are currently used as positive current
collectors. The anodic current values of ferritic (o) stainless steel
NSSC430D, NSSC436S, and NSSC190 in which 17 wt% or more
Cr is added and y stainless steel SUS304, NSSC27AS, NSSC304JS,
and SUS316L are particularly small. The anodic current values of
NSSCFW1 and NSSCFW2 in which a smaller amount of Cr is added
and a minute quantity of tin (Sn) is added instead are relatively
small.

Therefore, an optimum steel grade can be selected based on
characteristics such as mechanical properties and productivity in
which the required levels vary depending on the application pur-
pose, in addition to the non-reactivity in electrolytes. In any case,
these types of stainless steel can be used as positive electrode cur-
rent collectors that are exposed to 4 V or higher in the Li electrode
potential reference. They are the only materials that can be used in
practice for current collectors of both positive and negative elec-
trodes.

3. Work to Improve the Energy Density of On-vehi-
cle LIBs

3.1 Alkali resistance required for high-capacity positive elec-
trodes and current collectors

Research and development of LIBs began in the 1960s and vari-
ous combinations of materials for positive and negative electrodes
have been studied. LIBs using LiCoO, (LCO) positive electrodes
and carbon negative electrodes were first put on the market in Japan
and they completed the basic structure of current LIBs. However,
combining only such positive and negative electrode materials can-
not further improve the energy density, so high-capacity active ma-
terials for positive electrodes that replace LCO have been actively
studied.'"” The capacity per weight of LiNi,_ Co Al O, (NCA)
mainly consisting of Ni is particularly large at 190 mAh/g or more
compared with 120 to 150 mAh/g of LCO, so NCA is expected as a
promising positive electrode material that can improve the energy
density.

The NCA is synthesized by sintering lithium compounds (e.g.,
lithium hydroxides) with hydroxides containing Ni, Co, and Al, but
unreacted lithium compounds may remain in the material. Such re-
maining alkaline component gelatinizes slurry and causes corrosion
on current collectors according to formulas (1) to (3). Such corro-
sion reaction forms an insulating layer on the surface of an Al foil
and reduces the adhesion between the positive electrode active ma-
terial and the current collector, which may cause the active material
to fall off. To prevent such problems, rinsing of positive active ma-
terials with water and neutralization processing by carbonic acid gas
have been proposed, but such treatment unavoidably reduces the ca-
pacity of the active materials.'?

Whole reaction: Al + HO + OH™ — AlO,” +32H,1, (1)

Anode reaction: Al +40H™ — AlO,” + 2H,0 + 3¢7, 2

Cathode reaction: 3H,0 + 3e” — 30H" + 3/2H.,. 3)

3.2 Realization of high-capacity positive electrodes by drawing
on the excellent alkali resistance of stainless steel

Current collectors made of an Al foil (positive current collectors
currently used) and an NSSCFW?2 stainless steel foil foliated to a
thickness of 10 um were coated with an NCA positive electrode
slurry and then dried, and the electrode layers were peeled. Figure 5
shows their measured AC impedance.'” When the imaginary part is
zero, the resistance value of the real part does not change for the
stainless steel foil before and after coating, but the resistance in-
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(a) NSSCFW?2 stainless steel foil

(b) Aluminum foil
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Fig.5 AC impedance measurement results before and after NCA electrode coating when using (a) NSSCFW?2 stainless steel and (b) Aluminum foils
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creases for the Al foil after coating. This may be because the stain-
less steel foil has corrosion resistance against strongly basic slurries,
while a high-resistance film was formed on the surface of the Al foil
due to corrosion.

Figure 6 shows scanning electron microscope (SEM) images of
electrode plates made by coating an NSSCFW?2 stainless steel foil
and Al foil with an NCA positive electrode slurry and then drying.'”
The electrode plates with slurry coated were dried at 80°C. For the
stainless steel foil, spherical NCA particles densely gather, showing
high packing properties. On the other hand, for the Al foil, voids
possibly caused by hydrogen (H,) gas generated by corrosion are
seen. In addition, cellophane adhesive tape was used for a peeling
test of the electrode layers. In the test, only the layer on the Al foil
peeled off. This may be because the generated gas reduced the adhe-
sion between the positive electrode active material and the current
collector. Thus, generation of gas due to corrosion of current collec-
tors significantly affects the packing properties of the electrode lay-
ers and the adhesion at the interface between the electrode layer and
the current collector.

Figure 7 shows the evaluation results of 2032-type coin cells:
one has an NCA positive electrode made of NSSCFW?2 stainless
steel foil and the other has an NCA positive electrode made of Al
foil. Both have an Li metal foil as the opposite pole.'” For the NCA
positive electrode using the stainless steel foil, the initial discharge
capacity is 192 mAh/g and the initial charge/discharge efficiency is
90%, being close to the theoretical values. In addition, the charge/

Fig. 6 SEM images of the NCA electrodes when using (a) NSSCFW2 stainless steel and (b) Aluminum foils
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discharge efficiency in the second cycle and after is 100%, so it can
be said that the stainless steel foil is electrochemically stable in the
operating potential range of the positive electrode from 2.0 to 4.3 V
(vs. Li/Li"). On the other hand, the initial discharge capacity of the
NCA positive electrode using the Al foil is low at 178 mAh/g, show-
ing that corrosion on the current collector affects the battery charac-
teristics. Figure 8 shows the evaluation results of the cycle perfor-
mance of these NCA positive electrodes.!” The NCA positive elec-
trode using the stainless steel foil does not greatly deteriorate as the
cycles are repeated: the capacity retention rate in the 30th cycle is
97% compared with the second cycle. On the other hand, the capac-
ity of the NCA positive electrode using the Al foil decreases gradu-
ally as the cycles are repeated. The capacity retention rate in the
30th cycle decreases to 92% compared with the second cycle.

Next, the authors made coin cells for which each of these two
types of NCA positive electrode was combined with a graphite neg-
ative electrode (coin-type NCA positive electrode/graphite negative
electrode cell). Figure 9 shows direct current resistance at 2, 5, and
10 seconds when the state of charge (SOC) was 50%."" The capaci-
ty ratio between the negative electrode and positive electrode in
these cells was 1.2 and the cell was designed such that the capacity
was limited to that of the positive electrode. Figure 9 shows that the
resistance is lower for both input and output when the NSSCFW2
stainless steel foil was used for the positive electrode. Although the
electric characteristics of the stainless steel will be described later,
the volume resistivity of general o stainless steel is 53.5% 107 Q-cm
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(a) NSSCFW2 stainless steel foil
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Fig. 8 Cycle performance of the NCA positive electrodes when using

NSSCFW?2 stainless steel and aluminum foils

and that of Al is 2.7x107° Q-cm. It is expected that the internal re-
sistance of a battery using a stainless steel would be higher under
normal conditions. However, for materials showing corrosiveness
like NCA, the stainless steel foil has better characteristics. The ex-
cellent alkali resistance of stainless steel may contribute to realizing
high-capacity NCA positive electrodes.

(a) Output characteristic @ 50 % SOC
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tors binding the active materials, which deteriorates the cycle per-
formance of batteries due to changes in the shapes of the current
collectors and deteriorates the adhesion between the current collec-
tors and the active materials.'?

Furthermore, recently, flexible secondary batteries have been
gaining attention as the wearable market has been developing, so
materials of battery components need to resist repeated bending.
With these circumstances as a background, Fe-based metal foils
with excellent mechanical properties, such as Ni-plated steel and
stainless steel foils, as compared with conventional Cu foils, have
been gaining attention as negative electrode current collectors. Ta-
ble 1 lists the typical mechanical properties of these Fe-based metal

(b) Input characteristic @ 50 % SOC
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Fig. 9 Input/output characteristics of the NCA/graphite coin cells when using NSSCFW2 stainless steel and aluminum foils

-169-



NIPPON STEEL TECHNICAL REPORT No. 122 NOVEMBER 2019

Table 1 Mechanical properties of various Fe-based metal foils for current collectors

Symbol of Symbol of Thickness Hardness Tensile strength | Yield strength Elongation
steel grade thermal refining (um) (HV) (N/mm?) (N/mm?) (%)
Austenitic stainl el SUS304 H 10 417 1198 1099 1.0
ustenitic stainless stee
SUS316L H 10 366 1062 992 1.5
» . NSSC190 H 10 320 1046 978 0.5
Ferritic stainless steel
NSSCFW2 H 10 263 959 928 0.6
Ni-plated steel - H 10 175 851 713 1.0
1800 4000
—e—5US304 300
1600 | O NSSC190 3500 | 0.1CA, 0.001-10V
- 1400 ___;__'::::it::ps:fe' - 3000 | W : Ni-plated steel foil
S 1200 | 2
< E 2500 |
S 1000 [ % @ : Copper foil
5 2 2000 f
» 800 f 3
2 s
2 5 1so0o0 |
E 600 E
400 (CO----0O] S 1000 | Electrode composition : Si:AB:PI binder = 80:2:18 (wt.%)
kY Anode electrode size : 13 mm
L L Anod ity density : 1.5 mAh/cm?
200 0--0----- 0 500 C::ntee?zfsgr(y:dee?ii{netalf'(?il o
0 o]
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Fig. 10 Tensile strength of Fe-base metal foils and pure copper foil heat
treated at various temperatures

foils. Although the mechanical properties vary depending on the
steel grade and refining, the tensile strength of all the grades is 850
N/mm? or more. In addition, the application of high-strength rolled
copper alloy foils, like Fe-based metal foils, to current collectors has
been studied. Their tensile strength is approximately 800 N/mm? at
maximum.'> Therefore, Fe-based metal foils are clearly superior
from the perspective of mechanical properties.

As binders that bind these current collectors and active materi-
als, those with relatively low adhesive capacity such as polyvinyli-
dene fluoride (PVdF) used for nonaqueous solvents and styrene-bu-
tadiene rubber (SBR) used for aqueous solvents have been em-
ployed. Therefore, when the materials used for binders are limited
to the currently used ones, the only means used to suppress the ex-
pansion and contraction of the volume during charge and discharge
is adding a small quantity of a high-capacity Si-based active materi-
al to a carbon-based material, so there is a limit to improving the ca-
pacity.

On the other hand, application of polyimide (PI) binders with
high adhesion has been studied when negative electrodes are formed
only with high-capacity active materials. Such PI binders require
heat treatment at 200 to 350°C for imidization, so current collectors
(base) need to resist heat to some extent.' Figure 10 shows changes
in the tensile strength of various Fe-based metal foils and a Cu foil
due to heat treatment temperature.'” The strength of the Cu foil rap-
idly decreases in heat treatment over 100°C. On the other hand, the
strength of the Fe-based metal foils does not obviously change until
approximately 400°C, showing excellent thermal resistance. There-
fore, Fe-based metal foils are not softened as a result of heat treat-
ment for PI binders and maintain high mechanical strength, and
thereby they can be used as current collectors for high-capacity Si-
based negative electrodes.
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Fig. 11 Cycle performance of the Si electrodes when using the Ni-plated
steel and copper foils as current collectors

3.4 Realization of high-capacity negative electrodes by drawing
on the excellent mechanical properties of Fe-based metal foils
Figure 11 shows the evaluation results of 2032-type coin cells.

One had an Si negative electrode current collector made of an Ni-

plated steel foil. The other had one made of a Cu foil. Each had an

Li metal foil as the opposite pole.'” The thickness of the Ni-plated

steel foil was 10 x#m and that of the Cu foil was 20 um. PI binders

were used for both types of Si negative electrodes. The initial dis-
charge capacity of the negative electrode using the Ni-plated steel
foil is high at 2760 mAh/g. On the other hand, that of the Cu foil is
inferior at 2650 mAh/g. The Si negative electrode using the Ni-plat-
ed steel foil maintains the initial high capacity as the cycles are re-
peated. The capacity retention rate in the S0th cycle to the first cycle
is 99.7%. On the other hand, in the case of the Cu foil, the capacity
starts rapidly decreasing in the 30th cycle. The retention rate in the

50th cycle to the first cycle decreases to 85%.

Next, Fig. 12 shows the cycle performance and charge and dis-
charge curves of a half cell consisting of an SiO electrode and Li as
the opposite pole as an example where PI binders and a high-
strength stainless steel foil were used.!* ¥ As the negative electrode
active material, amorphous SiO with an average grain size of 5 um
was used. As the electrode composition, SiO:conductive additive:PI
=80:5:15 (weight%). As the current collector, an NSSC190 stainless
steel foil with a thickness of 10 um was used. As the electrolyte,
IM-LiPF,+EC:DEC (volume ratio of 1:1) was used and, as the sep-
arator, polypropylene microporous membrane was used. The capac-
ity at the first Li occlusion is approximately 2700 mAh/g and the
capacity after the first Li occlusion is approximately 1500 mAh/g
stably. The capacity retention rate after 100 cycles is 97.8% (100th/
10th) and no increase in the polarization is seen. On the other hand,
when conventional PVdF is used as the binder without using PI, the
binder does not withstand the volume changes during charge and
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Fig. 13 Various kinds of current collector foils after charge and dis-
charge of 2032-type coin cells with SiO and Li metal electrodes

(a) Copper foil

é.

Fig. 14 (a) Copper and (b) NSSC190 stainless steel foils as current col-
lectors after charge and discharge of SiO/LiFePO, cells

discharge and the cycle life is several tens of cycles.

Figure 13 shows current collectors after 2032-type coin cells
each of which had an SiO electrode with Li as the opposite pole
were repeatedly charged and discharged.” The Cu foil had a thick-
ness (18 xm) approximately double the common thickness of con-
ventional LIBs. The Cu current collector does not withstand volume
changes during charge and discharge and it deforms and breaks. On
the other hand, when the stainless steel foil with a thickness of 10
um was used, no apparent damage is seen. The influence of such
volume expansion of the electrode layer is more obvious on the
electrode having a large area (e.g., wound type) as shown in Fig.
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Fig. 15 Calculation results of cell energy density when using thinner

various metal foils for current collectors

14.Y Even using conventional Cu foils, it is possible to increase the
thickness of the current collector to approximately 35 xm so that it
has sufficient strength to withstand volume changes during charge
and discharge. ' However, as a current collector is thicker, the en-
tire electrode becomes thicker, so the energy density per volume
significantly decreases. Therefore, when high-capacity negative
electrode materials whose volume changes during charge and dis-
charge are large are used, technologies for comparing and adjusting
current collector materials and binders is important.
3.5 Thickness of Fe-based metal foil current collectors

As described above, the thickness of current collectors is an im-
portant characteristic for realizing high-capacity batteries. There is
demand for current collectors to be as thin as possible because they
do not contribute to the battery capacities. The hardness of Fe-based
materials is much higher as compared with Al and Cu in the cold
rolling process to manufacture Fe-based metal foils with a thickness
of approximately 10 um, so a multiple-stage cluster rolling mill us-
ing small-diameter work rolls is used due to restrictions on rolling
loads. Nippon Steel Chemical & Material uses a high-accuracy
12-stage rolling mill for ultra-thin stainless steel foils to achieve an
excellent thickness accuracy of 0.3 um even for ultra-thin foils
with a thickness of 10 ym.

LiFePO, (LFP)/SiO cells (58 x35%3.6 mm) for mobile devices
were actually designed using current collectors made of various ma-
terials with a minimum thickness. Figure 15 shows the calculation
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results of their energy density.'” The Fe-based metal foils can with-
stand volume changes due to charge and discharge of high-capacity
negative electrodes even when the thickness is 10 gm. Therefore,
the ratio of the volume that the current collector occupies in the bat-
tery can be made smaller and the resultant available space can be
filled with active materials. The energy density per volume is higher
by approximately 16% compared with cases using Cu foils. In addi-
tion, the specific gravity of general Cu foils is 8.96 g/cm’®, while that
of SUS304 is small at 7.93 g/cm?, so the energy density per weight
is higher by approximately 8%, contributing to weight reduction.

4. Improvement of Input/Output Performance of
On-vehicle LIBs and Electric Characteristics of
Fe-based Metal Foils
Improving the input/output performance of on-vehicle LIBs,

which is related to the characteristics for acceptance of power and

regenerated energy, is an important task and thereby there is demand

for the internal resistance of LIBs to be reduced. In the structure of a

liquid-based LIB shown in Fig. 1, positive and negative electrode

active materials, conductive additives, binders, and their interfaces
are also resistance elements in a battery in addition to the electrical
resistivity in current collector metals.

Table 2 lists the electric characteristics of candidate materials
for current collectors and acetylene black that is a typical conductive
additive.'” When the International Annealed Copper Standard
(IACS) of Cu, whose electrical conductivity is the highest, is deter-
mined as 100%, that of the a and y stainless steel and Ni-plated steel
are low at approximately 2 to 13%. However, compared with acety-
lene black (conductive additive), the IACS of the Fe-based metal
foils is higher by five digits or more. The IACS values of LCO and
LiMn,O, (LMN), LFP, and other types of oxides, which are typical
positive electrode active materials, are very low at 10 to 107" S/
cm.'® Even for graphite materials (negative electrode active materi-
als) with excellent electrical conductivity, the IACS is lower than
that of Fe-based materials. Therefore, when it is regarded that the
element with the largest resistance among the resistance elements in
the battery determines the responsiveness of the entire battery, it
may be possible to ignore the low IACS of Fe-based materials.

Figure 16 compares the output characteristics of an LFP elec-
trode using an NSSC190 stainless steel foil with one using an Al foil
as an example.'” The capacity density of the electrodes is 1.3 mAh/
cm? and half cells were used for evaluation. For both types of cur-
rent collectors, the capacity density is 138 mAh/g per LFP weight at
a 10C rate (relative ratio of the current during charge and discharge
to the battery capacity; 1C means a current value at which, when a
nominal-capacity battery is charged or discharged at rating, the
charge or discharge completes in one hour). It is 50 mAh/g at a 50C

rate. Polarization is almost at the same level. No influence of the
differences in the IACS between the current collectors on the output
characteristics is seen. Figure 17 shows the output characteristics of
LFP/SiO-based batteries using NSSC190 stainless steel foils at
25°C.1-13 The charge was fixed at 0.2C. The discharge was changed
from a 0.1C rate to a 50C rate. Generally, the resistance of stainless
steel is high and thereby it is said that it is unfavorable for higher
output. However, the output is 140 mAh/g at a 10C rate discharge
and, in discharge of only two minutes (30C rate), it is 110 mAh/g,
which is equivalent to approximately two-thirds (2/3) of the total
capacity. These results show that even batteries using stainless steel
foils can have excellent output characteristics.

In addition, for LIBs for HEVs and PHEVs in which larger cur-
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Rate profiles of the LFP positive electrodes when using NSSC
190 stainless steel and aluminum foils as current collectors
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Fig. 17 Rate performance of the LFP/SiO cell using the NSSC190
stainless steel foil for the current collector

Table 2 Comparison of electrical resistivity between various metal foils for current collectors and conductive additives

. Thickness Electrical resistivity TIACS
Material
(um) (©2-cm) (%)
. SUS304 10 71.2 x107° 24
Stainless steel
NSSC190 20 53.5 x107° 32
10 12.8 x107° 13.3
Carbon steel Ni-plated steel
arbon stee i-plated stee 5 126 10 35
Copper 15 1.7 x107¢ 100
Aluminum 12 2.7-3.6 x107° 63.0
Conductive additive - 3-5 x10° 0.00006
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Fig. 18 Structures of the bipolar and the laminated cell

rents flow, various measures are required to reduce the internal re-
sistance of the batteries to the extent possible, such as the installa-
tion location of tab leads and refinement of welds. The weldability
of Fe-based materials is higher than that of other types of metal ma-
terials. Therefore, in addition to ultrasonic welding that has often
been used for joining with tab leads, other welding processes with
higher reliability (e.g., resistance welding) can be applied, so Fe-
based materials have an advantage.

In addition, as described above, stainless steel can be applied to
current collectors of bipolar batteries where positive and negative
electrodes are arranged on the two sides of a single current collector.
Figure 18 illustrates the structure.” As current collectors for bipolar
batteries, a clad metal in which a metal material specific for positive
electrodes and that for negative electrodes are laminated has been
studied.!” When stainless steel is used, a single type of current col-
lector can constitute a battery. In such a structure, thin current col-
lectors are connected in series in a wide plane direction, which
makes the series connection resistance smaller, which can make the
influence of the high electric resistance of stainless steel foils small-
er.

Meanwhile, stainless steel has a natural oxide film having an
electric insulation property formed on the surface as is the case with
Al It improves the corrosion resistance by protecting the steel from
electrolytes and this in turn contributes to preventing the electrolytes
from deteriorating. However, the resistance at the interface between
the stainless steel foil and the electrode layer by such a passive-state
film hinders electron transfer, so there is a room for improvement in
applications where there is demand for higher output.

For conventional Al foil current collectors, to improve the input/
output characteristics, coarsening the surface, lining (primer coat-
ing), carbon coating, and other means have been studied and ap-
plied. The same measures could be applied to stainless steel foil
current collectors to improve the characteristics. In addition, in LIB
manufacturing processes, the surfaces of current collectors are coat-
ed with electrode layers and dried. Then, they are stamped to in-
crease the electrode density. Because the hardness of Al and Cu foils
is low, such stamping bites the active materials, which reduces the
interface resistance. However, stainless steel foils are particularly
hard, so such effects cannot be readily obtained. Therefore, it can be
said that, in order to reduce the internal resistance of batteries, tech-
nologies for comparison and adjustment based on the electrode
manufacturing conditions and application purpose are required, for
example, using softer Ni-plated steel foils and, when stainless steel
is used, softening it based on chemical components and through heat
treatment.
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5. Work to Improve the Safety and Reliability of On-
vehicle LIBs
5.1 Improvement of overdischarge resistance

General LIBs contain flammable organic electrolytes and their
energy density is high, so, if their conditions become severe such as
overcharge, overdischarge, external short circuit, overcurrent, and
abnormally high temperature (100°C or more), thermal runaway
may occur starting from normal heat generation, resulting in rupture
and fire. To prevent such dangers, many safety measures have been
implemented such as shutdown separators, positive-temperature-co-
efficient (PTC) thermistors, protective circuits, current interruption
mechanisms, and safety valves.!® Safety must also be considered
from the perspective of battery component materials. Stainless steel
is electrochemically more stable than Cu whose oxidation reduction
potential is around 3.5 V (vs. Li/Li"), so stainless steel may realize
batteries that can resist overdischarge where negative electrodes are
exposed to high potential.

Figure 19 shows the charge and discharge characteristics of bat-
teries using various types of current collectors.” Although the de-
sign is different in preciseness between battery types, for the battery
having a Cu foil negative current collector and an Al foil positive
current collector, when they were discharged deeply to 1.5 V in the
first cycle for 10 hours (0.1C rate), charge and discharge became
completely impossible in the second cycle and after or the battery
capacity significantly decreased. On the other hand, for the battery
having a negative current collector using an Ni-plated steel foil and
a positive current collector using an NSSCFW1 stainless steel foil,
even after it was overdischarged to 0 V, the initial charge and dis-
charge characteristics were retained. These results show that the
electrochemical stability of the current collector materials signifi-
cantly affect the overdischarge resistance of batteries.

5.2 Realization of all-solid-state LIBs

As mentioned previously, all-solid on-board LIBs are gaining
particular attention, as the next-generation high-performance storage
batteries satisfying both high energy density and safety. In all-solid
LIBs, all of the positive electrodes, negative electrodes, and electro-
lytes consist of solid materials. Therefore, all-solid LIBs are free
from risks of electrolyte leakage and fire. The high safety is one
characteristic. Meanwhile, the environment in which current collec-
tors (battery component) are placed is very different from that for
conventional organic electrolytes. Mainly for on-board batteries,
sulfide-based solid electrolytes, whose ion conductivity is as high as
twice that of organic electrolytes, have been found so far. However,
corrosion of other component materials caused by these sulfides is
of concern. It has been reported that, when conventional Cu foils are
used for negative electrode current collectors, copper sulfides are
formed on the surfaces of the current collectors, so coating the sur-
faces with Ni plating and carbon has been studied.'” Meanwhile,
stainless steel and other Fe-based materials have excellent corrosion
resistance in various environments. Therefore, it is expected that
they will be applied for more application purposes by drawing on
their excellent corrosion resistance in the all-solid LIB sector for
which a market will be formed in the future, and which will likely
expand.

5.3 Improvement of the safety by current collector materials

Al with a low melting point of approximately 660°C that has
been used as LIB positive electrode current collectors is an active
substance with high affinity with oxygen as known by the thermite
reaction. Therefore, if a battery exhibits thermal runaway due to
some cause, the Al may accelerate the combustion. To verify this, an
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LCO positive electrode material was applied to an Al foil and stain-
less steel foil and nitrogen gas was used to conduct differential ther-
mal analysis (DTA) under its gas flow. Figure 20 shows the results.
Even when the stainless steel foil was heated to 700°C, no obvious
thermal reaction was recognized. On the other hand, the Al foil
showed exothermic reaction before melting and endothermic reac-
tion at 600°C or more. This may be because a thermite reaction oc-
curred in which oxygen (positive electrode oxide materials) and Al
reacted in an inert gas atmosphere. If the temperature of the battery
rises due to such heat of reaction, there may be a risk of thermal
runaway including thermolysis of the electrolyte and positive elec-
trode materials. On the other hand, stainless steel with a high melt-
ing point of approximately 1400°C has excellent thermal stability,
so using stainless steel for current collectors may enhance the safety
of batteries.

6. Conclusions

Current collectors made from stainless steel foils and other Fe-
based metal foils have excellent characteristics such as high corro-
sion resistance, high mechanical strength, and a wide potential win-
dow unlike other types of metal foils. Using high-strength ultra-thin
Fe-based metal foils can improve the performance in sectors for, for
example, realization of high-capacity NCA positive electrodes and
Si-based negative electrodes and drastically longer cycle life, which
used to be thought impossible. Regarding electric resistance, which
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is regarded as a problem, solutions have been studied by optimizing
the structure of electrodes and the application of bipolar batteries.
Realization of high-capacity LIBs with high safety and high reliabil-
ity is expected in the future by applying Fe-based metal foils.
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