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Abstract:

Provided are: a metal negative electrode having exceptional repeating resistance, and excellent
charge/discharge cycling characteristics even at a high charge/discharge rate; a method for
manufacturing same; and a secondary cell in which the metal negative electrode is used. A metal
negative electrode used in a secondary cell, wherein the metal negative electrode comprises: an
active material part in which a metal is produced during charging and an oxidation product of the
metal is produced during discharging, the metal being used as a negative electrode active material; a
collector electrically connected to the active material part; and a non-electron-conductive reaction
space restriction part integrally formed with or connected to the collector and/or the active material
part. The reaction space restriction part has a plurality of electrolyte-holding parts capable of holding
a liquid electrolyte.
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DESCRIPTION

TITLE
METAL NEGATIVE ELECTRODE, METHOD FOR FABRICATING
THE SAME AND SECONDARY BATTERY INCLUDING THE SAME

TECHNICAL FIELD
[0001] This disclosure relates to a metal negative electrode being a
negative electrode for secondary battery that forms metal during
charging and forms an oxidation product by oxidizing the metal
during discharging, a method for fabricating the metal negative
electrode, and a secondary battery including the metal negative

eclectrode.

BACKGROUND
[0002] A secondary battery requires three components: a positive
electrode, a negative electrode and an electrolyte that connects them
through ionic conduction. These components differ depending on a
type of the battery. For example, comparing the electrolytes for
representative secondary batteries, an electrolyte for the lead storage
battery is an acidic sulfuric acid aqueous solution, an electrolyte for
the nickel hydride battery is an alkaline aqueous solution such as an
aqueous potassium hydroxide solution, and an electrolyte for the
lithium-ion battery is an organic solvent or an ionic liquid. Materials
that react each in the positive electrode and the negative electrode of
the secondary battery are referred to as active materials (also
referred to as reaction active materials or electrode active materials).
Comparing the active materials of the negative electrodes in the
above three types of secondary batteries, a negative-electrode active
material for the lead storage battery is lead, a negative-electrode
active material for the nickel hydride battery is hydrogen, and a
negative-electrode active material for the lithium-ion battery is
lithium. Here, any of the negative-electrode active materials are
examples of the materials formed by charging the negative electrode.
When the respective batteries are discharged, the materials turn into

their respective oxidation products such as lead into lead sulfate,
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hydrogen into water, and lithium into lithium ions. The term "active
material” is used to indicate a material formed by charging, a
material formed by discharging or both. In the following, the metal is
often exemplified as an active material in case of the material formed
by charging, that is, a metal negative electrode. However, as
described above, the oxidation product from the metal formed by
discharging or both of the metal and the oxidation product thereof
may be referred to as active materials, which are not to be excluded
in the specification.

[0003] The above-described negative electrode for the lithium-ion
battery has a matrix of graphite or other carbon material, or metal
such as tin other than lithium, or the metallic oxide. In the negative
electrode for the lithium-ion battery, during charging, lithium ions
present in the electrolyte become lithium atoms on the negative
electrode and the lithium atoms are occluded into the matrix. In
contrast, there is a negative electrode which is generally referred to
as a metal negative electrode. The charge of the metal negative
electrode is a reaction that the oxidation product of the metal turns
into the metal, and in fact, the metallic atoms are deposited to be
accumulated in the negative electrode. The metal negative electrode
does not use occlusion of the metallic atoms into the matrix as in the
lithium-ion battery, thus having quite different composition,
structure and reaction mechanism from those of the negative
electrode for the lithium-ion battery.

[0004] Specific examples of the secondary battery using the metal
negative electrode includes, for example, a zinc-air secondary
battery, a zinc-nickel secondary battery and a zinc-silver secondary
battery using a zinc negative electrode, and a lithium-air secondary
battery and a lithium-sulfur secondary battery using a lithium
negalive electrode. Any of these secondary batteries are under
development, and the practical application or the commercialization
has not been realized except for a mechanical zinc-air secondary
battery. The mechanical zinc-air secondary battery turns zinc in the
negative electrode into zinc oxide by discharging and then replaces
the negative electrode with a new zinc negative electrode to make a

charged state, thus having a quite different mechanism from that of
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the secondary battery that is usually charged by energization.
[0005] In more detail, the metal negative electirode 1s made such that
a current collector and the active material such as zinc and lithium
are integrated. In the metal negative electrode, electrons flow in a
direction from the current collector to the active material such as
zinc and lithium during charging, and the electrons conversely flow
in a direction from the active material to the current collector during
discharging. The metal negative electrode is electrically connected to
an external circuit via the current collector.
[0006] As described above, the metallic atoms in the metal negative
electrode are reactants and have an electron conductivity among the
metallic atoms and an electron conductivity with the current
collector. Accordingly, in the metal negative electrode, it is difficult
to use up all of metallic atoms as the active materials for reaction,
thus some of them are usually used for battery reaction. In the zinc
negative electrode, which is a representative metal negative
electrode, when the electrolyte is an alkaline aqueous solution, two-
step reaction as follows occurs during discharging.

Zn + 40H™ -> Zn(OH)4*" + 2e” ... (1)

Zn(0OH)4*" -> ZnO + H20 + 20H" ... (2)

On the other hand, the following two-step reaction conversely
occurs during charging.

Zn0O + H20 + 20H" -> Zn(OH)4?" ... (3)

Zn(0OH)4* + 2¢” -> Zn + 40H" ... (4)
[0007] The above formulae (1) and (2) indicate that Zn (solid)
provides two electrons to the negative electrode and becomes
Zn(OH)4?" (ion) to dissolve in the alkaline aqueous solution that is
the electrolyte and then is deposited as ZnO (solid) on the negative
electirode from the alkaline aqueous solution. On the other hand, the
above formulae (3) and (4) indicate that Zn(OH)4?" dissolved in the
alkaline aqucous solution from ZnQ receives two clectrons from the
negative electrode to be deposited as Zn (solid) on the negative
electrode.
[0008] The zinc negative electrode is widely known as a metal
negative electrode difficult to be put in practical application because

of its poor charge and discharge cycle characteristics. The cause is

P0O205546-PCT-ZZ (3/81)



10

—
]

20

25

30

CA 03151028 2022-3-11

considered to be influence of the ions in the above reaction
mechanism. Specifically, a problem occurs such that, when the
charge and discharge of the zinc negative electrode are repeated, the
deposition of zinc locally occurs during charging, the deposited zinc
becomes dendrite (dendritically grown crystal) and continues to grow
toward the positive electrode, and the growth to reach the positive
electrode causes an internal short-circuit. This problem is well
known as "internal short-circuit due to dendrite (hereafter, dendrite
short circuit)"” in the zinc negative electrode. In addition, both of the
charge and the discharge involve once dissolution of Zn(OH)4*" into
the alkaline aqueous solution in the reaction mechanism. The details
of how these ions have influence are not clear, but it is considered
that, in the case of a well-used plate-like zinc negative electrode, in
the two-dimensional direction of a surface of the negative electrode,
distribution of zinc or zinc oxide becomes inhomogeneous due to the
repetition of charge and discharge, and this decreases the ratio of
zinc atoms that can be used for the charge and the discharge, thus
causing a problem that the amount of dischargeable electricity
reduces with an increase in cycle number.

[0009] More specifically, it 1s widely known that the repetition of
charge and discharge in the plate-like zinc negative electrode causes
inhomogeneity of the active material (hereafter, active material
inhomogeneity) such that the active material accumulates more at a
center part and the active material decreases compared to the initial
state at an edge. In such active material inhomogeneity, the active
material becomes thick at a center and becomes thin at an edge in the
negative electrode, and dendrite formation is facilitated at the center.
In addition, it is estimated that the increase in thickness of the active
material at the center part causes Zn and ZnO, which are positioned
away from the alkaline aqueous solution, that is, present inside the
active material having the increased thickness, to be less likely to be
used for the reaction. It is because, as indicated in the above
formulae (1) to (4), both of the charge and the discharge need
Zn(OH)4*" and OH" in the alkaline aqueous solution for the reaction.

[0010] 1t is also known that the dendrite short circuit and the active

material inhomogeneity occur also in a lithium negative electrode
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and a magnesium negative electrode, which are the metal negative
electrodes similar to the zinc negative electrode. Therefore, these
two types of negative electrodes also have each a small cycle number
used for the charge and the discharge as well as the zinc negative
electrode, thus not being the negative electrodes for the secondary
battery, which are possible to be put in the practical application.
[0011] As described above, the metal negative electrode has problems
of "dendrite short circuit" and "active material inhomogeneity", and
any of the metal negative electrodes could not meet the request as the
negative electrode for the secondary battery. Therefore, various
studies have been made to solve these problems, and information on
the invented technologies has been disclosed.

[0012] For example, PTL | discloses a negative electrode used for a
zinc secondary battery, the negative electrode including at least one
type of zinc material selected from the group consisting of zinc, zinc
oxide, zinc alley and zine compound, and titaniuvm oxide.

[0013] PTL 2 discloses an electrochemical cell comprising: a positive
electrode; a negative electrode; an ionically conductive and
electronically insulating separator positioned between the positive
electrode and the negative electrode as an electrochemical cell useful
for increasing the performance such as cycle life and energy and
power. In this electrochemical cell, the separator is described as a
separator for managing and controlling dendrite formation in metal
based batteries, such as lithium based, alkaline based, zinc based and
lead based batteries.

[0014] PTL 3 discloses a separator for secondary battery with a zinc
negative electrode, the separator having a center and a margin
surrounding the outer circumference of the center, and at least a part
of the margin having a contact angle (compliant with 6/2 method)
greater than that of the center.

[0015] PTL 4 discloses a method for manufacturing a separator for
secondary battery with a zinc negative electrode, including an
impregnating step of impregnating a nonwoven fabric with dispersion
liquid containing a layered double hvdroxide and a drying step of
drying the nonwoven fabric impregnated with the dispersion liquid.

[0016] PTL 5 discloses a secondary battery comprising: a positive
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electrode having a layered double hydroxide (LDH) containing at
least one type selected from the group consisting of Ni, Fe and Mn as
a constituent element as a positive electrode active material; a
negative electrode having a layered double hydroxide (LDH)
containing at least one type selected from the group consisting of Cu,
Al and Zn as a constituent element as a negative-electrode active
material; an alkaline electrolyte (liquid electrolyte) and/or a
hydroxide ion conducting solid electrolyte, as a secondary baltery
with potential of for increased capacity, with high stability during
charging and discharging, and without short circuit problem due to
zinc dendrite.

[0017])PTL 6 discloses a negative electrode structure for zinc
secondary battery and a zinc secondary battery using it, the negative
electrode structure including a porous current collector plate made of
a porous metal, a negative-electrode active material layer disposed
on one surface side of the porous current collector plate, the
negative-electrode active material layer containing zinc and/or zinc
oxide, and a hydroxide ion conducting ceramic separator disposed on
a side opposite to the negative-electrode active material layer of the
porous current collector plate, the hydroxide ion conducting ceramic
separator with high fineness specified by no through-hole and no air
permeability, as a negative electrode structure configured to ensure
an efficient conducting path of hydroxide ions between a positive
electrode and a negative electrode and effectively prevent a short
circuit between the positive electrode and the negative electrode due
to zinc dendrite while improving a space efficiency inside the
battery.

[0018] PTL 7 discloses a battery comprising a separator comprising
inorganic particles for preventing a short-circuit, the inorganic
particles doing not drop easily from the separator.

[0019] PTL & discloses a zinc sccondary battery comprising a
separator structure including a hydroxide ion conducting separator,
the zinc secondary battery being configured to improve overcharge
tolerance while ensuring an excellent separator property effective in
preventing a short circuit due to zinc dendrite.

[0020] PTL 9 discloses a secondary battery comprising a pillar porous
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base material having a plurality of cell holes provided parallel to one
another from a first end surface toward a second end surface and/or
from the second end surface toward the first end surface, positive
electrodes and negative electrodes arranged alternately per hole or
per row of holes in the plurality of cell holes, a positive electrode
internal current collector inserted into the positive electrode to
extend to the first end surface or an outer peripheral surface, a
negalive electrode internal current collector inserted into the
negative electrode to extend the second end surface, the outer
peripheral surface, or the first end surface, a hydroxide ion
conducting ceramic separator formed on an inner wall surface of the
cell hole to isolate the positive electrode and/or the negative
electrode from the porous base material, and a liquid electrolyte, as a
secondary battery space-efficiently comprising a plurality of unit
batteries while certainly isolating the positive electrode from the
negative electrode with the hydroxide ion conducting ceramic
separator.

[0021] PTL 10 discloses a separator for zinc secondary battery to
selectively cause hydroxide ions to pass between a positive electrode
and a negative electrode in a zinc secondary battery, the separator for
zinc secondary battery comprising a porous membrane having fine
pores configured to separate the hydroxide ions from zinc complex
ions Zn(OH)4?" with a molecular sieve effect, as a separator for zinc
secondary battery configured to effectively suppress a short circuit
due to zinc dendrite.

[0022] PTL 11 discloses a separator structure comprising: a ceramic
separator comprising an inorganic solid electrolyte and having
hydroxide ion conductivity and air impermeability; and a peripheral
member disposed along the periphery of the ceramic separator and
comprising at least one of a resin frame and a resin film, the
separator structure exhibiting air impermeability as a whole, as a
separator structure configured to reliably separate a positive
electrode side from a negative electrode side in a zinc secondary
battery.

[0023]PTIL 12 discloses a multi-layer porous separator for isolating a

positive electrode from a negative electrode in a secondary battery,
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the multi-layer porous separator comprising a first layer and a third
layer disposed separate from and opposite to one another, the first
layer and the third layer being made of porous ceramics, and a
second layer disposed between the first layer and the third layer, the
second layer being made of porous ceramics that are more porous
than those of the first layer and the third layer, and/or a space, as a
porous separator configured to more effectively suppress or delay
extension of dendrite and a short circuit between the positive
clectrode and the negative electrode due to the extension in the
secondary battery.

[0024] PTL 13 discloses a separator used for a battery, the separator
having a multi-layer structure including an insulating layer and a
conductive layer, and a battery configured to include the separator,
an electrode and an electrolyte, as a separator and a battery which
are configured to suppress shape change of an active material due to
long-term use of the battery.

[0025] PTL 14 discloses a secondary battery comprising a separator
and an aqueous electrolyte arranged in a region sandwiched between
both electrode surfaces of a positive electrode and a negative
electrode, the separator having particulate active materials (noble
potential active material particles Am) that become nobler potential
than a potential of the negative electrode as being present along a
surface of the separator, the noble potential active material particles
Am of the separator dissolving dendrite, as a secondary battery that
more certainly ensures long life compared to the conventional
secondary battery.

[0026] PTL 15 discloses a negative electrode material for metal
secondary battery configured to support a nanosheet of metallic
oxide on a carbon-based conducting carrier, metal of the metallic
oxide being titanium, ruthenium or niobium, as a negalive electrode
material for metal secondary battery in which dendrite formation is
suppressed.

[0027]PTL 16 discloses a zinc negative electrode mixture containing
zinc-containing compound and conductive auxiliary agent, the zinc-
containing compound and/or the conductive auxiliary agent

containing particles having an average particle diameter of 1000 pm
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or less and/or particles having an aspect ratio (vertical/horizontal) of
1.1 or more, as a zinc negative electrode mixture for forming a
negative electrode of a battery excellent in economic efficiency and
safety and excellent in battery performance.

[0028] PTL 17 discloses separator systems for electrochemical
systems providing electronic, mechanical and chemical properties
useful for a variety of applications including electrochemical storage
and conversion, and describes providing structural, physical and
eclectrostatic attributes useful for managing and controlling dendrite
formation, for example, in a lithium battery and a zinc-based battery
and for improving the cycle life and rate capability of
electrochemical cells such as silicon anode based batteries, air
cathode based batteries, redox flow batteries.

[0029]PTL 18 and NPL | disclose that a zinc electrode for secondary
battery configured by a network made of a zinc sponge having air
gaps, the zinc having a surface on which zinc oxide is formed as a
shell, the zinc electrode for secondary battery improving cycle
characteristics.

[0030]PTL 19 discloses a method of coating a zinc particle surface
with metallic oxide (for example, Ti oxide and Zr oxide).

[0031]PTL 20 discloses a metal air secondary battery that suppresses
a dendrite short circuit of metal using conductive oxide ceramics as a
barrier membrane.

[0032]PTL 21 discloses an ion conductive film and a secondary
battery into which the ion conductive film and a zinc negative
electrode are integrated.

[0033] NPL 2 discloses an electrolyte solution in which the solubility
of zinc by various additive agents is reduced to suppress dendrite of
zing.

[0034] NPL 3 discloses zinc dissolution by giving a surface treatment
with, for example, an anionic exchange membrane to suppress
dendrite of zinc.

[0035] NPL 4 discloses a dense carbonate aqueous solution as an
electrolyte solution in which the solubility of zinc is reduced.

[0036] NPL 5 discloses suppression of dendrite deposit by zinc

diffusion contrel with a nanoporous electrode.
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SUMMARY
(Technical Problem)
[0039] In the above PTLs 1 to 21 and NPLs 1 to 5, various attempts
were made for the problems of the "dendrite short circuit" and the
"active material inhomogeneity" in the metal negative electrode,
while the conventional techniques developed in the metal negative
clectrode and the secondary battery using the metal negative
electrode could not sufficiently solve these problems. That is, a
metal negative electrode sufficiently resistant to the charge and
discharge cycle as a negative electrode used for a secondary battery
has not been obtained. Also, the dendrite short circuit of the metal
negative electrode could not be sufficiently suppressed even by
improving the electrolyte. Further, for the change in voltage and
capacity with respect to the charge and discharge cycle in the metal
negative electrode, even if a result of hundreds of cycles or more was
obtained, the charge and discharge test condition was based on an
exceptionally small charge and discharge rate or an exceptionally
small current density (value obtained by dividing a current by an
arca of the negative electrode). That is, in a condition where the zinc
negative electrode is operated with a large charge and discharge rate
or current density such as 1 C or more (1 C is referred to as 1 hour
rate and equivalent to a current with which the battery capacity or
the negative electrode capacity is charged or discharged in one hour.
For example, when the battery capacity is 1 Ah, 1 C means charging
or discharging with a current of 1 A.) or 10 mA/cm? or more, there
was no result such that no decrease in battery capacity and no
significant change in charge and discharge voltage were observed
even with thousands of cycles or more. The separator developed to
suppress the dendrite short circuit has no effect to suppress
generation itself of the dendrite, thus there has been a problem that
the suppression effect of the dendrite generation decreases over time.
Further, the dendrite short circuit and the active material
inhomogeneity are particularly likely to occur in the operation with a
high current density or a large charge and discharge rate. Thus, to
avoid these problems, it is necessary to avoid the operation with a
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high current density or a large charge and discharge rate and the way
of use changing the operating current from a low current density to a
high current density (from a low rate to a high rate) or the opposite.
Therefore, there has been a problem that such metal negative
electrode cannot be used for an application that requires such
operation. Thus, there has been a problem that, although the metal
negative electrode is required to be excellent in repeat resistance of
charging and discharging and achieve such excellent repeal resistance
even with a high charge and discharge rate, no metal negative
electrode that achieves these properties are present. Further, there
has been a problem that, as described above, although the metal
negative electrode is required to be excellent in repeat resistance of
charging and discharging and achieve such excellent repeat resistance
even with a high charge and discharge rate, no method for fabricating
the metal negative electrode that achieves these properties are
present,

[0040] On the other hand, the metal negative electrode, among a
variety of negative electrodes used for a secondary battery, has a
possibility to achieve a capacity density higher than that of a
negative electrode other than the metal negative electrode. Here, the
capacity density of the metal negative electrode is a value obtained
by dividing a theoretical capacity, which can be calculated from the
weight of a used metal with Faraday's law, by the weight or the
volume of the metal and it is expressed in units of Ah/kg or Ah/L. In
the secondary battery, it is preferable that a reactant of the negative
electrode or the positive electrode have a high capacity density. The
reason is that the energy density of the battery is (discharge voltage)
x (capacity density), and the more active materials with high
capacitance density as well as discharge voltage are used, the higher
the energy density will be. It is known that zinc and lithium have
high thecoretical capacity densities compared to other metals, but as
described above, when they are used as secondary batteries, the
charge and discharge cycle characteristics are poor. Thus, there has
been a problem that the charge and discharge cycle characteristics of
the secondary battery using zinc or lithium as a negative electrode

are also poor. There also has been a problem that, in order to
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suppress the dendrite short circuit and the active material
inhomogeneity in the secondary battery using the metal negative
electrode, as a result of separating the positive electrode and the
negative electrode in a separator supporting layered double
hydroxide or metallic oxide, or in a solid electrolyte made of
ceramics, the weight and the volume of the whole battery increase to
decrease the energy density. There also has been a problem that, in
order {0 suppress the dendrite short circuit, as a result of decreasing
a solubility of metallic 1ions in the electrolyte or coating the metal
negative electrode with, for example, an ion conductive material or
metallic oxide, the charge and discharge rate i1s limited to be small.
Further, there has been a problem that, in any method, in the
secondary battery using the metal negative electrode, it is not
possible to charge and discharge with thousands of cycles at a high
charge and discharge rate. There also has been a problem that the
dendrite generation or the active material inhomogeneity reduces the
area of a part that can actually be involved in the reaction in the
negative-electrode active material, thus the battery resistance
significantly changes in accordance with charging and discharging or
with a SOC (It means a State of Charge and also referred to as a
charging rate, and, for example, an SOC of 100 % means a fully
charged condition and 0 % means a fully discharged condition. 50 %
means a condition that a half of the total battery capacity has been
charged. If the discharge starts from the fully charged condition with
an SOC of 100 %, when a half of the total battery capacity is
discharged, the SOC will be 50 %, and another half of the total
battery capacity is discharged, the SOC will be 0 %. If the charge
starts from an SOC of 0 %, the SOC will change until it finally
reaches 100 % according to the amount of charged electricity.).
Further, the secondary battery is used not only for discharging and
charging with an always constant current but also in a way neccessary
to change the rate of charging and discharging during the operation.
For example, in applications for a hybrid car, a plug-in hybrid car, an
electric car, a power supply for preventing momentary stop, an
emergency power source, a power stabilization power supply,

instantaneously large power output is required. However, there has
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been a problem that it is difficult to perform a high-rate discharge
from a low-rate discharge because this leads to facilitate the dendrite
short circuit and the active material inhomogeneity in the secondary
battery using the metal negative electrode. Even if the high-rate
discharge is performed, it involves a change in battery resistance,
thus there has been a problem that it is difficult to instantaneously
return to the voltage before the high-rate discharge and the
responsivity to the rate change in the discharge is poor. The same
applies to the charge to lead to facilitate the dendrite short circuit
and the active material inhomogeneity, thus there has been a problem
that the high-rate charge is difficult. Further, there also has been a
problem that it is difficult to instantaneously return to the voltage
before the high-rate charge and the responsivity to the rate change in
the charge is poor.

(Solution to Problem)

[0041] In order to solve the above problems, the present inventors
have studied intensively and came up with the idea of regulating a
reaction space between a metal negative electrode and a positive
electrode, and has completed a metal negative electrode, a method
for fabricating the metal negative electrode, and a secondary battery
including the metal negative electrode of this disclosure. The
primary features of this disclosure are described below.

[0042] A metal negative electrode used for a secondary battery
according to this disclosure includes an active material portion, a
current collector, and a non-electronically conductive reaction space
divider. The active material portion forms metal during charging and
forms an oxidation product of the metal during discharging. The
metal is used as a negative-electrode active material. The current
collector 1s electrically connected to the active material portion. The
non-electronically conductive reaction space divider is integrally
formed with or connected to the current collector and/or the active
material portion. The reaction space divider has a plurality of
electrolyte holder portions configured to hold a liquid electrolyte.
[0043]In a method for fabricating a metal negative electrode used for
a secondary battery according to this disclosure, the metal negative

electrode includes an active material portion, a current collector, and
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a non-electronically conductive reaction space divider. The active
material portion forms metal during charging and forms an oxidation
product of the metal during discharging. The metal is used as a
negative-electrode active material. The current collector is
electrically connected to the active material portion. The non-
electronically conductive reaction space divider is integrally formed
with or connected to the current collector and/or the active material
portion. The reaction space divider has a plurality of electrolyte
holder portions configured to hold a liquid electrolyte. The method
includes a step of integrally forming the current collector and the
non-electronically conductive reaction space divider or connecting
the current collector to the non-electronically conductive reaction
space divider, and a step of electrically connecting the active
material portion to the current collector.
[0044] A secondary battery according to this disclosure includes the
above metal negative electrode.
(Advantageous Effect)
[0045] The metal negative electrode and the method for fabricating it
according to this disclosure provide the following effects.
According to the metal negative electrode of this disclosure,
the dendrite short circuit is suppressed, and the dendrite reaches the
positive electrode in carly phase of the charge and discharge cycle,
thus preventing the secondary battery from not being used. In order
to prevent the dendrite short circuit, it is not necessary to decrease
the solubility of metallic ions and use, for example, the solid
electrolyte that does not cause the dendrite to pass, thus having an
effect that it is possible to charge and discharge even at a high
charge and discharge rate and this does not increase the weight and
the volume of the battery. In addition, according to the metal
negalive electrode of this disclosure, the active material
inhomogeneity is suppressed, thus preventing a decreasc in current
efficiency and a decrease in the battery capacity that occur due to
active material inhomogeneity even by repeating charging and
discharging. The suppression of the active material inhomogeneity
can prevent a local increase in active material thickness from the

initial state that leads to induce the dendrite short circuit. The
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suppression of the active material inhomogeneity can prevent a
decrease in negative electrode capacity or battery capacity with
respect to an increase in charge and discharge cycle, thus having an
effect that, in order to meet product specifications required for the
negative electrode and the battery, it is not necessary to excessively
increase the amount of the active material with respect to the battery
capacity when manufacturing the negative electrode, or the excessive
amount of the negative-electrode active material can be reduced as
much as possible. In addition, the dendrite short circuit and the
active material inhomogeneity are suppressed, thus having an effect
that the metal negative electrode of this disclosure can be applied to
the operation at a high current density and a large charge and
discharge rate and a way of use that changes the operation current
from the low current density to the high current density (from the
low rate to the high rate) or the opposite.

Further, according to the method for fabricating the metal
negative electrode of this disclosure, the metal negative electrode
having the excellent effects as described above can be fabricated at a
few steps, at a low cost and by an easy manufacturing technique, and
continuous fabrication for mass production is ensured. In addition,
the method for fabricating the metal negative electrode of this
disclosure can include an oxidation step of converting the metal that
is an active material into an oxidation product, thus having an effect
that the metal negative electrode having the excellent effects as
described above can be provided as a metal negative electrode
appropriate to a case where the battery is fabricated from the
discharged condition.

[0046] Further, according to the secondary battery of this disclosure,
the effect on the negative electrode as described above 1s obtained,
thus having an effect that, in the secondary battery using the metal
ncgative electrode that has not been put in practical application, a
secondary battery excellent in charge and discharge cycle
characteristics is provided. Improvement in charge and discharge
cvcle characteristics of the secondary battery using the metal
negative electrode has an effect to obtain the secondary battery that

can provide a high energy density and a high output density. In
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addition, an effect is provided to suppress the change in battery
resistance with respect to the SOC during charging and discharging.
Further, an effect is provided to ensure the operation that changes the
charge and discharge rate from the low-rate discharge or charge to
the high-rate discharge or charge and the opposite and to enable to
instantaneously return to the voltage before discharging or charging
at a high rate, thus improving a responsivity to the rate change

during charging and discharging.

BRIEF DESCRIPTION OF THE DRAWINGS
[0047]In the accompanying drawings:

FIG. 1 is a schematic cross-sectional view illustrating one
example of a metal negative electrode according to one embodiment
of this disclosure;

FIG. 2 is a schematic cross-sectional view illustrating one
example of a secondary battery including the metal negative
electrode 1llustrated in FIG. 1;

FIG. 3 is a first example of a shape diagram of a reaction
space divider in the metal negative electrode according to one
embodiment of this disclosure;

FIG. 4 is a second example of the shape diagram of the
reaction space divider in the metal negative electrode according to
one embodiment of this disclosure;

FIG. 5 is a third example of the shape diagram of the reaction
space divider in the metal negative electrode according to one
embodiment of this disclosure;

FIG. 6 is a fourth example of the shape diagram of the
reaction space divider in the metal negative electrode according to
one embodiment of this disclosure;

FIG. 7 is a fifth example of the shape diagram of the reaction
space divider in the metal negative electrode according to one
embodiment of this disclosure;

FIG. 8 is a sixth example of the shape diagram of the reaction
space divider in the metal negative electrode according to one
embodiment of this disclosure;

FIG. 9 is a seventh example of the shape diagram of the
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reaction space divider in the metal negative electrode according to
one embodiment of this disclosure;

FIG. 10 is an eighth example of the shape diagram of the
reaction space divider in the metal negative electrode according to
one embodiment of this disclosure;

FIG. 11 is a flow diagram of a first example of a method for
fabricating a zinc negative electrode according to one embodiment of
this disclosure;

FIG. 12 is a flow diagram of a second example of the method
for fabricating a zinc negative electrode according to one
embodiment of this disclosure;

FIG. 13 is a flow diagram of a third example of the method for
fabricating a zinc negative electrode according to one embodiment of
this disclosure;

FIG. 14 is a flow diagram of a fourth example of the method
for fabricating a zinc negative electrode according to one
embodiment of this disclosure;

FIG. 15 is a diagram illustrating a shape of a copper plate
used for a current collector of the zinc negative electrode in
Example;

FIG. 16 is a diagram illustrating a shape after masking except
for one part zinc-plated in a circular shape with a diameter of 20 mm
after zinc-plating the copper-plate current collector illustrated in
FIG. 15;

FIG. 17 is a diagram illustrating a shape after masking except
for four parts zinc-plated in a circular shape with a diameter of 5 mm
following FIG. 16;

FIG. 18 is a configuration diagram of a cell of a zinc-nickel
secondary battery used in Example 1;

FIG. 19 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of the zinc-nickel secondary
battery in Example |;

FI1G. 20 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 1;

FIG. 21 is a shape diagram of a separator used for a zinc-
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nickel secondary battery in Comparative Example 1;

FIG. 22 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of the zinc-nickel secondary
battery in Comparative Example 1;

FIG. 23 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Comparative Example 1;

FIG. 24 is a diagram illustrating relation between a discharge
curve and a cycle number of a zinc-nickel secondary battery in
Comparative Example 2;

FIG. 25 is a diagram illustrating relation between a charge
curve and the ¢ycle number of the zinc-nickel secondary battery in
Comparative Example 2;

FIG. 26 is a photograph on a negative electrode side of a
nonwoven fabric taken out after completing a charge and discharge
test of the zinc-nickel secondary battery in Comparative Example 2;

FIG. 27 is a photograph on a positive electrode side of a
nonwoven fabric taken out after completing a charge and discharge
curve of the zinc-nickel secondary battery in Comparative Example
2;

FIG. 28 is a photograph of a negative electrode surface after
30 cvcles of charging and discharging under the identical condition
to that in Example 1;

FI1G. 29 is a photograph of a negative electrode surface after
30 cycles of charging and discharging under the identical condition
to that in Comparative Example 1;

FIG. 30 is a photograph of a lower part of the negative
electrode surface after 30 cycles of charging and discharging under
the 1identical condition to that in Comparative Example [;

FIG. 31 is a photograph of a negative electrode surface aflier
completing the charge and discharge test in Comparative Example 2;

FIG. 32 is a shape diagram of a reaction space divider used
for a zinc negative electrode in Example 2;

FIG. 33 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of a zinc-nickel secondary

battery in Example 2;
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FIG. 34 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 2;

FIG. 35 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of a zinc-nickel secondary
battery in Example 3;

FIG. 36 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 3;

FIG. 37 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of a zinc-nickel secondary
battery in Example 4;

FIG. 38 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 4;

FIG. 39 is a configuration diagram of a cell of a zinc-nickel
secondary battery used in Example 5;

FIG. 40 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of the zinc-nickel secondary
battery in Example 5;

FIG. 41 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 5;

FI1G. 42 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of a zinc-nickel secondary
battery in Example 6;

FIG. 43 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 6;

FIG. 44 is a configuration diagram illustrating one example of
a metal negative clectrode applicable to this disclosure;

FIG. 45 is a shape diagram of a reaction space divider used
for a zinc negative electrode in Example 7;

FIG. 46 is a diagram illustrating relation between a battery
voltage and a discharge rate of a zinc-nickel secondary battery in

Example 7;
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FIG. 47 is a diagram illustrating relation between the battery
voltage and a charge rate of the zinc-nickel secondary battery in
Example 7;

FI1G. 48 is configuration diagram of a cell of a zinc-nickel
secondary battery used in Example &;

FI1G. 49 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of the zinc-nickel secondary
battery in Example §;

FIG. 50 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 8;

FIG. 51 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of a zinc-nickel secondary
battery in Example 9;

FIG. 52 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery
in Example 9;

FIG. 53 is a shape diagram of a reaction space divider used
for a zinc negative electrode in Example 10;

FI1G. 54 is a diagram illustrating relation between discharge
and charge voltages and a cycle number of a zinc-nickel secondary
battery in Example 10; and

FI1G. 55 is a diagram illustrating relation between a current
efficiency and the cycle number of the zinc-nickel secondary battery

in Example 10.

DETAILED DESCRIPTION
[0048] (Metal negative electrode)

A metal negative electrode according to one embodiment of
this disclosure is a metal negative electrode used for a secondary
battery, which includes an active material portion, a current
collector, and a non-electronically conductive reaction space divider.
The active material portion forms metal during charging and forms an
oxidation product of the metal during discharging. The metal is used
as a negative-electrode active material. The current collector is

electrically connected to the active material portion. The non-
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electronically conductive reaction space divider is integrally formed
with or connected to the current collector and/or the active material
portion. The reaction space divider has a plurality of electrolyte
holder portions configured to hold a liquid electrolyte.

[0049] Such metal negative electrode can be a metal negative
electrode having a structure in which, for example, a plurality of
recesses is provided, a negative-clectrode active material is exposed
on at least a part of a bottom surface of each recess, and a side wall
of each recess consists of a non-electronically conductive material.
In fabrication of the battery, an electrolyte is injected into the
plurality of recesses of the metal negative electrode and positive
electrode is disposed to cover the recesses to ensure charge and
discharge reaction in the respective recesses. In this case, space in
which the charge and discharge reaction occurs is divided into a
plurality of sections by the non-electronically conductive side wall,
thus regulating the reaction space. The following description of the
method for fabricating the reaction space divider and the metal
negative electrode is applicable to formation of the side wall and the
bottom surface of the recess. The negative-electrode active material
exposed on the bottom surface can be a part of the active material
portion to which the current collector is electrically connected, and
in this case, the following description is applicable to the active
material portion and the current collector.

[0050] A specific example of a structure of a metal negative electrode
10 will be described with reference to schematic cross-sectional
views of FIG. 1 and FIG. 2. The metal negative electrode 10
exemplified in FIG. | includes an active material portion 110, a
current collector 120, which is electrically connected to this active
material portion 110, and a non-electronically conductive reaction
space divider 130, which is integrally formed with the current
collector 120 and the active material portion 110. This reaction space
divider 130 has a plurality of electrolyte holder portions 132a, 132b
that can hold a liquid electrolyte 50 (see FIG. 2). In other words, the
"electrolvte holder portion" in the reaction space divider is a space
that can hold the liquid electrolyte. Each of the electrolyte holder

portions 132a, 132b can consist of, for example, a structure punched
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out from a main body 131 of the reaction space divider 130. The
detail will be described later. In the metal negative electrode 10,
respective one sides of the electrolyte holder portions 132a, 132b are
occluded by the active material portion 110 and the other sides are
opened. FIG. 2 is one example of a secondary battery 90 including
the metal negative electrode 10 illustrated in FIG. 1. The secondary
battery 90 exemplified in FIG. 2 includes at least the metal negative
electrode 10, the liquid electrolyte 50 and a positive electrode 60. In
the secondary battery 90, the liquid electrolyte 50 is held in the
respective spaces of the electrolyte holder portions 132a, 132b.
Spaces between the positive electrode 60 and the metal negative
electrode 10 will be equivalent to the electrolyte holder portions
132a, 132b. However, the metal negative electrode 10 described with
reference to FIG. 1 and FIG. 2 is merely one specific example. In the
secondary battery 90, it is also preferable that an abutting surface of
the reaction space divider 130 on the positive electrode 60 be a
smooth surface so that the metal negative electrode 10 can contact
the positive electrode 60 at the reaction space divider 130. The
reaction space divider 130 can hold the liquid electrolyte 50 in the
electrolyte holder portions 132a, 132b, while the reaction space
divider 130 can be a non penetrant material so that the liquid
electrolyte 50 does not penetrate the main body 131.

[0051] One embodiment of this disclosure encompassing the above
one specific example will be described including the action and the
effect. For convenience of explanation, one example of the metal
negative electrode according to one embodiment of this disclosure
will be described using a case in which the active material portion
includes the negative-electrode active material consisting of zinc as
an example. The following example does not exclude an active
material portion including a negative-electrode active material
consisting of zinc oxide that is an oxidation product of zinc or does
not exclude an active material portion including a negative-electrode
active material consisting of both of zinc and zinc oxide. Thus, the
active material portion of the metal negative electrode of this
disclosure can include a negative-electrode active material consisting

of metal, an oxidation product of the metal or both of them.
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[0052] First, in the active material portion, zinc is formed during
charging, and zinc oxide, which is the oxidation product of zinc, is
formed during discharging. Reaction between zinc and zinc oxide
involves Zn(OH)4*" that is a zinc oxide ion in the electrolyte. The
active material portion in the zinc negative electrode is, for example,
deposited, piled up or accumulated on a current collector such as a
copper plate and copper mesh in a chemical, electrochemical or
mechanical method to be electrically connected the current collector.
In addition, the zinc negative electrode has a non-clectronically
conductive reaction space divider integrally formed with or
connected to the current collector and/or the active material portion.
Here, the reason why the reaction space divider is non-electronically
conductive is to prevent an internal short-circuit even if this reaction
space divider contacts the positive electrode. Further, taking an
example of a zinc-nickel secondary battery using the zinc negative
electrode and an aqueous potassium hydroxide solution, the reaction
space divider has a plurality of electrolyte holder portions that can
hold the agqueous potassium hydroxide solution.
[0053] <Reaction space divider>

Specific examples of thin-plate-like members applicable to the
reaction space divider having such electrolyte holder portions will be
described in details with reference to FIG. 3 to FIG. 10 that are
schematic drawings in which the reaction space divider has been
extracted from the metal negative electrode. In the following reaction
space divider, the signs of the last two digits of the three digits refer
to the identical type of configuration and duplicate explanations will
be omitted.
[0054] <<First example of reaction space divider>>

A reaction space divider 230 in FIG. 3 has a thin-plate-like
outer shape. The reaction space divider 230 has four circular
through-heles (cylindrical structures) punched out from a main body
231. In this example, these through-holes constitute electrolyte
holder portions 232a, 232b, 232c, 232d. The "through-hole" here is
intended to pass through the front and back sides of the reaction
space divider 230 when it is viewed as a single component. As

described with reference to FIG. 1 and FIG. 2, one surface side of the
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reaction space divider is occluded in the entire metal negative
eglectrode. In the case of this example, each of the electrolyte holder
portions has a circular cross-sectional shape in a surface parallel to
the occluded surface. The reaction space divider 230 in FIG. 3 has
one planar portion that will be a surface integrally formed with or
connected to the current collector and/or zinc that is the active
material portion. When used as a secondary battery, the positive
electrode can be arranged on a planar portion side opposite to the
above planar portion, and the electrolyte holder portions are filled
with the liquid electrolyte.
[0055] <<Second example of reaction space divider>>

A reaction space divider 330 in FIG. 4, similarly to FIG. 3,
has electrolyte holder portions 332a, 332b, 332¢, 332d formed by
four through-holes having circular cross-sectional surfaces and has
connection passages 333a, 333b that connect the left and right, upper
and lower two electrolyte holder portions 332a, 332c and electrolyte
holder portions 332b, 332d to one another respectively. Further, in
the reaction space divider 330 in FIG. 4, the respective electrolyte
holder portions are connected to an edge of the reaction space
divider 330 (side surface portions in the upper and lower direction of
the drawing of the main body 331) through respective opening
passages 334a, 334b, 334c, 334d on the opposite sides of the
connection passages 333a, 333b. The connection passages enable the
liquid electrolyte to be put from one electrolyte holder portion into
the other electrolyte holder portion with respect to a plurality of
electrolyte holder portions to make it easy to hold the required
amount of liquid electrolyte in the identical amount in a plurality of
electrolyte holder portions. For example, in a transversely mounted
secondary battery an in FIG. 2, the connection passages facilitate
leveling of the liquid electrolyte held in the plurality of electrolyte
holder portions and makes it casy to put the required amount of
liguid electrolyte. In addition, the opening passages enable the liquid
electrolyte to be held by putting it from the opening passages to the
electrolyte holder portions without directly putting the liquid
electrolyte into the electrolyte holder portions. For example, in a

case of a longitudinally mounted secondary battery not the
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transversely mounted one as in FIG. 2, the opening passages enable
the required amount of liquid electrolyte for the electrolyte holder
portion to be easily put into the plurality of electrolyte holder
portions by putting the liquid electrolyte from the opening passages
present in the upper portion. Further, provision of both of the
connection passages and the opening passages can simultaneously
obtain the above-described actions, thus making it easier to hold the
liquid electrolyte in the electrolyte holder portions. For example,
there is an advantage that the electrolyte holder portion can be filled
with the liquid electrolyte after causing the metal negative electrode
to contact the positive electrode via the reaction space divider.

In FIG. 4, the connection passages 333a, 333b may be grooves
(connection grooves) that are open at the top or bottom. These
grooves form spaces with the positive electrode or the metal negative
electrode to form connection passages. The opening passages 334a,
334b, 334c¢, 334d may be grooves (opening grooves) that are open at
the top or bottom. These grooves form spaces with the positive
electrode or the metal negative electrode to form opening passages.
However, when forming the space with the metal negative electrode,
a part of the metal negative electrode corresponding to the groove
(the connection groove or the opening groove) have a structure on
which the negative-electrode active material is not exposed and, for
example, this part may be sealed.

[0056] <<Third example of reaction space divider>>

A reaction space divider 430 in FIG. 5 has five electrolyte
holder portions 432a, 432b, 432c, 432d, 432¢. The electrolyte holder
portions 432a, 432b, 432c, 432d have identical diameters and the
center electrolyte holder portion 432e is formed by a through-hole
having a circular cross-sectional surface with a diameter smaller than
those of the four surrounding electrolyte holder portions.

[0057] <<Fourth example of reaction space divider>>

A reaction space divider 5330 in FIG. 6, similarly to the
reaction space divider 330 in FIG. 4, has electrolyte holder portions
532a, 532b, 532c¢, 532d, connection passages 533a, 533b and opening
passages 534a, 534b, 534c¢, 534d. However, while the electrolyte
holder portions 332a, 332b, 332c, 332d in FIG. 4 are formed by the
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through-holes having circular cross-sectional surfaces, the respective
electrolyte holder portions in FIG. 6 are formed by through-holes
having quadrate cross-sectional surfaces. In FIG. 6, the connection
passages 533a, 533b may be grooves (connection grooves) that are
open at the top or bottom. These grooves form spaces with the
positive electrode or the metal negative electrode to form connection
passages. The opening passages 534a, 534b, 534c, 534d may be
grooves (opening grooves) that are open at the top or boitom. These
grooves form spaces with the positive electrode or the metal negative
electrode to form opening passages. However, when forming the
space with the metal negative electrode, a part of the metal negative
electrode corresponding to the groove (the connection groove or the
opening groove) has a structure on which the negative-electrode
active material is not exposed and, for example, this part may be
sealed.
[0058] <<Fifth example of reaction space divider>>

A reaction space divider 630 in FIG. 7, similarly to the
reaction space divider 230 in FIG. 3, has a thin-plate-like outer
shape and electrolyte holder portions formed by four through-holes
having circular cross-sectional surface therein, while being thinner
than the reaction space divider 230 in FIG. 3. The thickness of the
reaction space divider corresponds to the thickness of the electrolyte,
thus if it becomes too thick, the ohmic loss of the electrolyte will
increase, which is not preferable. The thickness of the reaction space
divider should be 3 mm or less, but 3 mm is not the upper limit
because a suitable amount of electrolyte is required when the arca of
the active material portion is large or the capacity of the negative
electrode is large. An optimal thickness of the reaction space divider
may be determined according to the relation such as the area of the
active material portion, the capacily of the negative electrode and the
ohmic loss of the electrolyte.
[0059] <<Sixth example of reaction space divider>>

A reaction space divider 730 in FIG. 8, similarly to the
reaction space divider 230 in FIG. 3, has a thin-plate-like outer
shape and has electrolyte holder portions 732a, 732b, 732¢, ...

formed by through-holes having circular cross-sectional surfaces.
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However, the number of electrolyte holder portions is larger than that
of the reaction space divider 230 in FIG. 3 and the arrangement 1is
differ from that of the electrolyte holder portions 232a, 232b, 232¢,
232d in FIG. 3. The electrolyte holder portions 232a, 232b, 232c,
232d formed by the circular through-holes are arranged in a sguare
grid pattern in FIG. 3, while the electrolyte holder portions 732a,
732b, 732c¢, ... are alternately arranged in a honeycomb pattern in
FIG. 8. With respect to FIG. 3, the reaction space divider 730 in FIG.
8 is designed such that the ratio of the area occupied by other than
the electrolyte holder portions is smaller, and the ratio (hereinafter,
referred to as "aperture ratio") of the total area of the electrolyte
holder portions 732a, 732b, 732c, ... to the area determined from the
outer shape of the planar portion (four sides of the planar portion) of
the main body 731 in the reaction space divider 730 1is larger.
[0060] <<Seventh example of reaction space divider>>

A reaction space divider 830 in FIG. 9, like the reaction space
divider 530 in FIG. 6, has electrolyte holder portions §32a, 832b,
832c¢, ... formed by through-holes having quadrate cross-sectional
surfaces. However, the number of electrolyte holder portions is
larger than that of the reaction space divider 530 in FIG. 6, and the
ratio of the area occupied by the main body 831 other than the
electrolyte holder portions is smaller than that of the reaction space
divider 530 in FIG. 6. Accordingly , the reaction space divider 830 in
FIG. 9 is designed such that the aperture ratio is larger.
[0061] <<Eighth example of reaction space divider>>

A reaction space divider 930 in FIG. 10, similarly to the
reaction space divider 730 in FIG. 8, has a thin-plate-like main body
931 and has electrolyte holder portions 932a, 932b, 932c, ... formed
by through-holes having circular cross-sectional surfaces. However,
unlike FIG. 8, the main body 931 has an edge that is not quadrate.
Some (932f, 932g, 932h, 9321) of the clectrolyte holder portions have
structures cut off at the edge of the reaction space divider 930. Thus,
the reaction space divider 930 in FIG. 10 is designed such that the
ratio of the area occupied by the main body 931 other than the
electrolyte holder portions is even smaller than that of the reaction

space divider 730 in FIG. 8 and thus the aperture ratio is larger.
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[0062] The above first to eighth examples have been described as the
representative examples of the reaction space divider, but they are
merely specific examples, and the main body, the connection
passages and the opening passages besides the shape, the number and
the magnitude of the electrolyte holder portion can be appropriately
configured. For example, the connection passages and the opening
passages are not illustrated in FIG. 3, FIG. §, FIG. 7 to FIG. 10, but
the connection passages may be provided, the opening passages may
be provided, or both of them may be provided. When the connection
passages, the opening passage or both of them are provided, various
numbers of combinations can be configured on the reaction space
divider as necessary, such as one connection passage and one opening
passage, a plurality of connection passages and a plurality of opening
passage, one connection passage and a plurality of opening passages,
and a plurality of connection passages and one opening passage. It is
not intended to limit the scope of this disclosure, but when the
reaction space divider including the above electrolyte holder portion
is a plate-like member, the thickness range of 0.5 mm to 5 mm can be
exemplified, when the cross-sectional shape of the electrolyte holder
portion is circular, the diameter of | mm to 10 mm can be
exemplified, and when the cross-sectional shape of the electrolyte
holder portion is square, the length of the diagonal of 1 mm to 10
mm can be exemplified. Like some (9321, 932¢g, 932h, 9321} of the
electrolyte holder portions referring to FIG. 10, the electrolyte
holder portion of the reaction space divider does not have to be
configured to be enclosed only by the main body of the zinc negative
electrode as long as it can hold the liquid electrolyte, and as
necessary may hold the liquid electrolyte via a member (for example,
a container, a positive electrode (air electrode) and a spacer) other
than the main body.

[0063] The following describes a method for fabricating a mctal
negative electrode used for a secondary battery according to one
embodiment of this disclosure. As described before, the metal
negative electrode includes an active material portion, a current
collector, and a non-electronically conductive reaction space divider.

The active material portion forms metal during charging and forms an
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oxidation product of the metal during discharging. The metal is used
as a negative-electrode active material. The current collector 1is
electrically connected to the active material portion. The non-
electronically conductive reaction space divider is integrally formed
with or connected to the current collector and/or the active material
portion. The reaction space divider has a plurality of electrolyte
holder portions configured to hold a liquid electrolyte. This
fabrication method includes a step of integrally forming the current
collector and the non-electronically conductive reaction space
divider or connecting the current collector to the non-electronically
conductive reaction space divider, and a step of electrically
connecting the active material portion to the current collector.
[0064] <Method for fabricating zinc negative electrode>

Here, the method for fabricating the metal negative electrode
of this disclosure will be described using the zinc negative electrode
as an example. In the case of a zinc negative electrode using a copper
plate or copper mesh as the current collector, it can be fabricated
such that, for example, over an object formed into a thin film by
electroplating the copper plate with the required amount of zinc for
charging and discharging in advance or an object obtained by
attaching a thin zinc film to the copper plate by crimping, the
reaction space dividers 230 to 930 are integrated by crimping, fusing,
sticking, heat-curing or three-dimensional modeling or connected
with an adhesive. It can be also fabricated such that the copper mesh
is integrated with the reaction space dividers 230 to 930 by crimping
and zinc is deposited on the copper mesh inside the electrolyte
holder portion by electroplating or the required amount of zinc
powder is put on the copper mesh to be fixed. The following
describes exemplary methods for fabricating the zinc negative
electrode.
[0065] <<First example of fabrication method>>

A flow chart in FIG. 11 will be referred. For example, the
copper plate is used as the current collector, and if necessary, the
surface of the copper plate is subjected to pretreatment such as
degreasing and etching (S11). Then, a method that can form zinc such

as the evaporation method, the sputtering method, the electroplating
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method and the hot dipping method is used to form an active material
portion consisting of zinc in an amount equivalent to the capacity
required as the zinc negative electrode (S12). FIG. 11 illustrates zinc
plating as a specific example at step S12. Next, the reaction space
divider is connected to the surface and/or the end surface of the
formed active material portion consisting of zinc by, for example,
crimping. fusing, sticking, heat-curing or adhesion (S13). Thus, the
zinc negative electrode according to one embodiment of this
disclosure can be obtained. In the above, the range in which the
active material portion consisting of zinc is formed may be only a
part corresponding to an electrolytic solution holder of the reaction
space divider, or the active material portion may be formed in a
range larger than the part corresponding to the electrolytic solution
holder, over which the reaction space divider may be integrally
formed.
[0066] <<Second example of fabrication method>>

A flow chart in FIG. 12 will be referred. For example, using
the copper plate as the current collector, the reaction space divider is
connected to the surface of the copper plate by, for example,
crimping, fusing, sticking, heat-curing or adhesion (S21). Then, if
necessary, the surface of the copper plate is subjected to pretreatment
such as degreasing and etching (522). Next, a method that can form
zinc such as the evaporation method, the sputtering method, the
electroplating method or the hot dipping method is used to form the
active material portion containing zinc in an amount equivalent to
the capacity required as the zinc negative electrode inside the
electrolyte holder portion of the reaction space divider (§23). FIG.
12 illustrates the zinc plating as a specific example at step $23. This
can also obtain the zinc negative electrode according to one
embodiment of this disclosure. The electrolyte holder portion leaves
a spacec that can be filled with the electrolyte even after forming
zinc.
[0067] <<Third example of fabrication method>>

A flow chart in FIG. 13 will be referred. For example, using
the copper mesh as the current collector, the reaction space divider is

connected onto the copper mesh by, for example, crimping, fusing,
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sticking, heat-curing or adhesion to form the reaction space divider
(S31). Then, the active material portion containing zinc is formed by
filling inside of the electrolyte holder portion of the reaction space
divider with zinc powder having an appropriate particle size, a
mixture of the zinc powder and zinc oxide powder or a mixture
obtained by mixing each of them with an appropriate binder, with an
amount containing a zinc in an amount equivalent to the capacity
required as the negative electrode (S32}. This can also obtain the
zinc negative electrode according to one embodiment of this
disclosure. The elecirolyte holder portion leaves a space that can be
filled with the electrolyte even after being filled with zinc.
[0068] <<Fourth example of fabrication method>>

A flow chart in FIG. 14 will be referred. For example, using
the copper plate as the current collector, the reaction space divider is
modeled on the copper plate by a 3D modeling device (S41). Then,
the active material portion containing zinc is formed by filling inside
of the electrolyte holder portion of the reaction space divider with
zinc powder having an appropriate particle size, a mixture of the zinc
powder and zinc oxide powder or a mixture obtained by mixing each
of them with an appropriate binder with an amount containing a zinc
in an amount equivalent to the capacity required as the negative
electrode (842). This can also obtain the zinc negative electrode
according to one embodiment of this disclosure. The electrolyte
holder portion leaves a space that will be filled with the electrolyte
even after being filled with zinc.
[0069] The above description in the first to fourth examples of the
fabrication method exemplifies the zinc negative electrode using the
copper plate or the copper mesh as the current collector and zinc as
the active material, but this disclosure should not be limited to this.
The fabrication method also should not be limited to the above
specific examples. For example, when forming the recaction space
divider, after a flowing liquid containing a raw material or a source
material of the reaction space divider is printed, or applied by, for
example, dripping or spraying, on a metal plate which will be the
current collector to have a predetermined shape, the reaction space

divider having a desired shape may be formed by, for example,
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drying, heating, pressurization, cooling, freeze-drying or
photocoagulation. Industrially, from the point of view of the increase
in productivity, the fabrication by the above printing or applying is
suitable, and it is possible to employ a pattern printing method such
as the ink-jet method, the screen method, the offset method, the
flexographic method, the gravure method and the microcontact
method, and an applyving method such as the dip coating method, the
die coating method, the bar coaling method, the spin coating method,
the offset method, the spray coating method and the doctor blade
method. In this case, for example, a thermosetting resin or a light
curing resin can be used independently or by mixing two or more
types. Further, for example, the reaction space divider having a
desired shape may be formed using a variety of processing techniques
such as the machine processing, the laser beam machining, the
ultrasonic machining, the chemical etching and the electrochemical
oxidation or reduction after integrally forming a resin layer having a
predetermined thickness on the metal plate which will be the current
collector.

[0070] -Material of reaction space divider-

The material of the reaction space divider is preferably
selected in relation to the specific gravity with the liquid electrolyte.
For example, when an aqueous solution is used as the electrolyte, the
material of the reaction space divider is preferably a material having
a specific gravity of 2 or less, thus preferably, for example, a resin
material or other plastic material exhibiting the alkaline resistance.
The material of the reaction space divider may be an inorganic
material as long as being non-electronically conductive. For example,
examples of non-electronically conductive materials include oxide
such as alumina and zirconia, as well as a nitride. Materials other
than these examples should not been excluded, but it is preferable to
us¢ an inorganic material that is non-clectronically conductive, has a
small specific gravity, does not increase the weight of the whole
battery, and has good shape diversity and processing formability, as a
material of the reaction space divider.

[0071] For example, as a material of the reaction space divider, in

addition to an acrylic-based resin used in Example which will be

PO205546-PCT-ZZ (33/81)



10

20

25

30

CA 03151028 2022-3-11

-34 -

described later, it is possible to use, for example, a polyolefin-based
resin such as ultra-high-molecular-weight polyethylene resin
(UHPE); a polyketone-based resin such as polyether ether ketone
resin (PEEK) or polyether ketone resin (PEK); a polyphenylene-based
resin such as polyphenylene sulfide resin ({PPS) or denaturated-
polyphenyleneether (denatured PPE); a styrene-based resin such as
acrylonitrile-butadiene-styrene resin (ABS) or acrylonitrile styrene
resin (AS); an epoxide-based resin such as bisphenol A epoxy resin
or novolak epoxy resin. It is also possible to use a fluorine-based
resin such as Teflon® (Teflon is a registered trademark in Japan,
other countries, or both) or other lighter resins.
[0072] However, the material of the reaction space divider is desired
to be chemically and electrochemically stable with respect to the
electrolyte, and materials formed by the reaction in the metal
negative electrode and the positive electrode. In addition, as already
described, the reaction space divider needs to be non-electronically
conductive because it will contact the positive electrode. Further, it
is possible to achieve a material that is inexpensive, has good shape
flexibility, and is integrally formed with or connected to the current
collector and/or the active material portion, using various methods
including, for example, crimping, adhesion and 3D modeling, but it
is preferable to use a material that is easily applicable to these
various methods.
[0073] <Action and effect>

When describing the above zinc negative electrode as an
example, the metal negative electrode according to one embodiment
of this disclosure, which is described so far, regulates a three-
dimensional moving range of Zn(OH)4?" that is a zinc oxide ion in the
aqueous potassium hydroxide solution, resulting in an action that the
dendrite short circuit and the active malterial inhomogeneily can be
suppressed. Its detail mechanism has not become clear, but the
following possibilities are considered as the action mechanism.
[0074] First, the dendrite short circuit of zinc is caused by
occurrence of local zinc deposition at an angle close to a direction
perpendicular to the electrode surface not in the two-dimensional

direction parallel to the electrode surface when zinc is deposited
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from the zinc oxide ions.

[0075] In the deposition of metal by electrochemical reaction, after
the metallic ion receives an electron to become a metallic atom, there
are a case in which the metallic atoms are bonded to one another to
grow by two-dimensionally becoming metal crystal (two-dimensional
growth), a case in which some of the metallic atoms form a crystal
nucleus and the metallic atom is deposited at the tip of the crystal
nucleus (three-dimensional growth) and their intermediate case. The
dendrite short circuit is likely to occur in the case of the three-
dimensional growth. Which of these growth modes will occur
depends not only on the type of metal but also on the deposition rate
in the identical metal. Generally, the two-dimensional growth is
likely to occur when the metal deposition rate is slow, and the three-
dimensional growth is likely to occur when the metal deposition rate
fast.

[0076] However, the formation of the crystal nucleus that triggers the
dendrite short circuit is considered to be less likely to occur when
the space distribution of the metallic ions in the electrolyte is
homogeneous and likely to occur when it is inhomogeneous. That is,
when the potential is high enough for the metal to be deposited, the
metal is more likely to be deposited and the crystal nucleus is more
likely to be formed on the electrode surface that is in contact with
the highly concentrated metallic ions. In fact, in the case of the zinc
negative electrode, the zinc oxide ions are three-dimensionally
present in the aqueous potassium hydroxide solution that is the
electrolyte. Therefore, once the deposition of zinc starts, the
concentration of the zinc oxide ions becomes lower on the negative
electrode side and becomes relatively higher on the positive
electrode side in the electrolyte. In this case, the difference in
concentration is likely to occur also in the two-dimensional direction
(in-plane direction of the surface of the active material portion) of
the surface of the active material portion in the zinc negative
electrode. Such difference in concentration causes to generate a place
where zinc is likely to be deposited and a place where zinc is less
likely to be deposited, resulting in generation of the dendrite in the

place where zinc is likely to be deposited.
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[0077] Such inhomogeneity of the concentration distribution of the
metallic 1ions is considered to also cause the active material
inhomogeneity for the same reason as above. Particularly, in the case
of the secondary battery, the negative electrode is separated from the
positive electrode by a few mm or less, while the size of the
electrode surface is larger by more than a few cm, thus the space
distribution of the metallic ions in the two-dimensional direction of
the electrode surface is likely to be inhomogeneous. The metal
negative electrode of this disclosure can suppress such
inhomogeneity of the space distribution of the metallic ions, thus
being considered to also suppress the dendrite short circuit and the
active material inhomogeneity.

[0078] (Preferred embodiment)

The metal negative electrode and its fabrication method
according to one embodiment of this disclosure have been described
so far using the zinc negative electrode as an example, but this
disclosure should not be Iimited to these specific examples in any
way. As long as reaction space regulating effects according to the
effect of this disclosure are obtained, it is possible to appropriately
apply the above-described configurations, methods and known arts.
The following will further describe aspects preferable to be applied
to this disclosure.

[0079] Next, in the metal negative electrode according to one
embodiment of this disclosure, the metal that constitutes the
negative-electrode active material is preferably selected from the
group consisting of zinc, lithium, magnesium, sodium, potassium,
calcium, and any of alloys containing metals thereof as components.
Zing, lithium, magnesium, sodium, potassium and calcium are known
as metals with high capacity density, but they are all the metals that
are likely to become dendrite. This disclosure has an action that can
suppress the dendrite short circuit and the active material
inhomogeneity in such metals.

[0080] Further, in the metal negative electrode according to one
embodiment of this disclosure, the reaction space divider preferably
has a connection passage that connects the electrolyte holder

portions to one another. Such reaction space divider has, for
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example, a structure as illustrated in FIG. 4. As already described,
the electrolyte holder portions being connected through the
connection passage and the electrolyte holder portions being also
connected to the edge of the reaction space divider through the
opening passage cause the liquid electrolyte to be put from one
electrolyte holder portion into the other electrolyte holder portion
with respect to a plurality of electrolyte holder portions, making it
easy to hold the liquid electrolyte. For example, in a transversely
mounted secondary battery an in FIG. 2, the connection passage
facilitates leveling of the liquid electrolyte held in a plurality of
electrolyte holder portions and makes it easy to put the required
amount of liquid electrolyte into the plurality of electrolyte holder
portions.

[0081] Further, like the reaction space divider 330 illustrated in FIG.
4, the reaction space divider preferably has an opening passage that
connects the electrolyte holder portion to an edge of the reaction
space divider. As already described, the opening passage enables the
liquid electrolyte to be held by putting it from the opening passage
into the electrolyte holder portions without directly putting the
liquid electrolyte into the electrolyte holder portions. For example,
in a case of a longitudinally mounted secondary battery not the
transversely mounted one as in FIG. 2, the opening passage cnables
the required amount of liquid electrolyte to be easily put into the
electrolyte holder portions by putting the liquid electrolyte from the
opening passage present in the upper portion. Further, like the
reaction space divider 330 illustrated in FIG. 4, both the connection
passage and the opening passage may be provided. This can
simultaneously obtain the respective actions on the connection
passage and the opening passage which are already described, thus
making it even easier to put the liquid electrolyte into the electrolyte
holder portions to hold the required amount of liquid electrolyte in
the plurality of electrolyte holder portions. For example, the
connection passage and the opening passage have an action that
facilitates introduction of the electrolyte particularly when, in a
cylindrical battery structure such as a dry cell, the metal negative

electrode of this disclosure, the positive electrode and an insulating
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paper are layered and then rolled up to be put in a cylindrical battery
container, and lastly the liquid electrolyte is injected into the battery
container.

[0082] Further, in the metal negative electrode according to one
embodiment of this disclosure, the reaction space divider preferably
consists of a plastics material. The plastic material is inexpensive,
has high flexibility and shape variability, has good formability of the
electrolyte holder portions, the connection passages and the opening
passages, has good designability and processability of the reaction
space divider, is easy to manufacture, has excellent durability even
when the electrolyte is highly alkaline, ensures the integral molding
or the connection with the current collector, is applicable to a variety
of sizes, and has wide material options, thus having an action that
can fabricate the optimal reaction space divider depending on the
type of the used metal, the type of the electrolyte and the required
structure durability. The specific plastic material types that are
preferably applied are as described above, but the plastic material
type should not be limited to these.

[0083] Each of the electrolyte holder portions preferably has a
circular cross-sectional shape. For example, the through-holes
provided in the reaction space divider in the above example can
constitute the electrolyte holder portions. As described above, the
"through-hole" here is expressed as a through-hole when the reaction
space divider is viewed as a single component, and one side of this
through-hole is occluded by the active material portion in the entire
metal negative electrode. The reaction space divider in the metal
negative electrode of this disclosure is not limited to only the
electrolyte holder portion having a through-hole structure
cylindrically extracted as illustrated in FIG. 3 and FIG. 4. However,
in the cylindrically-extracted electrolyte holder portion as in these
drawings, the cross-sectional shape of the electrolyte holder portion
is circular to have a better symmetry in all directions of the cross-
sectional direction compared to the case in which the cross-sectional
surface is oval, triangle or quadrangle, thus having an action that the
inhomogeneity of the space distribution of the metallic ions can be

most suppressed. If the cross-sectional surface is polygonal and the
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number of corners is increased, the final shape will be as close to a
circle as possible. Thus, the shape of the electrolyte holder portion 1is
not limited to a symmetric shape and may be an asymmetric shape or
a polygonal shape. On the other hand, in terms of ensuring the
reaction area, it is preferable that each of the above electrolyte
holder portion have a square cross-sectional shape or it may have a
polygonal cross-sectional shape. Further, the respective cross-
sectional shapes may include a mix of circles and polygons. It is
considered to be most preferable to maintain the identical magnitude
in the identical cross-sectional shape in the direction perpendicular
to the cross-sectional surface, but it should not be limited to this.
[0084] Next, at least one of the electrolyte holder portions according
to one embodiment of this disclosure preferably has a different
maximum span length from the other electrolyte holder portions. For
example, there is a structure as in FIG. 5 as an example of the
reaction space divider having such electrolyte holder portions. In
FIG. 5, there are five electrolyte holder portions, and the center
electrolyte holder portion surrounded by the four electrolyte holder
portions is formed by a through-hole having a circular cross-
sectional surface with a diameter smaller than those of the four
surrounding electrolyte holder portions. In this way, combination of
large and small sizes of the cross-sectional shapes of the electrolyvte
holder portions can decrease the area other than the electrolyte
holder portions in the reaction space divider, resulting in an action
that can increase the aperture ratio to increase the area that can be
used for the reaction.

[0085] In the metal negative electrode according to one embodiment
of this disclosure, the electrolyte holder portions preferably have a
maximum span length of less than 20 mm, particularly 5§ mm or less.
The maximum span length of less than 20 mm can more effectively
provide the action that homogencously keeps the two-dimensional
and three-dimensional space distribution of the metallic ions in the
electrolyte, and the maximum span length of 5 mm or less can more
certainly obtain this effect. Here, the maximum span length of the
through-hole means the diameter of the above circle when the hole

shape is circular and the length of the diagonal of the above square
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when the hole shape is square.

[0086] Next, the secondary battery according to one embodiment of
this disclosure is a secondary battery including the metal negative
electrode described so far. This secondary battery can be any one of a
zinc-air secondary battery, a zinc-nickel secondary battery, a zinc-
silver secondary battery, a lithium-air secondary battery, a lithium-
sulfur secondary battery, a magnesium-air secondary battery, a
sodium-sulfur secondary battery, a potassium secondary batiery, a
calcium secondary battery and a multivalent-ion secondary battery.
As described above, this secondary battery can include the positive
electrode and the liquid electrolyte, and an arrangement relation
between the metal negative electrode, and the positive electrode and
the liquid electrolyte is similar to that in the description using the
zinc negative electrode as an example. The secondary battery
includes the positive electrode, the metal negative electrode and the
liguid electrolyte, and the electrolyte holder portion in the metal
negative electrode can hold the liquid electrolyte between the

positive electrode and the active material portion.

EXAMPLES
[0087] The following will describe this disclosure more specifically
using Examples. This disclosure should not be limited to these
Examples.
[0088] (Example 1)

Among the metal negative electrodes according to this
disclosure, a zinc negative electrode whose metal is zinc was
fabricated as follows. First, after the copper plate (the plating
portion: 30 mm x 40 mm x 0.2 mm, the lead portion: 5 mm x 50 mm
x 0.2 mm) illustrated in FIG. 15 was subjected to pretreatment with a
polishing paper and by oxalic acid etching, one surface and the side
surfaces of the plating portion and both surfaces and the side
surfaces of the lead portion were masked by a commercially available
masking material for plating. Next, 1.2 mol/L of zinc sulfate 7-
hydrate, 0.56 mol/L of sodium sulfate and 0.02 g/L of glue were
dissolved in a distilled water, and a zinc plating bath was prepared

with pH of 2. This zinc plating bath was put in a beaker, then the
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above copper plate and a platinum plate (50 mm x 50 mm x 0.1 mm)
to which a platinum wire was attached as a lead were immersed in the
zinc plating bath opposed to one another at a distance of about 5 cm,
and it was placed on a hot stirrer to reach 40 °C. Then, using the
copper plate as a cathode and the platinum plate as an anode, a
constant current was applied for a certain period of time to
electroplate a part that was not masked on the copper plate with zinc.
At this time, energization was performed at 150 mA/cm? for 281
seconds based on the areca of the part electroplated with zinc. During
energization, it was stirred with a stirring bar. The weight of the
copper plate before energization was subtracted from the weight of
the copper plate after energization, and this was used as the amount
of zinc deposition obtained by electroplating. The ratio of the
obtained amount of zinc deposition to the theoretical amount of zinc
deposition as determined by Faraday's law was 89.2 % as an example,
and the thickness was 17.8 pm. The amount of zinc deposition per
unit area obtained from the amount of zinc deposition was 12.7
mg/cm?, the capacity per unit area obtained from this was 10.4
mAh/cm?, and thus the capacity was five times or more than the
average capacity of 2 mAh/cm? of the negative electrode in the
lithium-ion secondary battery. The capacity here means the amount of
electricity obtained from the mass of the reactant by Faraday's law,
and in addition to this, the charge capacity and the discharge
capacity are also used for the amount of electricity charged and the
amount of electricity discharged.

[0089] On the zinc-plated copper plate obtained by the above, a
commercially available masking material for plating was applied to
the rest of the plate, leaving a circular part with a diameter of 20 mm
from the center of one zinc-plated surface, as 1llustrated in FIG. 16.
Next, as illustrated in FIG. 17, within this circular part with a
diameter of 20 mm, four circles with a diameter of 5 mm were taken
such that the closest distance between the circular parts at the top
and bottom or left and right is 3 mm, and the commercially available
masking material was applied to the part other than these circles.
Further, by adhering the acrylic-based resin reaction space divider

having a plurality of connection passages and opening passages as
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illustrated in FIG. 4 to the top of this masking material applied
surface and by waiting for the masking material to be stuck, the zinc
negative electrode according to Example 1, in which the zinc-plated
copper plate and the reaction space divider have been integrated, was
fabricated. The contour of the exposed portion of the zinc plating
matches the cylindrical contour in the reaction space divider.
Referring to the signs in FIG. 4, in this reaction space divider 330, a
plate with outer shape dimensions of 27 mm, 27 mm and 3 mm is the
main body 331, the electrolyte holder portions 332a, 332b, 332¢,
332d with a diameter of 5 mm are formed in such a way that the
closest distance between the top and bottom or left and right is 3 mm
so that they are arranped in correspondence with the zinc exposed
parts of the zinc-plated copper plate after the above masking, further,
the electrolyte holder portions 332a, 332c and the electrolyte holder
portions 332b, 332d at the top and bottom of the drawing are
connected to one another through the connection passages 333a, 333b
of 2 mm x 2 mm, the electrolyte holder portions 332a, 332b on the
upper side of FIG. 4 have the opening passages 334a, 334b of 2 mm x
2 mm, respectively, formed up to the edge of the resin plate toward
the opposite side of the lower electrolyte holder portions 332c, 332d,
and the lower electrolyte holder portions 332c, 332d have the
opening passages 334c, 334d of 2 mm x 2 mm, respectively, formed
up to the edge of the resin plate toward the opposite side of the upper
electrolyte holder portions 332a, 332b.

[0090] For convenience in explaining the arrangement relation, a
schematic diagram in FIG. 18 will be referred. A zinc negative
electrode 10 according to Example 1, which was fabricated as
described above, and a pre-charged nickel positive electrode 60
(about 50 mm square with a thickness of 5 mm) were arranged
opposite to one another within an acrylic container, and a resin plate
(resin spacer) 80 was abutted on a back side of the zinc negative
electrode 10 and screwed with a screw 70 so that the reaction space
divider of the zinc negative electrode 10 according to Example 1 and
the nickel positive electrode 60 are in close contact with one another.
The used nickel positive electrode 60 is the one usually used for a

nickel-metal-hydride secondary battery, and nickel hydroxide mainly
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becomes the principal component in a fully discharged condition,
while nickel hydroxide i1s oxidized to be nickel oxyhydroxide,
becoming the principal component in a fully charged condition. After
this, a liquid electrolyte 50 consisting of 6 mol/L of aqueous
potassium hydroxide solution saturated with zinc oxide was added to
the acrylic container to fabricate the zinc-nickel secondary battery.
[0091] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged at a constant current. The flowing
current was set to have a current density of 10 mA/cm? based on the
area of the (four) circles with a diameter of 5 mm where the
electroplated zinc was exposed in the zinc negative electrode. The
battery was first discharged at the above current density until the
SOC reached 50% (charged to 50% of the fully charged state), and
then the current was stopped for one minute (pause). Next, the
battery was charged at the current density identical to that in the
discharge until the SOC reached 80 %, and then the current was
stopped for one minute. After this, if the SOC reached 50% during
discharging, or if the battery voltage during discharging suddenly
decreased to be a predetermined voltage or less before the SOC
reached 50%, it was determined that the reaction on the zinc negative
electrode was no longer only a reaction from zinc to zinc oxide, and
the discharge was stopped. This voltage was set at 1.6 V in Example
1. The charge was performed until the SOC reached 80% or the
battery voltage during charging exceeded 3 V. A pause of one minute
or more was always made between the discharge and the charge, or
between the charge and the discharge. As described above, the
capacity of the electroplated zinc is 10.4 mAh/ecm?, but under this
test condition, the charge and discharge are performed at 10 mA/cm?
with respect to about 3.1 mAh/cm? which is 30 % of capacity while
the SOC varies from 80 % to 50 %, thus being 3.2 C in the C-rate
used to represent the charge and discharge speed of the battery,
which is an extremely fast charge and discharge rate as for the speed
when using batteries.
[0092] FIG. 19 and FIG. 20 illustrate respective relations of an

average discharge veltage, an average charge voltage and a current
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efficiency to a charge and discharge cycle number obtained in
Example 1. The current efficiency is a ratio of the amount of
electricity that can be discharged during the discharge immediately
after the charge to the amount of electricity charged in the battery
for the second and subsequent cycles, and if these are identical, the
current efficiency will be 100%. That is, it means how much
electricity could be discharged in the next discharge with respect to
the amount of eleciricity charged.

[0093] As illustrated in FIG. 19 and FIG. 20, it was found that, in
the zinc-nickel secondary battery using the zinc negative electrode in
Example 1, for more than 5500 charge and discharge cycles for which
data was obtained, the average charge voltage and the average
discharge voltage are both slightly lower than the initial voltages,
but there was no rapid decrease in discharge voltage or increase in
charge voltage indicating a dendrite short circuit, and the charge and
discharge can be stably performed for 5500 cvcles or more. It was
also found that there was almost no change in current efficiency, and
even under the fast-operating condition with a charge and discharge
rate of | C or more, there was no decrease in capacity due to the
active material inhomogeneity and the dendrite short circuit, and the
battery capacity can be maintained at a high current efficiency of
over 90% for 5500 cycles or more.

[0094] (Comparative Example 1)

On the zinc-plated copper plate obtained by the method and
the condition identical to those in Example |, the commercially
available masking material was applied to the rest of the plate,
leaving a circle with a diameter of 20 mm from the center of one
zinc-plated surface as illustrated in FIG. 16. Next, on the top of this
masking material applied surface, the separator 1llustrated in FIG. 21
was adhered, then waiting for the masking material to be solidified.
This separator is made of the acrvlic-based resin identical to that in
Example 1, has a plate shape with outer shape dimensions of 27 mm,
27 mm and 3 mm, and has a through-hole with a diameter of 20 mm
in the center part and further has two holes of 2 mm x 2 mm leading
from that hole to the edge of the resin plate. When adhering this

separator to the zinc-plated copper plate, the contour of the through-
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hole with a diameter of 20 mm is configured to match the contour of
the zinc-plating exposed portion.

[0095] A zinc-nickel secondary battery was fabricated similarly to
Example 1, except that instead of the zinc negative electrode in
Example 1, a zinc-plated copper plate to which the separator
illustrated above is adhered was used as the negative electrode, and a
charge and discharge cycle test was performed under the identical
condition to that in Example 1, except that the voltage limiting the
discharge was changed from 1.6 V to 1.5 V. As a result, as illustrated
in FIG. 22, large oscillations were observed in the discharge voltage
and the charge voltage after about 90 cycles. In addition, as in FIG.
23, a large decrease in current efficiency was once observed after 40
cycles, and the current efficiency significantly decreased again after
90 cycles, when the charge and discharge voltage oscillation
occurred. After that, the discharge was no longer possible and the
current efficiency became almost zero, so the charge and discharge
test was stopped.

[0096] (Comparative Example 2)

On the zinc-plated copper plate obtained by the method and
the condition identical to those in Example |, the commercially
available masking material was applied to the rest of the plate,
leaving a circle with a diameter of 20 mm from the center of one
zinc-plated surface as illustrated in FIG. 16. In Comparative Example
2, unlike both Example 1 and Comparative Example 1, a nonwoven
fabric using a polyolefin-based material used in the nickel-metal
hydride secondary battery was used as the separator. A zinc-nickel
secondary battery according to Comparative Example 2 was
fabricated by arranging the above nonwoven fabric separator between
the zinc-plated copper plate electrode, which was masked as
described above, and a nickel positive electrode similar to that used
in Example 1 in an acrylic container similar to that used in Example
1.

[0097] The zinc-nickel secondary battery in Comparative Example 2
was subjected to the charge and discharge cycle test in the same way
as in Comparative Example |, but the pause time was changed from |

minute to 10 minutes. In the charge and discharge cycle test, if there
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is no pause time between the charge and the discharge or between the
discharge and the charge, or if the pause time is shortened, a rapid
change in state occurs on the electrode surface, making the test
condition severe. However, as described above, changing the pause
time from 1 minute to 10 minutes has no effect on the cycle
characteristics. In Comparative Example 2, the charge and discharge
were no longer possible after 7 cycles, so the discharge curve up to
that point was illusirated in FIG. 24, and the charge curve up to that
point was illustrated in FIG. 25. The cycle number was illustrated in
FIG. 24, and the relation of lines such as the dashed line and the
dotted line indicating the cycle number are common to FIG. 25. As
illustrated in FIG. 24, the discharge was possible up to the seventh
cycle, but as illustrated in FIG. 25, the voltage greatly oscillated
during the subsequent seventh cycle of charging, and in the middle of
the oscillation, the voltage reached 1.7 V or less, which was lower
than the electromotive force, indicating that an internal short-circuit
was occurring. In the subsequent eighth cycle, the discharge voltage
reached the lower limit immediately after the start of energization,
and the charge and discharge test was stopped because the discharge
was not possible. After the test was stopped, the battery was
dismantled, the nonwoven fabric was taken out and cleaned, the
respective negative electrode and positive electrode sides were
observed, and a photograph of the negative electrode side was
illustrated in FIG. 26 and a photograph of the positive electrode side
was illustrated in FIG. 27. The nonwoven fabric is the white (light-
colored) part in this drawing, and the one viewed in part of it (part
surrounded by the dashed line) is zinc. From these drawings, it was
found that the zinc penetrated the nonwoven fabric from the negative
electrode side to the positive electrode side. Accordingly, 1t was
found that the charge and discharge were no longer possible due to
the internal short-circuit caused by dendrite growth of zinc. The
voltage changes as above were observed for a few cycles in a
plurality of zinc-nickel secondary batteries using the nonwoven
fabric identical to that in Comparative Example 2 as the separator,
thus any charge and discharge test was stopped.

[0098] Here, FIG. 28 illustrates a photograph of the negative
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electrode surface after 30 cycles of the charge and discharge under
the identical condition to that in Example 1, FIG. 29 and FIG. 30
illustrate photographs of the negative electrode surface after 30
cycles of the charge and discharge under the identical condition to
that in Comparative Example 1, and FIG. 31 illustrates a photograph
of the negative electrode surface after completing the charge and
discharge test in Comparative Example 2.

[0099] The surface form in FIG. 28, obtained from the experiment
under the identical condition to that in Example |, was almost the
same as before the charge and discharge test, and the form was not
inhomogeneous over the entire reaction surface. The surface form in
FIG. 29, obtained from the experiment under the identical condition
to that in Comparative Example |, was clearly inhomogeneous and
distinctly different from that in FIG. 28. As illustrated in FIG. 30,
there was zinc that was considered to have fallen at the bottom of the
reaction surface in FIG. 29, The surface form in FIG. 31, obtained
from the experiment in Comparative Example 2, was even more
inhomogeneous than that in FIG. 29, and as described above, the one
that was considered as zinc dendrite penetrating the nonwoven fabric
was observed at the bottom. As described above, 1t was found that the
charge and discharge cycle characteristics were significantly
improved in Example | compared to Comparative Example | and
Comparative Example 2 due to the suppression of the dendrite short
circuit and the active material inhomogeneity.

[0100] (Example 2)

Among the metal negative electrodes of this disclosure, a zinc
negative electrode, in which the metal of the active material portion
is zinc, was fabricated as follows. First, the copper plate illustrated
in FIG. 15 was electroplated in the method and the condition
identical to those in Example 1, and the commercially available
masking material was applied to the rest of the plate, leaving a circle
with a diameter of 20 mm from the center of one zinc-plated surface
as 1llustrated in FIG. 16. Next, within this circle with a diameter of
20 mm, the commercially available masking material was applied
except for the parts corresponding to the electrolyte holder portions

in the reaction space divider having a structure illustrated in FIG.
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32, that is, four circles with a diameter of 3 mm and one circle with a
diameter of 4 mm arranged in the center of these circles. Further, by
adhering the acrylic-based resin reaction space divider having a
plurality of connection passages and opening passages as illustrated
in FIG. 32 to the top of this masking material applied surface and by
waiting for the masking material to be stuck, the zinc negative
electrode of this disclosure, in which the zinc-plated copper plate
and the reaction space divider have been integrated, was fabricated.
In this reaction space divider, four electrolyte holder portions with a
diameter of 5 mm are formed on the plate with the outer shape
dimensions of 27 mm, 27 mm and 3 mm such that the closest distance
between the top and bottom or left and right is 3 mm, and an
electrolyte holder portion with a diameter of 4 mm is formed in the
center of these electrolyte holder portions. The electrolyte holder
portion with a diameter of 4 mm located in the center has a
connection passage that connects to the two electrolyte holder
portions on the left side of FIG. 32. The reaction space divider in
Example 2 can be equivalent to the reaction space divider 430
illustrated in FIG. 5, with additional connection passages and
opening passages.

[0101] The zinc negative electrode of this disclosure, which was
fabricated as described above, and a pre-charged nickel positive
electrode (about 50 mm square with a thickness of 5 mm) were
arranged opposite to one another within an acrylic container
similarly to Example 1, and a resin plate was abutted on a back side
of the zinc negative electrode and screwed with a screw so that the
reaction space divider of the zinc negative electrode of this
disclosure and the nickel positive electrode are in close contact with
one another. The used nickel positive electrode 1s the one usually
used for a nickel-metal-hydride secondary battery, and nickel
hydroxide mainly becomes the principal component in a fully
discharged condition, while nickel hydroxide is oxidized to be nickel
oxyhydroxide, becoming the principal component in a fully charged
condition. After this, 6 mol/L of aqueous potassium hvdroxide
solution saturated with zinc oxide was added to the acrylic container

to fabricate the zinc-nickel secondary battery, and the charge and
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discharge cycle test was performed under the identical condition to
that in Example 2.

[0102] FIG. 33 and FIG. 34 illustrate respective relations of an
average discharge voltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 2. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 33
and FIG. 34, it was found that, in the zinc-nickel secondary battery
using the zinc negative electrode in Example 2, in the 780th cycle in
the middle of the data acquisition, the average charge voltage was
almost identical to the initial voltage, and the average discharge
voltage was only slightly lower than the initial voltage, with no rapid
decrease in discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 780 cycles or more. It was also found that there was
almost no change in current efficiency, and even under the fast-
operating condition with a charge and discharge rate of | C or more,
there was no decrease in capacity due to the active material
inhomogeneity and the dendrite short circuit, and the battery capacity
can be maintained at a high current efficiency. The result in Example
2 indicates merely the result in the middle of the data acquisition,
and it does not indicate that the charge and discharge became
impossible after 780 cycles.

[0103] (Example 3)

Among the metal negative electrodes according to this
disclosure, a zinc negative electrode, in which the metal of the active
material portion is zinc, was fabricated as follows. First, the copper
plate illustrated in FIG. 15 was electroplated in the method and the
condition 1dentical to those in Example |, and the commercially
available masking material was applied to the rest of the plate,
leaving a circular part with a diameter of 20 mm from the center of
one zinc-plated surface as illustrated in FIG. 16. Next, referring to
the signs in FIG. 6, within this circular part with a diameter of 20
mm, the commercially available masking material was applied except
for the parts corresponding to the electrolyte holder portions 532a,

532b, 532c¢, 532d in the reaction space divider 530 having a structure
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illustrated in FIG. 6, that is, four squares of 4.43 mm square.
Further, by adhering the acrylic-based resin reaction space divider
530 having a plurality of connection passages 533a, 533b and
opening passages 534a, 534b, 534c, 534d illustrated in FIG. 6 to the
top of this masking material applied surface and by waiting for the
masking material to be stuck, the zinc negative electrode of this
disclosure, in which the zinc-plated copper plate and the reaction
space divider 530 have been integrated, was labricated. In this
reaction space divider 530, four square electrolyte holder portions
532a, 532b, 532c¢, 532d of 4.43 mm are formed on the plate with the
outer shape dimensions of 27 mm, 27 mm and 3 mm, and the
electrolyte holder portions 532a, 532b, 532c, 532d are formed such
that the closest distance between the top and bottom or left and right
i8 3 mm. Further, the electrolyte holder portions 532a, 532c and
532b, 532d at the top and bottom in FIG. 6 are connected to one
another through the connection passages 533a, 533b of 2 mm x 2 mm,
the upper electrolyte holder portions 532a, 532b in the drawing have
the opening passages 534a, 534b of 2 mm x 2 mm, respectively,
formed up to the edge of the main body 531 of the reaction space
divider 530 toward the opposite side of the lower electrolyte holder
portions 532c¢, 532d, and the lower electrolyte holder portions 532c¢,
532d have the opening passages 534c, 534d of 2 mm x 2 mm,
respectively, formed up to the edge of the main body 531 of the
reaction space divider 530 toward the opposite side of the upper
electrolyte holder portions 532a, 532b. The reaction space divider
530 in Example 3 was configured so that the total opening area of its
electrolyte holder portions was identical to that in Example 1.
[0104] The zinc negative electrode according to Example 3, which
was fabricated as described above, and a pre-charged nickel positive
electrode (about 50 mm square with a thickness of 5 mm) were
arranged opposite to one another within an acrylic container
similarly to Example |, and a resin plate was abutted on a back side
of the zinc negative electrode and screwed with a screw so that the
reaction space divider of the zinc negative electrode according to
Example 3 and the nickel positive electrode are in close contact with

one another. The used nickel positive electrode is the one usually
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used for a nickel-metal-hydride secondary battery, and nickel
hydroxide mainly becomes the principal component in a fully
discharged condition, while nickel hydroxide is oxidized to be nickel
oxyhydroxide, becoming the principal component in a fully charged
condition. After this, 6 mol/L. of aqueous potassium hydroxide
solution saturated with zinc oxide was added to the acrylic container
to fabricate the zinc-nickel secondary battery, and the charge and
discharge cycle test was performed under the identical condition to
that in Example 2.

[0105] FIG. 35 and FIG. 36 illustrate respective relations of an
average discharge voltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 3. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 35
and FIG. 36, it was found that, in the zinc-nickel secondary battery
using the zinc negative electrode in Example 3, in the 1130th cycle
in the middle of the data acquisition, the average charge voltage was
almost identical to the initial voltage, and the average discharge
voltage was only slightly lower than the initial voltage, with no rapid
decrease 1n discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 1130 cycles or more. It was also found that there was
almost no change in current efficiency, and even under the fast-
operating condition with a charge and discharge rate of 1 C or more,
there was no decrease in capacity due to the active material
inhomogeneity and the dendrite short circuit, and the battery capacity
can be maintained at a high current efficiency. The result in Example
3 indicates merely the result in the middle of the data acguisition,
and it does not indicate that the charge and discharge became
impossible after 1130 cycles.

[0106] (Examplec 4)

In Example 4, a zinc negative electrode was fabricated in the
identical longitudinally mounted cell to that in Example 1, with the
identical reaction space divider design, but the thickness of the
reaction space divider was changed from 3 mm in Example | to 2 mm

in Example 4. Further, the amount of plating was increased to three
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times that of Example 1. Specifically, a zinc-nickel secondary battery
was fabricated as follows.

[0107] After the copper plate (the plating portion: 30 mm x 40 mm x
0.2 mm, the lead portion: 5 mm x 50 mm x 0.2 mm) illustrated in
FIG. 15 was subjected to pretreatment with a polishing paper and by
oxalic acid etching, one surface and the side surfaces of the plating
portion and both surfaces and the side surfaces of the lead portion
were masked by a commercially available masking material for
plating. Next, 1.2 mol/L of zinc sulfate 7-hydrate, 0.56 mol/L of
sodium sulfate and 0.02 g/L of glue were dissolved in a distilled
water, and a zinc plating bath was prepared with pH of 2. This zinc
plating bath was put in a beaker, then the above copper plate and a
platinum plate (50 mm x 50 mm x 0.1 mm) to which a platinum wire
was attached as a lead were immersed in the zinc plating bath
opposed to one another at a distance of about 5 cm, and it was placed
on a hot stirrer to reach 40 °C. Then, nsing the copper platec as a
cathode and the platinum plate as an anode, a constant current was
applied for a certain period of time to electroplate a part that was not
masked on the copper plate with zinc. At this time, energization was
performed at 150 mA/cm? for 843 seconds based on the area of the
part electroplated with zinc. During energization, it was stirred with
a stirring bar. The weight of the copper plate before encrgization was
subtracted from the weight of the copper plate after energization, and
this was used as the amount of zinc deposition obtained by
electroplating. The ratio of the obtained amount of zinc deposition to
the theoretical amount of zinc deposition as determined by Faraday's
law was 90 % as an example, and the thickness was 54 pm. The
amount of zinc deposition per unit area obtained from the amount of
zinc deposition was 36.9 mg/cm?, the capacity per unit area obtained
from this was 30.2 mAh/cm?, and thus the capacity was 15 times or
more than the average capacity of 2 mAh/cm? of the negative
electrode in the lithium-ion secondary battery. The capacity here
means the amount of electricity obtained from the mass of the
reactant by Faraday's law, and in addition te this, the charge capacity
and the discharge capacity are also used for the amount of electricity

charged and the amount of electricity discharged.
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[0108] On the zinc-plated copper plate obtained by the above, a
commercially available masking material for plating was applied to
the rest of the plate, leaving a circular part with a diameter of 20 mm
from the center of one zinc-plated surface, as illustrated in FIG. 16.
Next, as illustrated in FIG. 17, within this circular part with a
diameter of 20 mm, four circles with a diameter of 5 mm were taken
such that the closest distance between the circles at the top and
bottom or left and right is 3 mm, and the commercially available
masking material was applied to the part other than these circles.
Further, by adhering the acrylic-based resin reaction space divider
having a plurality of connection passages and opening passages as
illustrated in FIG. 4 to the top of this masking material applied
surface and by waiting for the masking material to be stuck, the zinc
negative electrode according to Example 4, in which the zinc-plated
copper plate and the reaction space divider have been integrated, was
fabricated. The contour of the exposed portion of the zinc plating
matches the cylindrical contour in the reaction space divider.
Referring to the signs in FIG. 4, in this reaction space divider 330, a
plate with outer shape dimensions of 27 mm, 27 mm and 2 mm is the
main body 331, the electrolyte holder portions 332a, 332b, 332c,
332d with a diameter of 5 mm are formed in such a way that the
closest distance between the top and bottom or left and right is 3 mm
so that they are arranged in correspondence with the zinc exposed
parts of the zinc-plated copper plate after the above masking, further,
the electrolyte holder portions 332a, 332c¢ and the electrolyte holder
portions 332b, 332d at the top and bottom of the drawing are
connected to one another through the connection passages 333a, 333b
of 1.4 mm x 1.4 mm, the electrolyte holder portions 332a, 332b on
the upper side of FIG. 4 have the opening passages 334a, 334b of 1.4
mm x 1.4 mm, respectively, formed up to the edge of the resin plate
toward the opposite side of the lower electrolyte holder portions
332c¢, 332d, and the lower electrolyte holder portions 332¢, 332d
have the opening passages 334c, 334d of 1.4 mm x 1.4 mm,
respectively, formed up to the edge of the resin plate toward the
opposite side of the upper electrolyte holder portions 332a, 332b.

[0109] For convenience in explaining the arrangement relation, the
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schematic diagram in FIG. 18 will be referred again. A zinc negative
electrode 10 according to Example 4, which was fabricated as
described above, and a pre-charged nickel positive electrode 60
(about 50 mm square with a thickness of 5 mm) were arranged
opposite to one another within an acrylic container, and a resin plate
(resin spacer) 80 was abutted on a back side of the zinc negative
electrode 10 and screwed with a screw 70 so that the reaction space
divider of the zinc negative elecirode 10 according to Example 4 and
the nickel positive electrode 60 are in close contact with one another.
The used nickel positive electrode 60 is the one usually used for a
nickel-metal-hydride secondary battery, and nickel hydroxide mainly
becomes the principal component in a fully discharged condition,
while nickel hydroxide is oxidized to be nickel oxyhydroxide,
becoming the principal component in a fully charged condition. After
this, a liquid electrolyte 50 consisting of 6 mol/L. of aqueous
potassium hydroxide solution saturated with zinc oxide was added to
the acrylic container to fabricate the zinc-nickel secondary battery.
In the acrylic container in Example 4, a zinc wire with a diameter of
] mm was arranged at a position near the zinc negative electrode but
not in contact with it, and the potential of the zinc negative electrode
was also measured using this zinc wire as a reference electrode.
[0110] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged at a constant current. The charge
and discharge cycle test was identical to that in Comparative
Example 2, except that the setting condition for charge and discharge
switching was as follows. As in Example 4, the battery voltage and
the potential of the zinc negative electrode were simultaneonsly
measured in the zinc-nickel secondary battery including the zinc
reference electrode. As a result, it was found that the change in
battery voltage matches the change in potential of the zinc negative
electrode. Therefore, the condition for switching from the charge or
the discharge to the pause was set at the potential of the zinc
negative electrode to match that in the case of the battery voltage.
Specifically, the condition was set so that when the potential of the

zinc negative electrode relative to the zinc reference electrode
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becomes higher than 0.2 V during discharging, the discharge is
terminated to be switched to the pause, and when it becomes lower
than -2 V during charging, the charge is terminated to be switched to
the pause. The change in battery voltage is opposite to the change in
the potential of the zinc negative electrode. When the battery voltage
becomes lower due to the discharge, the potential of the zinc
negative electrode becomes higher, and when the battery voltage
becomes higher due to the charge, the potential of the zinc negalive
eclectrode becomes lower. In this way, the switching condition was
changed from the battery voltage to the potential of the zinc negative
electrode, but the battery charge and discharge voltages in the latter
case were in the identical range to that in the former case, as
indicated in the result below. Accordingly, the switching condition
has no effect on the result of the charge and discharge cycle test.
[0111] FIG. 37 and FIG. 38 illustrate respective relations of an
average discharge veoltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 4. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 37
and FIG. 3¥, it was found that, in the zinc-nickel secondary battery
using the zinc negative electrode in Example 4, in the 400th cycle in
the middle of the data acquisition, the average charge voltage was
almost identical to the initial voltage, and the average discharge
voltage was only slightly lower than the initial voltage, with no rapid
decrease in discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 400 cycles or more. It was also found that the current
efficiency was maintained at 100% from the beginning to the 400th
cycle, there was no decrease 1n capacity due to the active material
inhomogeneity and the dendrite short circuit, and the battery capacity
can be maintained at a high current e¢fficiency. The result in Example
4 indicates merely the result in the middle of the data acqguisition,
and it does not indicate that the charge and discharge became
impossible after 400 cycles.

[0112] (Example 5)

A zinc negative electrode fabricated in Example 5 has the
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identical design and dimensions of the reaction space divider to those
in Example 3. However, Example 3 had a longitudinally mounted
structure, while it was changed to a transversely mounted structure in
Example 5. The pretreatment of the copper plate before zinc plating
and the amount of plating are identical to those in Example 4.
Specifically, a zinc-nickel secondary battery was fabricated as
follows.

[0113] The copper plate illusiraied in FIG. 15 was electroplated in
the method and the condition identical to those in Example 4, and the
commercially available masking material was applied to the rest of
the plate, leaving a circular part with a diameter of 20 mm from the
center of one zinc-plated surface as illustrated in FIG. 16. Next,
referring to the signs in FIG. 6, within this circular part with a
diameter of 20 mm, the commercially available masking material was
applied except for the parts corresponding to the electrolyte holder
portions 532a, 532b, 532c, 532d in the reaction space divider 530
having a structure illustrated in FIG. 6, that is, four squares of 4.43
mm square. Further, by adhering the acrylic-based resin reaction
space divider 530 having a plurality of connection passages 533a,
533b and opening passages 534a, 534b, 534c, 534d illustrated in FIG.
6 to the top of this masking material applied surface and by waiting
for the masking material to be stuck, the zinc negative electrode of
this disclosure, in which the zinc-plated copper plate and the
reaction space divider 530 have been integrated, was fabricated. In
this reaction space divider 530, four square electrolyte holder
portions 532a, 532b, 532c, 532d of 4.43 mm are formed on the plate
with the outer shape dimensions of 27 mm, 27 mm and 3 mm, and the
electrolyte holder portions 532a, 532b, 532¢, 532d are formed such
that the closest distance between the top and bottom or left and right
is 3 mm. Further, the electrolyte holder portions 532a, 532c¢ and
532b, 532d at the top and bottom in FIG. 6 are connected to one
another through the connection passages 533a, 533b of 2 mm x 2 mm,
the upper electrolyte holder portions 532a, 532b in the drawing have
the opening passages 534a, 534b of 2 mm x 2 mm, respectively,
formed up to the edge of the main body 531 of the reaction space

divider 530 toward the opposite side of the lower electrolyte holder
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portions 532c, 532d, and the lower electrolyte holder portions 532¢,
532d have the opening passages 534c, 534d of 2 mm x 2 mm,
respectively, formed up to the edge of the main body 531 of the
reaction space divider 530 toward the opposite side of the upper
electrolyte holder portions 532a, 532b. The reaction space divider
530 in Example 5 was configured so that the total opening area of its
electrolyte holder portions was identical to that in Example 1.

[0114] The zinc negalive electrode according to Example 5, which
was fabricated as described above, and a pre-charged nickel positive
electrode (about 50 mm square with a thickness of 5 mm) were
arranged opposite to one another within an acrylic container
similarly to Example 1, and a resin plate was abutted on a back side
of the zinc negative electrode and screwed with a screw so that the
reaction space divider of the zinc negative electrode according to
Example 5 and the nickel positive electrode are in close contact with
one another. For convenience in explaining the arrangement relation,
a schematic diagram in FIG. 39 will be referred. A zinc negative
electrode 10 according to Example 5, which was fabricated as
described above, and a pre-charged nickel positive electrode 60
(about 50 mm square with a thickness of 5 mm) were arranged
opposite to one another within an acrylic container, and a resin plate
(resin spacer) 80 was abutted on a back side of the zinc negative
electrode 10 and screwed with a screw 70 so that the reaction space
divider of the zinc negative electrode 10 according to Example 5 and
the nickel positive electrode 60 are in close contact with one another.
Thus, in Example 5, the zinc negative electrode 10 and the nickel
positive electrode 60 are arranged horizontally to be a transversely
mounted structure, different from the longitudinally mounted
structure 1n which the zinc negative electrode 10 and the nickel
positive electrode 60 are arranged vertically in Example | to
Example 4 (see FIG. 18). The used nickel positive clectrode 60 is the
one usually used for a nickel-metal-hydride secondary battery, and
nickel hydroxide mainly becomes the principal component in a fully
discharged condition, while nickel hydroxide is oxidized to be nickel
oxyhydroxide, becoming the principal component in a fully charged

condition. After this, a liquid electrolyte 50 consisting of 6 mol/L of
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aqueous potassium hydroxide solution saturated with zinc oxide was
added to the acrylic container to fabricate the zinc-nickel secondary
battery.

[0115] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged at a constant current. The
condition in the charge and discharge test was identical to that in
Example 4.

FIG. 40 and FIG. 41 illustrate respective relations of an
average discharge voltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 5. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 40
and FIG. 41, it was found that, in the zinc-nickel secondary battery
using the zinc negative electrode in Example 5, in the 400th cycle in
the middle of the data acquisition, the average charge voltage was
almost identical to the initial voltage, and the average discharge
voltage was only slightly lower than the initial voltage, with no rapid
decrease in discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 400 cycles or more. It was also found that the current
efficiency was maintained at 100% from the beginning to the 400th
cycle, there was no decrease in capacity due to the active material
inhomogeneity and the dendrite short circuit, and the battery capacity
can be maintained at a high current efficiency. The result in Example
5 indicates merely the result in the middle of the data acguisition,
and it does not indicate that the charge and discharge became
impossible after 400 cycles.

[0116] (Example 6)

A zinc negative electrode fabricated in Example 6 has the
identical design and dimensions of the reaction space divider to those
in Example 2. However, Example 2 had a longitudinally mounted
structure, while it was changed to a transversely mounted structure in
Example 6 similarly to Example 5. The pretreatment of the copper
plate before zinc plating and the amount of plating are identical to

those in Example 4. Specifically, a zinc-nickel secondary battery was
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fabricated as follows.
[0117] The copper plate i1llustrated in FIG. 15 was electroplated in
the method and the condition identical to those in Example 4, and the
commercially available masking material was applied to the rest of
the plate, leaving a circular part with a diameter of 20 mm from the
center of one zinc-plated surface as illustrated in FIG. 15. Next, a
zinc negative electrode was fabricated such that reaction space
dividers illustrated in FIG. 32 were formed within this circular part
with a diameter of 20 mm in the same way as in Example 2. For
convenience in explaining the arrangement relation, the schematic
diagram in FI1G. 39 will be referred again. A zinc negative electrode
10 according to Example 6, which was fabricated as described above,
and a pre-charged nickel positive electrode 60 (about 50 mm square
with a thickness of 5 mm) were arranged opposite to one another
within an acrylic container similarly to Example 1, and a resin plate
(resin spacer) 80 was abutted on a back side of the zinc negative
electrode 10 and screwed with a screw 70 so that the resin reaction
space divider of the zinc negative electrode 10 according to Example
6 and the nickel positive electrode are in close contact with one
another. As in Example 5, it was arranged such that the zinc negative
electrode and the nickel positive electrode are transversely mounted
as illustrated in the schematic diagram in FIG. 39. The used nickel
positive electrode 60 is the one usually used for a nickel-metal-
hydride secondary battery, and nickel hydroxide mainly becomes the
principal component in a fully discharged condition, while nickel
hydroxide is oxidized to be nickel oxyhydroxide, becoming the
principal component in a fully charged condition. After this, a liquid
electrolyte 50 consisting of 6 mol/L of aqueous potassinm hydroxide
solution saturated with zinc oxide was added to the acrylic container
to fabricate the zinc-nickel secondary battery.
[0118] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged at a constant current. The
condition in the charge and discharge test was identical to that in
Example 4.

FIG. 42 and FIG. 43 illustrate respective relations of an

PO205546-PCT-ZZ (59/81)



10

20

25

30

CA 03151028 2022-3-11

-60 -

average discharge voltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 6. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 42
and FIG. 43, it was found that, in the zinc-nickel secondary battery
using the zinc negative electrode in Example 6, in the 400th cycle in
the middle of the data acquisition, the average charge voltage was
almost identical to the initial voltage, and the average discharge
voltage was only slightly lower than the initial voltage, with no rapid
decrease in discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 400 cycles or more. It was also found that the current
efficiency was maintained at 100% from the beginning to the 400th
cycle, there was no decrease in capacity due to the active material
inhomogeneity and the dendrite short circuit, and the battery capacity
can be maintained at a high current efficiency. The result in Example
6 indicates merely the result in the middle of the data acquisition,
and it does not indicate that the charge and discharge became
impossible after 400 cycles.

[0119] The metal negative electrode according to this disclosure is
not limited to the one formed such that the electroplating with the
metal, which is the active material, is applied onto the current
collector and it is integrated with the reaction space divider using
adhesiveness by the solidified masking material as described in
Example 1 to Example 6. For example, the metal negative electrode
according to this disclosure may have a structure as illustrated in
FIG. 44. A metal negative electrode 10 in FIG. 44 has a structure in
which the electrolyte holder portion of a reaction space divider 3 is
partially filled with a negative-electrode active material (active
material portion 1) and the negative-electrode aclive material is
electrically connected to a current collector 2 through a current
collector having a projection corresponding to a hollow portion
formed immediately below the active material portion 1 of the
reaction space divider 3. The metal negative electrode having such
structure has a cross-sectional shape as in FIG. 44 and can be

fabricated, for example, by fabricating a reaction space divider
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having a surface structure as in FIG. 3 with resin, fabricating a
current collector having a projection corresponding to a hollow
portion in the reaction space divider as illustrated in FIG. 44 with
metal, and after integrating them, filling or electroplating the
reaction space divider with metal, which is the negative-electrode
active material.

[0120] Examples in the specification described the examples using
copper as the current collector and zinc as the active material
portion. In addition to this, a zinc negative electrode integrated with
the reaction space divider of this disclosure is fabricated using a zinc
plate as the current collector and the one formed with zinc by
electroplating as the active material portion, and then the charge and
discharge cycle test was performed. However, in this charge and
discharge test result, there were significant differences in the charge
and discharge available cycle characteristics even among the zinc
negative electrodes with the identical specification of reaction space
divider. As a result of observing the zinc negative electrodes after
the charge and discharge test, it became clear that not only the zinc
in the active material portion but also the zinc used as the current
collector was sometimes invelved in the charge and discharge
reaction. That is, it should be added that it was found that such
combination of the zinc current collector and the zinc active material
portion cannot predict or demonstrate the action and the effect of this
disclosure. However, this additional remark does not exclude the use
of zinc as the material for the current collector of the zinc negative
electrode of this disclosure. That is, in the implementation of this
disclosure, the current collector and the active material portion may
both consist of zinc or zinc alloy, or the current collector and the
active material portion may be integrated and consist of zinc¢ or zinc
alloy. As such, there may be a structure in which zinc or zinc alloy
having various shapes such as plate-like and foil-like shapes, which
is formed in various methods such as electroplating and rolling,
partially functions as the current collector and the rest of it functions
as the active material portion. In the secondary battery of this
disclosure, the metal negative electrode of this disclosure and the

positive electrode may be longitudinally arranged or transversely
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arranged. For example, FIG. 2 and FIG. 39 are examples that the
metal negative electrode and the positive electrode are transversely
arranged, and FIG. 18 is an example that the metal negative electrode
and the positive electrode are longitudinally arranged.

[0121] Further, Examples in the specification described the examples
using only zinc as the active material portion of the zinc negative
electrode, but as the negative-electrode active material, zinc oxide
may be used instead of zinc and even a mixture of zinc and zinc
oxide may be used. That is, zinc oxide is a material formed by the
discharge, thus when the battery is fabricated in a discharged state,
zinc oxide may be used as the negative-electrode active material.
Thus, the metal negative electrode of this disclosure and the
negative-electrode active material in the fabrication method do not
necessarily have to be only metal, may also be an oxidation product
of the metal, and further may be a mixture of the metal and the
oxidation product of the metal in a suitable ratio. In other words, the
metal is a reductant of the electrochemical reaction, and the
oxidation product of the metal is an oxidant of the electrochemical
reaction. Therefore, in a fabrication stage, the metal negative
electrode of this disclosure and the active material portion in the
fabrication method may be a reductant or an oxidant of the negative
electrode reaction or may include a negative-clectrode active
material in which the reductant and the oxidant are mixed in a
suitable ratio. Further, various auxiliary agents including the one
generally referred to as a conductive agent or a binding agent may be
mixed with the active material portion in addition to the reductant
and the oxidant of the negative electrode reaction. For example, in
the active material portion, the metal has good conductivity, but its
oxidation product generally has poor conductivity. Accordingly, as
the discharge progresses, the conductivity of the active material
portion becomes lower. To suppress this, a conductive agent, which is
conductive and does not have any adverse effect on the reaction of
the negative electrode itself, may be mixed with the active material
portion. Further, the metal and its oxidation product have different
densities, thus the volume of the active material portion expands and

contracts during charging and discharging of the metal negative
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electrode. A binding agent for form stabilization may be mixed with
the active material portion for the purpose of suppressing cracking,
falling off, loss, or shape change of the active material portion due
to expansion or contraction so that the volume change does not cause
a part of the active material to fall off the active material portion or
poor conductivity to a part of the active material. For example,
carbon is well known as one example of the conductive agent, and,
for example, PTFE, PVA, SBR and PVDF are well known as examples
of the binding agent, thus they can be used. However, the conductive
agent and the binding agent applicable to this disclosure should not
be limited to these. In addition to the conductive agent and the
binding agent as described above, for example, there is a method of
preparing slurry including the negative-electrode active material and
fabricating the negative electrode using the slurry to fill the active
material portion with the negative-electrode active material or form a
specific shape, and an auxiliary agent added to adjust the viscosity of
such slurry may be mixed with the active material portion after
fabrication. Further, hydrogen generation is well known as a side
reaction of the charge in the metal negative electrode that uses an
alkaline agqueous solution as the liquid electrolyte, and a material
that suppresses this hydrogen generation and self-discharge of the
negative electrode may be mixed with the active material portion
along with the negative-electrode active material. For example,
bismuth may be mixed with the active material portion for such
purpose, but the material should be not limited to this. The side
reaction of the metal negative electrode varies depending on the type
of metal or the type of electrolyte. Thus, a side reaction suppressing
material that targets and suppresses not only the hydrogen generation
but also other side reaction may be mixed with the active material
portion.

[0122] Further, in Examples in the specification, the zinc-nickel
secondary battery was fabricated in a charged state, but the method
for fabricating the metal negative electrode of this disclosure and the
secondary battery using the metal negative electrode of this
disclosure are not necessarily limited to the fabrication in the

charged state. Generally, the secondary battery is often fabricated in
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the discharged state, but, for example, in the specification, in the
case of the zinc-nickel secondary batteries described in Examples,
the negative electrode and the secondary battery using this negative
electrode can be fabricated in the discharged state by using the active
material portion whose principal component is zinc oxide as the
negative electrode. The fabrication in the discharged state does not
require the preparation of a pre-charged nickel positive electrode as
well as the zinc negative electrode, and the battery can be used in a
way that it starts to operate from the charge after completion.
Further, as in Examples, after zinc is deposited by electroplating, the
zinc can be partially or fully oxidized by energizing it or heat-
treating it in air before or after integrating it with the reaction space
divider, or simultaneously with the integration, thus obtaining the
zinc negative electrode having the active material portion whose
principal component is zinc oxide same as above. In this case, if the
zinc is energized to turn into zinc oxide, the zinc negative electrode
whose principal component is zinc oxide can be provided in a good
conductivity state. On the other hand, in the case of the zinc-air
secondary battery, a secondary battery is fabricated in the charged
state by using zinc as the negative-electrode active material as
illustrated in Examples in the specification. The charged state can be
maintained until the start of use by preventing the positive electrode
(air electrode) from coming into contact with oxygen by sealing the
air side of the positive electrode (air electrode) with a tape until the
battery is used. The zinc-air primary batteries currently available on
the market, such as those for hearing aids, are also fabricated and
sold in such state.

[0123] Further, the following will specifically describe this
disclosure using Examples 7 to 10.

(Example 7)

The copper plate illustrated in FIG. 15 was electroplated in
the method and the condition identical to those in Example 4, and the
commercially available masking material was applied to the rest of
the plate, leaving a circular part with a diameter of 20 mm from the
center of one zinc-plated surface as illustrated in FIG. 16. Next,

within this circular part with a diameter of 20 mm, the commercially

PO205546-PCT-ZZ (64/81)



10

—
]

20

25

30

CA 03151028 2022-3-11

- 65 -

available masking material was applied to a part to which a reaction
space divider 1llustrated in FIG. 45 is adhered. Further, by adhering
the acrylic-based resin reaction space divider having a plurality of
connection passages and opening passages as illustrated in FIG. 45 to
the top of this masking material applied surface and by waiting for
the masking material to be stuck, the zinc negative electrode
according to Example 7, in which the zinc-plated copper plate and
the reaction space divider have been integrated, was fabricated. In
this zinc negative electrode, the contour of the exposed portion of
the zinc plating matches the cylindrical contour in the reaction space
divider. Referring to the signs in FIG. 45, this reaction space divider
1030 consists of a main body 1031 with outer shape dimensions
(maximum width) of 12.0 mm in both length and width and 3 mm in
thickness, electrolyte holder portions 1032a, 1032b, 1032¢, 1032d
with a diameter of 5 mm are formed in such a way that the closest
distance between the top and bottom or left and right is | mm so that
they are arranged in correspondence with the zinc exposed parts of
the zinc-plated copper plate after the above masking, further, the
electrolyte holder portions 1032a, 1032¢c and the electrolyte holder
portions 1032b, 1032d at the top and bottom of FIG. 45 are connected
to one another through connection passages 1033a, 1033b of 2 mm X
2 mm, respectively, the electrolyte holder portions 1032a, 1032b on
the upper side of FIG. 45 have opening passages 1034a, 1034b of 2
mm x 2 mm, respectively, formed up to the edge of the main body
1031 toward the opposite side of the lower electrolyte holder
portions 1032c¢, 1032d, and the lower electrolyte holder portions
1032c, 1032d have opening passages 1034c, 1034d of 2 mm % 2 mm,
respectively, formed up to the edge of the main body 1031 toward the
opposite side of the upper electrolyte holder portions 1032a, 1032b.
[0124] For convenience in explaining the arrangement relation, the
schematic diagram in FIG. 18 will be referred again. A zinc negative
electrode 10 according to Example 7, which was fabricated as
described above, and a pre-charged nickel positive electrode 60
(about 50 mm square with a thickness of 5 mm} were arranged
opposite to one another within an acrylic container, and a resin plate

(resin spacer) 80 was abutted on a back side of the zinc negative
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electrode 10 and screwed with a screw 70 so that the reaction space
divider of the zinc negative elecirode 10 according to Example 7 and
the nickel positive electrode 60 are in close contact with one another.
The used nickel positive electrode 60 is the one usually used for a
nickel-metal-hydride secondary battery, and nickel hydroxide mainly
becomes the principal component in a fully discharged condition,
while nickel hydroxide is oxidized to be nickel oxyhydroxide,
becoming the principal component in a fully charged condition. After
this, a liquid electrolyte 50 consisting of 6 mol/L of aqueous
potassium hydroxide solution saturated with zinc oxide was added to
the acrylic container to fabricate the zinc-nickel secondary battery.
[0125] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged as follows. That is, the charging
and discharging condition consisted of a pattern of 10 steps in which
the following <1> to <10> were performed sequentially.

<1> 1 C (1 minute)

<2> 2 C (2 seconds)

<3> 1 C (1 minute)

<4> 4 C (2 seconds)

<5> 1 C (1 minute)

<6> 6 C (2 seconds)

<7>1 C (1 minute)

<8> 8 C (2 seconds)

<9> 1 C (1 minute)

<10> 10 C (2 seconds)

Then, from a state of 100 % SOC after the battery was
fabricated, three consecutive patterns of discharge were performed
first, followed by three patterns of charge. This was used as one
cycle of the high-rate test. Next, the battery was discharged at | C
until the SOC reached 90 %, and then one cycle of high-rate test was
performed. After this, the battery was discharged at | C until the
SOC reached 80 %, and then one cycle of the high-rate test was
performed. Further, after the SOC reached 70 %, 60 %, 50 %, and
40% by decreasing the SOC by 10 %, one cycle of the high-rate test

was performed each. A total of seven cycles of the high-rate test was
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performed according to the above, and the discharge voltage, the
charge voltage, and the voltage at the pause time during the test were
recorded. In the high-rate test, in addition to the designated
energizing time (1 minute or 2 seconds), settings were made to
switch to the next step when the voltage reached 1 V for discharge
and 3 V for charge, but the voltage never actually reached these
values.

[0126] FIG. 46 illustirates one example of temporal change of the
discharge voltage obtained in the zinc-nickel secondary battery in
Example 7. First, in FIG. 46, the horizontal axis is the time in
seconds, and the vertical axis is the battery voltage during
discharging in V (volts). For convenience, the horizontal axis is
expressed such that the start point of the 2 seconds of discharge at
each rate from 2 C to 10 C is 0 seconds. That is, before 0 seconds,
the discharge is at 1 C, and after 2 seconds, the discharge is also at |
C. In FIG. 46, the zinc-nickel secondary battery of this disclosure
indicated a stable discharge voltage of 1.6 V or more even at
extremely high discharge rates of up to 10 C. It was also found that
after two seconds of high-rate discharge, the voltage could be almost
restored to the voltage before the high-rate discharge after only one
second. Such property is required for applications that require a large
amount of instantaneous power, such as a hybrid vehicle, a plug-in
hybrid vehicle, an electric vehicle, a power supply for preventing
momentary stop, an emergency power supply and a power
stabilization power supply. It was found that the metal negative
electrode and the metal secondary battery of this disclosure have
extremely excellent high-rate discharge property that are difficult to
achieve with other secondary batteries.

[0127] Further, FIG. 47 1llustrates one example of temporal change of
the charge voltage obtained in the zinc-nickel secondary battery in
Example 7. In this drawing as in FIG. 46, the horizontal axis is the
time in seconds, and the vertical axis is the battery voltage during
charging in V (volts). For convenience, the horizontal axis is
expressed such that the start point of the 2 seconds of charge at each
rate from 2 C to 10 C is 0 seconds. That 1s, before O seconds, the

charge is at 1 C, and after 2 seconds, the charge is also at 1 C. In
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FIG. 47, the zinc-nickel secondary battery of this disclosure
indicated a stable charge voltage of 2 V or less even at extremely
high charge rates of up to 10 C. It was also found that after two
seconds of high-rate charge, the voltage could be almost restored to
the voltage before the high-rate charge after only one second. Such
property is required when fast charging is required or desirable in
various applications such as a hybrid vehicle, a plug-in hybrid
vehicle, an electric vehicle, a power supply for preventing
momentary stop, an emergency power supply and a power
stabilization power supply. It was found that the metal negative
electrode and the metal secondary battery of this disclosure have
extremely excellent high-rate charge property that are difficult to
achieve with other secondary batteries.
[0128] Further, the C-rate was converted to the current density for
the results of FIG. 46 and FIG. 47, and a linear relationship was
obtained when the relation between the discharge voltage or the
charge voltage and the current density was plotted, thus the battery
resistance was determined from the slope. As a result, over a wide
range of SOC, the battery resistance during discharging was 1.0 to
1.2 Qcm?, and the resistance during charging was 1.2 to 1.4 Qcm?,
which were exceptionally low values. If the dendrite of zinc is
generated or the inhomogeneity of the active material occurs, the
battery resistance will increase because the active material that can
be involved in the reaction decreases or the surface area of the active
material decreases, resulting in a larger reaction resistance even at
the identical current density. It was found that the zinc negative
electrode of this disclosure has a small change in battery resistance
even when the SOC becomes small, that is, when the depth of
discharge becomes large, or when the SOC becomes large, that 1s,
when the depth of charge becomes large; a small baitery resistance
due to homogenized reaction in the negative clectrode; and a small
change with charging and discharging.
[0129] (Example 8)

A zinc negative electrode fabricated in Example 8 has the
identical design and dimensions of the reaction space divider to those

in Example 5 and the identical transversely mounted structure, but
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the fabrication method is different as follows. That is, in Example 5,
the zinc plating was first applied to the entire one side of the plating
portion of the copper plate illustrated in FIG. 15, while Example 8
had a structure in which the zinc plating is applied only to parts
corresponding to the reaction space dividers in FIG. 6. The amount of
zinc plating per unit area was identical to that in Example 5. The
method for fabricating the zinc-nickel secondary battery in Example
8 was described below.

[0130] After the copper plate (the plating portion: 30 mm x 40 mm x
0.2 mm, the lead portion: 5 mm x 50 mm x 0.2 mm) illustrated in
FIG. 15 was subjected to pretreatment with a polishing paper and by
oxalic acid etching, one surface and the side surfaces of the plating
portion and both surfaces and the side surfaces of the lead portion
were masked by a commercially available masking material for
plating. Further, on one surface that was not masked of the plating
portion, the commercially available masking material was applied
except for the parts corresponding to the electrolyte holder portions
532a, 532b, 532c, 532d in the reaction space divider 530 having a
structure illustrated in F1G. 6, that is, four squares of 4.43 mm
square. The copper plate in this state was subjected to the zinc
plating as in Example 4. After the zinc plating, by performing
adhesion with the masking material to match the contour of the
electrolyte holder portion and the contour of the zinc-plated part in
Fig. 6 and by waiting for the masking material to be stuck, the zinc
negative electrode of this disclosure, in which the zinc-plated copper
plate and the acrylic-based resin reaction space divider 530 have
been integrated, was fabricated.

[0131] The zinc negative electrode according to Example 8, which
was fabricated as described above, and a pre-charged nickel positive
electrode (about 50 mm square with a thickness of 5 mm) were
arranged opposite to one another within an acrylic container
similarly to Example 5, and a resin plate was abutted on a back side
of the nickel positive electrode and screwed with a screw so that the
reaction space divider of the zinc negative electrode according to
Example 8 and the nickel positive electrode are in close contact with

one another. For convenience in explaining the arrangement relation,
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a schematic diagram in FIG. 48 will be referred. A zinc negative
electrode 10 according to Example 8, which was fabricated as
described above, and a pre-charged nickel positive electrode 60
(about 50 mm square with a thickness of 5 mm) were arranged
opposite to one another within an acrylic container, and a resin plate
(resin spacer) 80 was abutted on a back side of the nickel positive
electrode 60 and screwed with a screw 70 so that the reaction space
divider of the zinc negative elecirode 10 according to Example § and
the nickel positive electrode 60 are in close contact with one another.
The used nickel positive electrode 60 is the one usually used for a
nickel-metal-hydride secondary battery, and nickel hydroxide mainly
becomes the principal component in a fully discharged condition,
while nickel hydroxide is oxidized to be nickel oxyhydroxide,
becoming the principal component in a fully charged condition. After
this, a liquid electrolyte 50 consisting of 6 mol/L. of aqueous
potassium hydroxide solution saturated with zinc oxide was added to
the acrylic container to fabricate the zinc-nickel secondary battery.
[0132] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged at a constant current. The
condition in the charge and discharge test was identical to that in
Example 4. FIG. 49 and FIG. 50 illustrate respective relations of an
average discharge voltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 8. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 49
and FIG. 50, it was found that, in the zinc-nickel secondary battery
using the zinc negative electrode in Example 8, there was no rapid
decrease i1n discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 3200 cycles or more. It was also found that the current
efficiency was maintained at 100% even beyond 3200 cycles, there
was no decrease in capacity due to the active material inhomogeneity
and the dendrite short circuit, and the battery capacity can be
maintained at a high current efficiency. As an excellent charge and

discharge property was obtained as above, the test for Example 8 was
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stopped after 3200 cycles.
[0133] (Example 9)

A zinc negative electrode fabricated in Example 9 has the
identical design and dimensions of the reaction space divider to those
in Example 6 and the identical transversely mounted structure, but
the fabrication method is different as follows. That is, in Example 6,
the zinc plating was first applied to the entire one side of the plating
portion of the copper plate illustrated in FIG. 15, while Example 9
had a structure in which the zinc plating is applied only to parts
corresponding to the reaction space dividers in FIG. 32. The amount
of zinc plating per unit area was identical to that in Example 6. The
method for fabricating the zinc-nickel secondary battery in Example
9 was described below.

[0134] After the copper plate (the plating portion: 30 mm x 40 mm x
0.2 mm, the lead portion: 5 mm x 50 mm x 0.2 mm) illustrated in
FIG. 15 was subjected to pretreatment with a polishing paper and by
oxalic acid etching, one surface and the side surfaces of the plating
portion and both surfaces and the side surfaces of the lead portion
were masked by a commercially available masking material for
plating. Further, on one surface that was not masked of the plating
portion, the commercially available masking material was applied
except for the parts corresponding to the electrolyte holder portions
in the reaction space divider having a structure illustrated in FIG.
32, that is, the parts corresponding to the total five through-holes of
four circular through-holes with a diameter of 5 mm and one circular
through-hole with a diameter of 4 mm positioned in the center of
these four circular through-holes. The copper plate in this state was
subjected to the zinc plating as in Example 4. After the zinc plating,
by performing adhesion with the masking material to match the
contour of the electrolyte holder portion and the contour of the zinc-
plated part in Fig. 32 and by waiting for the masking material to be
stuck, the zinc negative electrode of this disclosure, in which the
zinc-plated copper plate and the reaction space divider illustrated in
FIG. 32 has been integrated, was fabricated.

[0135] The zinc negative electrode according to Example 9, which

was fabricated as described above, and a pre-charged nickel positive
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electrode (about 50 mm square with a thickness of 5 mm) were
arranged opposite to one another within an acrylic container
similarly to Example &, and a resin plate was abutted on a back side
of the nickel positive electrode and screwed with a screw so that the
acrylic-based resin reaction space divider of the zinc negative
electrode according to Example 9 and the nickel positive electrode
are in close contact with one another. For convenience in explaining
the arrangement relation, the schematic diagram in FIG. 48 will be
referred again. A zinc negative electrode 10 according to Example 9,
which was fabricated as described above, and a pre-charged nickel
positive electrode 60 (about 50 mm square with a thickness of 5 mm)
were arranged opposite to one another within an acrylic container,
and a resin plate (resin spacer) 80 was abutted on a back side of the
nickel positive electrode 60 and screwed with a screw 70 so that the
reaction space divider of the zinc negative electrode 10 according to
Example 9 and the nickel positive electrode 60 are in close contact
with one another. The used nickel positive electrode 60 is the one
usually used for a nickel-metal-hydride secondary battery, and nickel
hydroxide mainly becomes the principal component in a fully
discharged condition, while nickel hydroxide is oxidized to be nickel
oxvhydroxide, becoming the principal component in a fully charged
condition. After this, a liquid electrolyte 50 consisting of 6 mol/L of
aqueous potassium hydroxide solution saturated with zinc oxide was
added to the acrylic container to fabricate the zinc-nickel secondary
battery.

[6136] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged at a constant current. The
condition in the charge and discharge test was identical to that in
Example 4.

FIG. 51 and FIG. 52 illustrate respective relations of an
average discharge voltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 9. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 51
and FIG. 52, it was found that, in the zinc-nickel secondary battery

PO205546-PCT-ZZ (72/81)



10

—
]

20

25

30

CA 03151028 2022-3-11

-73 -

using the zinc negative electrode in Example 9, there was no rapid
decrease in discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 3000 cycles or more. It was also found that the current
efficiency was maintained at 100% even beyond 3000 cycles, there
was no decrease in capacity due to the active material inhomogeneity
and the dendrite short circuit, and the battery capacity can be
maintained at a high current efficiency. As an excellent charge and
discharge property was obtained as above, the test for Example 9 was
stopped after 3000 cycles.

[0137] (Example 10)

Example 10 is a reaction space divider having four through-
holes with a diameter of 5 mm similarly to Example 4, but the
thickness was 2 mm in Example 4, while the thickness was further
reduced to 1| mm in Example 10. Along with this, the respective
shapes of the connecting hole and the opening passage in the reaction
space divider in Example 4 were changed to grooves.

[0138] After the copper plate (the plating portion: 30 mm x 40 mm X
0.2 mm, the lead portion: 5 mm x 50 mm x 0.2 mm) illustrated in
FIG. 15 was subjected to pretreatment with a polishing paper and by
oxalic acid etching, one surface and the side surfaces of the plating
portion and both surfaces and the side surfaces of the lead portion
were masked by a commercially available masking material for
plating. Further, on one surface that was not masked of the plating
portion, the commercially available masking material was applied
except for the parts corresponding to the electrolyte holder portions
in the reaction space divider having a structure illustrated in FIG.
53, that is, the parts corresponding to four circular through-holes
with a diameter of 5 mm. The copper plate in this state was subjected
to the zinc plating as in Example 4. After the zinc plating, by
performing adhesion with the masking material to match the contour
of the electrolyte holder portion and the contour of the zinc-plated
part in Fig. 53 and by waiting for the masking material to be stuck,
the zinc negative electrode of this disclosure, in which the zinc-
plated copper plate and the reaction space divider illustrated in FIG.

53 have been integrated, was fabricated.
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[0139] The reaction space divider illustrated in FIG. 53 has four
electrolyte holder portions consisting of the circular through-holes
with a diameter of 5 mm and has respective connection grooves on
the right and left that communicate respective two upper and lower
electrolyte holder portions one another. Further, the respective
electrolyte holder portions are connected to the edge of the main
body of the reaction space divider through the respective opening
grooves, on a side opposite to the connection grooves. In more detail,
these connection grooves and opening grooves are grooves of 0.5 mm
wide and 0.5 mm deep formed on one surface of the reaction space
divider on the side that abuts on the nickel positive electirode.
[0140] The zinc negative electrode according to Example 10, which
was fabricated as described above, and a pre-charged nickel positive
electrode (about 50 mm square with a thickness of 5§ mm) were
arranged opposite to one another within an acrylic container
similarly to Example 8, and a resin plate was abutted on a back side
of the nickel positive electrode and screwed with a screw so that the
acrylic-based resin reaction space divider of the zinc negative
electrode according to Example 10 and the nickel positive electrode
are in close contact with one another. For convenience in explaining
the arrangement relation, the schematic diagram in FIG. 48 will be
referred again. A zinc negative eclectrode 10 according to Example
10, which was fabricated as described above, and a pre-charged
nickel positive electrode 60 (about 50 mm square with a thickness of
5 mm) were arranged opposite to one another within an acrylic
container, and a resin plate (resin spacer) 80 was abutted on a back
side of the nickel positive electrode 60 and screwed with a screw 70
so that the reaction space divider of the zinc negative electrode 10
according to Example 10 and the nickel positive electrode 60 are in
close contact with one another. As described above, the grooves
formed on the reaction space divider form spaces with the nickel
positive electrode 60 to be the connection passages and the opening
passages. The used nickel positive electrode 60 1s the one usually
used for a nickel-metal-hvdride secondary battery, and nickel
hydroxide mainly becomes the principal component in a fully

discharged condition, while nickel hydroxide is oxidized to be nickel
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oxvhydroxide, becoming the principal component in a fully charged

condition. After this, a liquid electrolyte 50 consisting of 6 mol/L. of
aqueous potassium hydroxide solution saturated with zinc oxide was
added to the acrylic container to fabricate the zinc-nickel secondary
battery.

[0141] <Evaluation>

The zinc-nickel secondary battery fabricated as described
above was charged and discharged at a constant current. The
condition in the charge and discharge test was identical to that in
Example 4.

FIG. 54 and FIG. 55 illusirate respective relations of an
average discharge voltage, an average charge voltage and a current
efficiency to a charge and discharge cycle number obtained in
Example 10. The definition and meaning of the current efficiency are
identical to those described in Example 1. As illustrated in FIG. 54
and FIG. 55, it was found that, in the zinc-nickel secondary battery
using the zinc negative electrode in Example 10, there was no rapid
decrease in discharge voltage or increase in charge voltage indicating
a dendrite short circuit, and the charge and discharge can be stably
performed for 1600 cycles or more. It was also found that the current
efficiency was maintained at 90% or more even beyond 1600 cycles,
there was no decrease in capacity due to the active material
inhomogeneity and the dendrite short circuit, and the battery capacity
can be maintained at a high current efficiency. As an excellent charge
and discharge property was obtained as above, the test for Example

10 was stopped after 1600 cycles.

INDUSTRIAL APPLICABILITY

[0142] The metal negative electrode of this disclosure can be used for
a negative electrode consisting of a metallic element such as zinc,
lithium, magnesium, sodium, potassium or calcium. The secondary
battery of this disclosure can be used for, for example, a zinc-air
secondary battery, a zinc-nickel secondary battery, a zinc-silver
secondary battery, a lithium-air secondary battery, a lithium-sulfur
secondary battery, a magnesium-air secondary battery, a sodium-

sulfur secondary battery, a potassium secondary battery, a calcium
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secondary battery or a multivalent-ion secondary battery, which uses

the above metal negative electrode.

REFERENCE SIGNS LIST
5 [0143] 10 Metal negative electrode

50 Liquid electrolyte
60 Positive electrode
90 Secondary baltery
1, 110 Active material portion

10 2, 120 Current collector
3, 130 Reaction space divider
131 Main body
132a, 132b  Electrolyte holder portion

330 Reaction space divider

15 331 Main body
332a, 332b, 332c, 332d Electrolyte holder portion
333a, 333b Connection passage
334a, 334b, 334c, 334d Opening passage

20
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CLAIMS

1. A metal negative electrode used for a secondary
battery, comprising:

an active material portion that forms metal during charging
and forms an oxidation product of the metal during discharging, the
metal being used as a negative-electrode active material,

a current collector electrically connected to the active
material portion, and

a non-electronically conductive reaction space divider
integrally formed with the active material portion,

wherein the reaction space divider is a plate-like member
having a plurality of through-holes, one side of each through-hole
being opened, and the opposite side of each through-hole being
occluded by the active material portion,

a space divided by an inner wall of each through-hole and a
part of the active material portion that occludes the through-hole
forms an electrolyte holder portion consisting of a space configured
to hold a liquid electrolyte, and

the active material portion is exposed within each through-
hole.

2. The metal negative electrode according to claim 1,
wherein the metal is selected from the group consisting of
zine, lithium, magnesium, sodium, potassium, calcium and any of

alloys containing the metals as components.

3. The metal negative electrode according to claim 1 or 2,
wherein each of the electrolyte holder portions has a circular

cross-sectional shape.

4. The metal negative clectrode according to claim | or 2,
wherein cach of the electrolyte holder portions has a

polygonal cross-sectional shape.
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5. The metal negative electrode according to any one of
claims 1 to 4,
wherein the reaction space divider has a connection passage

that connects the electrolyte holder portions to one another.

6. The metal negative electrode according to any one of
claims 1 to 5,
wherein the reaction space divider has an opening passage that
connects the electrolyte holder portion to a side surface of the
10 reaction space divider, with surfaces on which through-holes are

provided as upper and lower surfaces.

7. The mctal ncgative clectrode according to any onc of

claims 1 to 6,

15 wherein the reaction space divider consists of a plastics
material.
8. The metal negative electrode according to any one of

claims 1 to 7,
20 wherein at least one of the electrolyte holder portions has a
different maximum span length from maximum span lengths of the

other electrolyte holder portions.

9. The metal negative electrode according to any one of
25 claims 1 to &,
wherein the electralyte holder portion has a maximum span

length of less than 20 mm.

10. The metal negative electrode according to any one of
30 claims 1 to §,
wherein the electrolyte holder portion has a maximum span

length of 5 mm or less.
11. A method for fabricating the metal negative electrode

35 according to any one of claims 1 to 10,

comprising:

CA 03151028 2022-3-11
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a step of directly connecting the reaction space divider onto
the current collector, and

a step of filling each through-hole with the active material
portion to integrally form the reaction space divider and the active
material portion, and electrically connecting the active material

portion to the current collector.

12. A method for fabricating the metal negative electrode
according to any one of claims 1 to 10, comprising

a step of electrically connecting the current collector to the
active material portion, and

a step of integrally forming the active material portion and the
rcaction spacc divider to exposc the active matcrial portion within

the through-hole.

13. The method for fabricating the metal negative electrode
according to claim 11 or 12, comprising

an oxidation step of converting a part of or the whole of the
metal of the metal negative electrode into the oxidation product of

the metal.

14. The method for fabricating the metal negative electrode
according to any one of claims 11 to 13,
wherein the metal is zinc, and the oxidation product of the

metal is zinc oxide.

15. A secondary battery comprising the metal negative

electrode according to any one of claims 1 to 10.

16. The secondary battery according to claim 135,
comprising a positive electrode and a liquid electrolyte,

wherein the side on which each through-hole is opened of the
metal negative electrode 1s occluded by the positive electrode, and
the electrolyte holder portion holds the liquid electrolyte between the

positive electrode and the active material portion.



CA 03151028 2022-3-11

- 80 -

17. The secondary battery according to claim 15 or 16,
being any one of a zinc-air secondary battery, a zinc-nickel
secondary battery, a zinc-silver secondary battery, a lithium-air
secondary battery, a lithium-sulfur secondary battery, a magnesium-
air secondary battery, a sodium-sulfur secondary battery, a potassium
secondary battery, a calcium secondary battery, and a multivalent-ion

secondary battery.
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