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of mayenite-type compounds, the method being character-
ized in that a mayenite-type compound is converted to an
electride by making a current directly flow through the
mayenite-type compound by applying a voltage to the
mayenite-type compound in a heating state.
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1
METHOD FOR MANUFACTURING
ELECTRIDE OF MAYENITE-TYPE
COMPOUNDS

TECHNICAL FIELD

The present invention relates to a method for manufac-
turing an electride of mayenite-type compounds.

This application claims priority right based on Japanese
Patent Application No. 2016-145078 filed in Japan on Jul.
25, 2016, the content of which is hereby incorporated by
reference.

BACKGROUND ART

Among calcium aluminosilicates containing CaO, Al,O;,
and SiO,, there is a material which has a mineral name
“mayenite”. A compound which has the same crystal struc-
ture as a crystal of the mayenite is referred to as “mayenite-
type compound”.

The mayenite-type compound has a representative com-
position of 12Ca0-7A1,0; (hereinafter sometimes abbrevi-
ated as “C12A7”). It has been reported that the crystal of
C12A7 has a unique crystal structure (Patent Document 1).
Among 66 oxide ions in a unit cell containing two molecular
formulae, two oxide ions, which are “free oxide ion” (0*7)
as counter anions, are included within sub-nanometer space
in a positively charged cage formed by the crystal frame-
work.

The present inventors have studied on C12A7 since
1980’s. A mayenite-type compound having electrical con-
ductivity (hereinafter referred to as “conductive mayenite-
type compound”) was found with respect to a mayenite-type
compound which is usually an insulator (Patent Document
1).

The conductive mayenite-type compound (hereinafter,
sometimes abbreviated to C12A7:e7) is a compound in
which the free oxide ions in the aforementioned cage of
mayenite-type compound were substituted with electrons.
The theoretical maximum concentration of the electrons is
2.3x10*' em™. The conductive mayenite-type compound
can be referred to as an inorganic electride (Non-Patent
Document 2). C12A7:¢e” reported by the present inventors is
the first electride stable at normal temperature in the atmo-
sphere (Non-Patent Document 3).

Various studies have also been made on methods for
manufacturing the conductive mayenite-type compounds.
For example, a method for manufacturing the conductive
mayenite-type compound by melting a mayenite-type com-
pound, holding the same in an atmosphere of low oxygen
partial pressure, and then cooling and solidifying it has been
proposed (Patent document 2). Also, a method for manu-
facturing the conductive mayenite-type compound by mix-
ing a precursor of a mayenite-type compound with a reduc-
ing agent and heat-treating the mixture has been proposed
(Patent Document 3).

In the year 2007, it becomes possible to further include a
larger amount of electrons in the crystal by subjecting a
single crystal of C12A7, a powder of C12A7, or a thin film
of C12A7 to a high temperature heat treatment in a titanium
metal vapor. It is succeeded in production of C12A7 having
metallic electrical conductivity. In addition, an electron-
emitting device using C12A7: e- was prepared (Patent
Document 4).

In addition to the above-mentioned manufacturing meth-
ods, other examples of the manufacturing methods include
a method for direct synthesis by metal Ca reduction method
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(Non-Patent Document 4); a method of one-step synthesis
by using a spark plasma sintering method C12A7: ¢~ without
a reducing agent such as Ti (Non Patent Document 5); a
method of forming a thin film of C12A7 electride on a
substrate by a vapor deposition method (Patent Document

5); and a method of manufacturing a conductive mayenite-

type compound by placing an aluminum foil on a mayenite-

type compound, and maintaining it at a high temperature
under an atmosphere of low oxygen partial pressure (Patent

Document 6).

[Patent Document 1] WO 2005/000741

[Patent Document 2] WO 2005/077859

[Patent Document 3] WO 2006/129675

[Patent Document 4] WO2007/060890

[Patent Document 5] W0O2013/191210

[Patent Document 6] W0O2013/191211

[Non-Patent Document 1] HB Bartl and T. Scheller, Neuses
Jarhrb. Mineral. Monatsh. 12, 547-552 (1970).

[Non-Patent Document 2] S. Matsuishi, Y. Toda, M.
Miyakawa, K. Hayashi, T. Kamiya, M. Hirano, 1. Tanaka,
and H. Hosono, Science, 301, 626-629 (2003).

[Non-Patent Document 3] SW Kim, S. Matsuishi, M.
Miyakawa, K. Hayashi, M. Hirano, and H. Hosono,
Journala of Materials Science: Materials in Electronics,
October 2007, Vol. 18, pp 5-14.

[Non-Patent Document 4] S. Matsuishi, T. Nomura, M.
Hirano, K. Kodama, S. Shamoto, and H. Hosono, Chem.
Master 2009, 21, 2589-2591.

[Non-Patent Document 5] J H Chung, ] H Ryu. J W Eun, B
G Choy, and KBShim, Electrochem. Solid-State Lett.
2011, vol. 14, issue 12, E41-E43.

SUMMARY OF THE INVENTION

A mayenite-type compound, as described above, by vari-
ous methods using a reducing agent, can be converted to a
conductive mayenite-type compound. That is, it can be
converted to an electride of mayenite-type compounds.

In this method, as shown in FIG. 2, for example, when a
metal Ti was used as a reducing agent, free oxide ions (0*7)
react with the metal Ti by the reaction shown in the
following reaction formula. Thereby, TiO, which is an oxide
of the reducing agent is formed. Next, free oxide ions are
extracted from the cage and substituted with electrons (e7).

Ti+20?"—TiO,+4e~ 1)

However, for example, the manufacturing methods dis-
closed in Patent Documents 1 to 4 and Non-Patent Docu-
ment 3 need complicated works such as mixing a reducing
agent such as metal Ti or metal Ca with the mayenite-type
compound, or coating on the surface thereof. In addition,
these manufacturing methods usually require a high tem-
perature reaction at 1000° C. or more, and need heating for
a long time.

In order to finally obtain the electride, it is necessary to
remove an oxide such as TiO, or CaO which is produced as
a by-product after the reduction reaction from the surface of
the electride. As a result, a lot of time, energy and compli-
cation work are required. Therefore, the methods are not
likely to be a practical technique.

In order to put an electride into practical use, there was a
demand for a manufacturing technique that makes it possible
to convert a mayenite-type compound to an electride with
less energy at a lower temperature and in a shorter time
without using a reducing agent.

A manufacturing method without using a reducing agent
is described in Non-Patent Document 5. However, this
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manufacturing method requires a plasma discharge device
because it uses discharge plasma sintering method. In addi-
tion, the manufacturing method requires heating at 1000° C.
or more and vacuum equipment as the same as the method
using a reducing agent. Therefore, it is still not likely to be
a practical technique.

The present invention has been made for a purpose of
solving the above-described problems, and it is an object of
the present invention to provide a method for manufacturing
an electride of mayenite-type compounds which does not
require a reducing agent and which can be easily carried out
at low temperature, more quickly in a simple manner.

As aresult of intensive studies, the present inventors have
found a method of converting a mayenite-type compound
into an electride by making a current directly flow through
the mayenite-type compound by applying a voltage to the
mayenite-type compound in a heating state.

That is, the gist of the present invention are as follows:

[1] A method for manufacturing an electride of mayenite-
type compounds, the method comprising: converting a may-
enite-type compound to an electride by making a current
directly flow through the mayenite-type compound by
applying a voltage to the mayenite-type compound in a
heating state.

[2] The method for manufacturing an electride of may-
enite-type compounds according to [1], wherein the voltage
is applied until an electrical resistivity of the mayenite-type
compound becomes 1.0x10°Q-cm or less.

[3] The method for manufacturing an electride of may-
enite-type compounds according to [1] or [2], wherein a
positive electrode and a negative electrode are provided to
the mayenite-type compound to making a current directly
flow.

[4] The method for manufacturing an electride of may-
enite-type compounds according to any one of [1] to [3],
wherein the mayenite-type compound is converted to an
electride under an inert gas atmosphere.

[5] The method for manufacturing an electride of may-
enite-type compounds according to any one of [1] to [4],
wherein an electron concentration in the electride of may-
enite-type compounds is 1.0x10°°/cm® or more.

According to the present invention, it is possible to
provide a manufacturing method which does not require a
reducing agent and can convert the mayenite-type com-
pound into an electride at a lower temperature, more quickly,
and even less energy than the conventional method.

In addition, since a mayenite-type compound can be
converted into an electride by making an electric current
flow directly to the mayenite-type compound, a micro-
fabricated conductive mayenite-type compound can be eas-
ily manufactured.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view showing the concept of a
heating/voltage control step (A) and a heating/current con-
trol step (B) in the manufacturing method of the present
invention.

FIG. 2 is a view showing a concept of a conventional
method of extracting free oxide ions by a reduction method.

FIG. 3 is a conceptual diagram of a method for manu-
facturing electride using a heating furnace.

FIG. 4 is a graph showing temporal change (horizontal
axis) in the sample temperature (left vertical axis) and the
oxygen divergence pressure (right vertical axis) according to
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the measurement of the In-sensor and Out-sensor in Com-
parative Example 1, in the experiment method shown in
FIG. 3.

FIG. 5 is a graph showing the temporal change (horizontal
axis) in the sample temperature (left vertical axis) and the
oxygen divergence pressure (right vertical axis) according to
the measurement of the In-sensor and Out-sensor in Com-
parative Example 2, in the experiment method shown in
FIG. 3.

FIG. 6 is a graph showing the temporal change (horizontal
axis) in sample temperature (left vertical axis), applied
voltage/current, and oxygen divergence pressure (right ver-
tical axis) in Area I (voltage control region) and Area II
(current control region), respectively.

FIG. 7 is a graph showing a relationship (I-T curve)
between currents (vertical axis) in a heated object under
voltage control (100 V and 10 V) in Area I and heating
temperatures (horizontal axis).

FIG. 8 is a graph showing a relationship (T-Ohm curve)
between an electric resistance (vertical axis) and a heating
temperature (horizontal axis) of a heated object under volt-
age control (100 V and 10 V)

FIG. 9 is a graph showing a relationship (I-V curve)
between a current (vertical axis) change in a heated object
under voltage control (100 V) in Area I and an applied
voltage (horizontal axis).

FIG. 10 is a graph showing a relationship (I-V curve)
between a current (vertical axis) change in a heated object
under voltage control (10 V) in Area I and an applied
voltage.

FIG. 11 is a graph showing a correlation (I-V-T curve)
among currents (left vertical axis) in the sample, applied
voltages (right vertical axis) and heating temperatures under
the current control and the CD control of Area II.

FIG. 12 is a graph showing a correlation (T-Ohm curve)
among current control of Area I, resistances (vertical axis)
and heating temperatures (horizontal axis) of the sample
under CD control.

FIG. 13 is an enlarged view of the resistance transition
temperature (925 K) portion in FIG. 12.

FIG. 14 is a graph showing the relationship (P-T curve)
between oxygen divergence pressures (vertical axis) and
heating temperatures (horizontal axis) (P-T curve) under the
current control and CD control of Area II.

FIG. 15 is a schematic view (B) showing a state in which
monoatomic oxygen desorbed on the positive electrode side
oxidizes molybdenum (Mo) of the positive electrode.

FIG. 16 is a graph showing the relationship (P-T curve)
between oxygen divergence pressure ratios (vertical axis)
and heating temperatures (horizontal axis) under the current
control and the CD control of Area II, in comparison with the
case of no voltage is applied.

FIG. 17 is a graph showing temporal change (horizontal
axis) of the heating temperature (left vertical axis), power
consumption (right vertical axis) and oxygen divergence
pressure (T-W-Time curve) under the current control and the
CD control of Area II.

FIG. 18 is a graph showing the relationship between
applied voltage and current in Example 2.

FIG. 19 is a graph showing the relationship between
elapsed time and current during current control in Example
2.

FIG. 20 is a graph showing the relationship between
applied voltages and currents in Example 3.

FIG. 21 is a graph showing the relationship between
elapsed time and currents during current control in Example
3.
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DETAILED DESCRIPTION OF THE
INVENTION

Embodiments of the present invention will be described in
detail below.

The mayenite-type compound used in the present inven-
tion has a representative composition represented by
12Ca0-7Al,0;.

A crystal of the mayenite-type compound has a cage-
structure in which cages share wall surfaces with each other
and are connected with each other three-dimensionally. An
anion such as O*” is included within the cage of the
mayenite-type compound. The O*~ can be substituted with
other anions or conduction electrons by chemical treatment.
The anion is not particularly limited, examples of the anions
include an O®” ion, an F~ ion, a CI~ ion and the like.

The cage forming a skeleton of the mayenite-type com-
pound contains cations such as Ca, Al and the like. Some or
all of these cations may be substituted with another cation.

The mayenite-type compound is not particularly limited.
Specific examples thereof include the following examples.

Compounds formed only with Ca, Al and O atoms;

Compounds in which all of Ca are substituted with cations
such as other alkaline earth metal ions, for example,
strontium aluminate (Sr,,Al;,O55);

Calcium strontium aluminate (Ca,, Sr,Al,,O;;) in
which a part of Ca is substituted with another cation,
for example, a mixed crystal in which the mixing ratio
of Ca and Sr is arbitrarily changed;

Compounds in which Al is substituted with other cations,
for example, Ca,,Al,;Si,055 which is a silicon substi-
tuted mayenite-type compound; or

Compounds in which both cations and anions are substi-
tuted, for example, Wadalite Ca,,Al, ,Si,0;,:6C1".

The shape of the mayenite-type compound used in the
present invention is not particularly limited, and it is may be
a powder form, a fine grain form, a granular form, a bulk
form, a thin film form obtained by a vapor phase method, or
the like. In addition, a sintered body obtained by sintering a
powdered mayenite-type compound or a single crystal
obtained by a floating zone (FZ) method or the like, as an
example of a bulk type, may be used.

In addition, it is also possible to produce a conductive
mayenite-type compound directly from a starting material
by using the starting material for manufacturing the may-
enite-type compound. Specifically, in the case of C12A7, a
calcium component and an aluminum component may be
used. Examples of the calcium component include calcium
carbonate, calcium hydroxide, calcium oxide, metallic cal-
cium and the like. Examples of the aluminum component
include aluminum oxide, aluminum hydroxide, metal alu-
minum and the like. The starting materials can be mixed
with cationic ratios according to stoichiometry of the objec-
tives. Mixed oxides of calcium and aluminum such as
CaAl,0, and Ca;Al,O4 may also be used.

Among them, in the present invention, the shape of the
mayenite-type compound is preferably a single crystal
because the movement of the anions in the cage such as the
oxide ions is smooth.

The manufacturing method of the present invention is
characterized in that the mayenite-type compound is con-
verted into an electride by making a current directly flow
through the mayenite-type compound by applying a voltage
to the mayenite-type compound in a heating state. This will
be described in detail below.

In the manufacturing method of the present invention, a
voltage is applied to the mayenite-type compound, and a
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current flows directly. It is not particularly limited as long as
current flows directly through a mayenite-type compound as
a starting material. Specifically, a positive electrode and a
negative electrode are provided to the mayenite-type com-
pound and a voltage is applied from these electrodes so that
a current can flow directly through the mayenite-type com-
pound.

The material of the electrode is not particularly limited.
Materials that are durable to high temperature conditions
due to heating or materials resistant to oxidation may be
used. Examples of the materials include C (carbon), Ti, Ni,
Mo, W, Ta, Pt, Ni—Cr alloys and the like. A metal such as
Pt, Ti, or Ni which can be provided by a vapor deposition
method such as sputtering is preferable.

The method of providing the electrode is not particularly
limited. Specifically, a method of providing the electrode by
mechanical contact or a method of providing the electrode
by vapor deposition such as sputtering may be used. Among
these, since it is possible to provide the electrodes having
any size (for example, a tiny area) at any place of a sample
of the mayenite-type compound having any size, a vapor
deposition method is preferable.

As a method of making a current directly flow through the
mayenite-type compound, a current may be directly flow
through the mayenite-type compound by filling the mayen-
ite-type compound in a conductive container and applying a
voltage to the container. Examples of the materials of the
conductive container include, but are not limited to, metal,
graphite and the like. The shape of the container is not
particularly limited as long as the current can flow directly
into the mayenite-type compound filled in it.

As a specific method, for example, there is a method in
which a conductive material is used as a lid at both ends in
a cylindrical insulator container, a mayenite-type compound
is filled between the lids, and a current is made flow through
the lid.

Among them, a method of providing an electrode on the
mayenite-type compound and making a current flow is
preferable from the viewpoint that the operation is easy and
the required energy amount can be reduced.

In the manufacturing method of the present invention,
when a voltage is applied to the mayenite-type compound,
the mayenite-type compound is placed under a heating
condition. Here, a phenomenon that free oxide ions in the
cage of the mayenite-type compound are diverged outside
the cage and electrons are included in the cage instead of the
oxide ions is referred to as converting the mayenite-type
compound into an electride. Here, the mayenite-type com-
pound to which a voltage is applied under heating condition
for converting it into an electride is referred to as a heated
object (object to be heated). The heated object may be the
above-mentioned mayenite-type compound to which elec-
trodes are provided.

The heating method is not particularly limited, but it is
possible to heat the heated object externally by a heater or
the like, or by heat generated by making an electric current
flow through the heated object (hereinafter may be referred
to as self-heating).

The heating temperature of the heated object is not
particularly limited and can be appropriately selected
according to the progress degree of converting the mayenite-
type compound into an electride. It may be a temperature
lower than a melting point of the mayenite-type compound
used. For example, when the heated object is made from
C12A7, the heating temperature is lower than 1450° C. A
higher heating temperature is advantageous from the view-
point that mobility of free oxide ions in the mayenite-type
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compound increases as the temperature rises. However, a
lower heating temperature is preferable from the viewpoint
that energy efficiency is advantageous and a high tempera-
ture heat source is unnecessary. Further, the heating tem-
perature is preferably 40° C. or less from the viewpoint of
being able to prevent the oxidation of the mayenite-type
electride. Further, a temperature history of heating is not
particularly limited as long as the effect of the present
invention can be obtained and the heating may be performed
continuously or intermittently. Also, it is possible to per-
forming heating at a constant temperature, or increase or
decrease temperature stepwise.

The voltage to be applied to the heated object is not
particularly limited and can be appropriately set as long as
the effect of the present invention can be obtained. It may be
higher than 0 V and the voltage is not specified as long as
a current flow through the mayenite-type compound as
described later. A magnitude of a preferable voltage depends
on an ionic conductivity of the mayenite-type compound at
the heating temperature. An upper limit is lower than a
voltage causing dielectric breakdown. The voltage is pref-
erably 200 V or less from the viewpoint of convenience of
a power supply device or the like.

The history of applying a voltage is not particularly
limited as long as the effect of the present invention can be
obtained, and it may be performed continuously or inter-
mittently. The voltage may be applied at a constant or may
be applied at an increasing or decreasing rate.

A value of the current directly flowing through the heated
object is not particularly limited as long as the effect of the
present invention can be obtained. Specifically, a value may
be used if it is possible to confirm that a current directly
flows through heated object. A current density may be 0.001
A cm™ or more and 10 A cm™2 or less.

Since the mayenite-type compound is an electric insula-
tor, the current hardly flows through it. A current may flow
through the mayenite-type compound during heating and
applying voltage by a method specifically described later or
the like. A specific method of making a current flow through
the mayenite-type compound will be described later.

The manufacturing method of the present invention can
be carried out by appropriately combining the above-men-
tioned heating method, the above-mentioned method of
applying voltage and the above-mentioned method of mak-
ing a current flow through the mayenite-type compound.
Specific combination of each method is not particularly
limited. Preferably, examples of the methods include meth-
ods under the following conditions 1 to 3.

Condition 1: A Method in which a Voltage is Stepwise
Increased at a Heating Temperature Having a Predetermined
Value

Specifically, in a state where no voltage is applied to the
heated object, heating treatment is first performed at a
predetermined temperature, and then a voltage to be applied
to the heated object is gradually applied from 0 V.

Condition 2: A Method of Gradually Increasing the Heat-
ing Temperature while the Voltage Having a Predetermined
Value is Applied

Specifically, a voltage to be applied to the heated object
at an ordinary temperature is set, and the temperature is
gradually increased from room temperature.

Condition 3: A Method of Increasing Both Heating Tem-
perature and Voltage

Specifically, heating and applying voltage are gradually
carried out to the heated object while adjusting the heating
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temperature and the applied voltage at the same time from
the state where the voltage are not applied and at the room
temperature.

The mayenite-type compound may be converted into an
electride by heating and applying a voltage to the heated
object. It is preferable that steps of converting the mayenite-
type compound to an electride are carried out as follows.

First, since the mayenite-type compound is an electric
insulator at room temperature, in the heated object, almost
no current flows at the beginning of applying voltage, and
only a very small amount of current flows even if a current
flows. When heating the heated object and applying a
voltage in the same are continued, a decrease in applied
voltage is observed together with a sharp increase in the
density of current which flows through the heated object.
The current density at this time is not particularly limited,
and since it changes suddenly, the value of the current
density is relatively difficult to be measured. It may be
around 1 A cm™2, and it may be 0.1 A cm™2 or more. In the
present specification, the step until the aforementioned phe-
nomenon is observed is referred to as a voltage control step
under heating (hereinafter referred to as heating/voltage
control step).

In the heating/voltage control step, applying a voltage to
the heated object is controlled (hereinafter referred to as
voltage control) in accordance with applied voltage match-
ing. At this step, since almost no current flows through the
heated object, it is easier to manage manufacturing by
controlling the applied voltage.

After a time point (hereinafter referred to as an increasing
point of the current density), in which the current density
increases and the applied voltage decreases, is observed, the
heated object changes to a state in which the current easily
flows as compared with the time point when the heating and
applying voltage are started.

After the increasing point of the current density, the
method of controlling bias voltage is changed from the
control of the level of the applied voltage to the control of
the current value matching to the heated object (hereinafter
referred to as the current control) while continuing the
heating on the heated object. After the step proceeds to the
current control, oxygen is released from the heated object
and electrons are supplied by making an electric current flow
through the heated object. As a result, the mayenite type
compound is converted into an electride.

A conductive mayenite-type compound can be obtained
by carrying out the current control up to the desired electron
concentration. In the present specification, after the increas-
ing point of the current density, the step in which a desired
conductive mayenite-type compound is obtained and until
termination of applying voltage is referred to as a current
control step under heating (hereinafter referred to as heating/
current control step).

The heating/current control step can be appropriately
performed until the heated object reaches a desired electron
concentration. Since the resistivity of the heated object
decreases as conversion to an electride progresses, the
process continues until the resistivity is sufficiently reduced.
Although the value of the specific resistivity is not particu-
larly limited, the heating/current control step may be per-
formed until 1.0x10°Q-cm or less.

On the other hand, the electrical conductivity of the
heated object increases as conversion to an electride pro-
gresses, so that the electrical conductivity can be used as a
measure to judge a progress degree of converting the heated
object to an electride. The process may continue until the
electric conductivity becomes 1.0x10™* S/cm or more.
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It can also be judged by observing the color of the heated
object. Specifically, a current may be made to flow until the
heated object becomes a desired color according to a grade
to be described later. For example, if a conductive mayenite-
type compound of Grade C to be described later is desired,
the heating/current control step may be continued until the
heated object becomes black.

The method of changing from the heating/voltage control
step to the heating current control step is not particularly
limited in view of obtaining the effect of the present inven-
tion, and it can be performed by appropriately combining
known methods. Specifically, examples of the methods
include a method of appropriately switching by using a
power supply device corresponding to a large electric power
such as 100 V/10 A; and a method of preparing two
voltage-applying devices for using in each of the two steps,
respectively, and switching them at the point where the
increasing point of current density passes.

In the manufacturing method of the present invention, the
pressure condition can be used without any particular limi-
tation. The method may be carried out under any one of the
states of atmospheric pressure, reduced pressure condition
and pressurized condition.

In the manufacturing method of the present invention, the
ambient atmosphere around the heated object can be used
without any particular limitation. As the oxygen partial
pressure decreases, divergence of free oxide ions from the
mayenite-type compound is promoted. Therefore, it is pref-
erable to maintain the heated object in a low oxygen partial
pressure atmosphere of 100 Pa or less, especially in an
atmosphere having an extremely low oxygen partial pres-
sure. Examples of the atmosphere having an extremely low
oxygen partial pressure, specifically, include an atmosphere
under an inert gas atmosphere, in which the partial pressure
of oxygen is reduced to about 107'° Pa (1072° atom) or less,
and a state in which the degree of vacuum is 107> Pa or less.
The inert gas is not particularly limited, and nitrogen, argon,
or the like may be used. Argon is preferable.

In particular, as described above, when the heating tem-
perature exceeds 400° C., if the oxygen partial pressure is
high, the electride of mayenite-type compounds becomes
susceptible to be oxidized. Therefore, the atmosphere having
an extremely low oxygen partial pressure is preferable.
When the heating temperature is 400° C. or lower, the
atmosphere is not particularly limited.

Further, according to the manufacturing method of the
present invention, the free oxide ion in the mayenite-type
compound diverges as a progress of conversion to an elec-
tride. As described above, since an oxygen partial pressure
affects the step of converting the mayenite-type compound
into an electride and the resulting mayenite-type electride, it
is preferable to exclude the diverged oxygen.

The conductive mayenite-type compound can be classi-
fied into the following three grades from Grade A to Grade
C on the basis of the electron concentration per unit volume.

TABLE 1

Electron concentration Electric conductivity

Grade (fem?) (S/em) Color (visual)

A Less than 1.0 x 1017 Less than 1.0 x 10™* Pad yellow to yellow
B 1.0 x 10'7 or more, less 1.0 x 107 or more, Green
than 1.0 x 10%° less than 1.0 x 10°

C 1.0 x 10?° or more 1.0 x 10° or more  Black

The conductive mayenite-type compound obtained by the
manufacturing method of the present invention can be
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produced in any of the above three grades. Preferably, it is
suitable for manufacturing the Grade C class in which the
electron concentration is highest and the electron emission
ability per unit deposition is high.

Specifically, since the theoretical maximum value of the
electron concentration is 2.3x10?' cm™, it is possible to
obtain a conductive mayenite-type compound having an
electron concentration of 1.0x10*° cm™ or more and 2.3x
10?! cm™ or less.

The conductive mayenite-type compound obtained may
have a uniform or non-uniform electron concentration, but
the uniform one is preferable. The grade of the non-uniform
conductive mayenite-type compound is determined visually
and the electron concentration is determined by using value
of the highest electron concentration.

Further, the electrical conductivity at room temperature of
the conductive mayenite-type compound obtained by the
manufacturing method of the present invention is preferably
1.0 S/cm or more, more preferably 100 S/cm or more, and
preferably 1500 S/cm or less, because the theoretical maxi-
mum value thereof is about 1500 S/cm.

Each step in the manufacturing method of the present
invention will be described in more detail with reference to
the drawings. FIG. 1 is a schematic view showing the
concept of the heating/voltage control step (A) and heating/
current control step (B). As shown in FIG. 1 (A), in the
heating/voltage control step, free oxide ions (O*7) in the
cage of the mayenite-type compound are activated by heat-
ing the mayenite-type compound to increase an ionic con-
ductivity and become an object having an oxide ion con-
ductivity.

Next, as shown in FIG. 1 (B), after the resistance of the
heated object decreases, the voltage control proceeds to the
current control under heating and the charged electrons are
made to flow through the circuit to which the voltage is
applied. In this specification, in order to decrease or relax the
energy barrier (AE), a current is made forcibly flow in the
potential load direction. This treatment is called a current
drive (CD control). By the CD control, the cage space is kept
in the electrically neutral state and the potential barrier
decreases. This state facilitates the movement of oxide ions.

Electrons are stripped off in each of the above steps to
reach an electron polarization state from the atomic polar-
ization state. The electrons after the electron polarization
remain in the cage, and the oxygen atoms try to diverge from
the mayenite-type compound. And an oxygen divergence
pressure rises with heating. “Oxygen divergence” refers to a
phenomenon that free oxide ions are separated from the cage
through a plurality of steps. The “oxygen divergence pres-
sure” in the present specification means an oxygen partial
pressure in the inert gas atmosphere.

FIG. 3 conceptually shows one mode of manufacturing an
electride using a heating furnace. Although this embodiment
uses a heating furnace, the heating may be external heating
such as a heater or internal resistance heating. C12A7:0%",
as a heated object 2, is placed inside a quartz tube 1 through
which Ar having an extremely low oxygen partial pressure
flows. An extremely low oxygen partial pressure control
device 4 is attached to the heating furnace 3. The extremely
low oxygen partial pressure control device 4 includes an
oxygen sensor 41 at inlet side of oxygen-containing gas, an
oxygen pump 42, an oxygen sensor 43 at a gas outlet side,
a circulation pump 44 and the like. An extremely low
oxygen partial pressure gas is supplied to the heating furnace
3. And a heating atmosphere is an argon gas having
extremely low oxygen partial pressure which flow into the
quartz tube 1. From the heated object 2 placed in this
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atmosphere, O, is desorbed by the voltage control under
heating and by the current control under heating. Ar con-
taining the desorbed oxygen flows out from the first outer
quartz tube, and circulated to the extremely low oxygen
partial pressure control device 4.

In the heating/voltage control step, when a voltage is
applied in a range of 200 V or less, as the heating tempera-
ture rises, the ion conductivity increases (resistance
decreases), so that the sample can be converted into an
electride at a low voltage when at high temperature. In order
to converting the sample to an electride at a temperature as
low as possible, in case of a low ion conductivity and at low
temperature, it is necessary to apply a comparatively high
voltage to increase the current in the mayenite-type com-
pound in proportion to the high applied voltage. However,
when heating temperature increases to about 300° C. or
higher, the resistance decreases as the temperature rises so
that the applied voltage decreases and the oxide ion con-
ductivity rises. As a result, the current in the mayenite-type
compound rises. Therefore, the voltage may be controlled
within a range of 0 V to 200 V in relation to the heating
temperature. However, in this case, as shown in FIG. 1 (A),
in order to make oxide ions move between cages, it is
necessary to go beyond the energy barrier for widening a
spatially-narrow bottleneck between the cages.

The reaction mechanism of the manufacturing method of
the present invention is presumed as follows.

Oxygen atoms constituting a cage of a mayenite-type
compound are firmly bonded to calcium atoms and alumi-
num atoms and are not eliminated unless the crystal lattice
is destroyed. On the other hand, free oxide ions in the cage
are bound loosely.

When a voltage is applied to the mayenite-type com-
pound, the cage cannot move. However, the oxide ions move
in the direction of a current flow. Specifically the oxide ions
are drawn by a positive electrode (+) and move by replacing
the oxide ions in the cage wall. Therefore, in order to move
the oxide ions, it is necessary to apply a voltage exceeding
a potential barrier (AE) necessary to substitute the oxide ions
of the cage wall of the mayenite-type compound composed
of Ca—Al—O. Therefore, the heating temperature and/or
the voltage are raised step by step until the resistance of the
heated object drops suddenly and a current density rapidly
increases. The ionic conductivity at that time is obtained by
measuring the electric resistance.

The mayenite-type compound in the vicinity of the posi-
tive electrode is electrolyzed into a conductive mayenite-
type compound and oxygen. As a result, oxygen is released
outside the cage. As the ionic conductivity of free oxide ions
increases by heating, free oxide ions moving near the
positive electrode is substituted with successive electrons.
And as a result, conversion to an electride proceeds.

Consequently, the free oxide ions, which had been
diverged by using a reducing agent conventionally, are able
to be diverged without using a reducing agent and the
mayenite-type compound is converted into an electride.

EXAMPLE

Hereinafter, the manufacturing method of the present
invention will be described in detail based on examples.

Example 1

[Voltage Control Under Heating and Current Control
Under Heating]

A C12A7 single crystal obtained by the FZ method was
cut into a size of 10 mmx5 mmx1 mm and a platinum (Pt)
thin film was deposited by sputtering method at both ends
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(end face area: 5 mmx1 mm) as shown in FIG. 1. Both
electrodes of the positive electrode and the negative elec-
trode were attached with a molybdenum (Mo) wire to the
heated object, and a voltage was applied in a heating state in
accordance with the history as shown in FIG. 6. Specifically,
a high temperature treatment up to 1000° C. and up to 1200°
C. was carried out under a voltage control and under a
current control. The processing atmosphere was Ar having
an extremely low oxygen partial pressure (Ar flow rate: 3
L/min, average flow velocity: 5.2 cn/sec, atmospheric pres-
sure, normal temperature). The equipment of Canon
Machinery Co., Ltd. was used as an extremely low oxygen
partial pressure control device. An oxygen partial pressure
was measured with an Out-sensor and an In-sensor, as
shown in FIG. 3. An extremely low oxygen partial pressure
control below is the same as the above-mentioned one.

As a result, as shown at the right vertical axis in FIG. 6,
a large amount of oxygen divergence occurred in a constant
temperature state of about 650° C., and an increase in
re-divergence pressure of oxygen was observed when
reheated to 1000° C. In the region of 0 min to 119 min
indicated by “Area I” in the FIG. 6, stepwise temperature
increased [(1)-(6)] by the voltage control on the heated
object. In Area II after 119 minutes, a step was changed from
the voltage control to the current control (CD introduction).
And in the latter half of the experiment, the CD control for
increasing the current control value was performed.

As shown in FIG. 7, in the voltage control of Area I, it was
confirmed that the current density in the sample rapidly
increased from 0.1 A-cm™ due to the heating temperature
change (heating rate 10 K/min).

The resistance of the heated object at this time was
investigated. As shown in FIG. 8, the resistance of the heated
object abruptly decreased as the heating temperature
increased. The state before the heating temperature indicated
by arrows (1) and (2) in FIG. 8 shows the insulator behavior
of the heated object. When 100 V voltage was applied, the
resistance gradually decreased due to heating and shows the
behavior of ionic conductor formation. When the heating
was further continued while changing the applied voltage
from 100 V to 10V in the heating step indicated by the arrow
(2), the resistance almost disappeared in the heating step
indicated by the arrow (4), and the conversion to an electride
progressed.

[Influence of Applied Voltage]|

The relationship (I-V curve) between the applied voltage
and the current in the sample under a constant heating
temperature by increasing/decreasing the applied voltage
was investigated. As a result, as shown in FIGS. 9 and 10,
hysteresis occurred during a change of increasing voltage
and a change of decreasing voltage in heating state at higher
temperature. That is, the irreversible change means that free
oxide ions are spatially unevenly distributed in the heated
object.

In the low temperature (379.3 K) state of (1) in FIG. 9,
since the mayenite-type compound is in an electric insulated
state, almost no current flows during voltage rising and
falling. When an ion conductivity develops to some extent
during heating at the temperature (432 K) of (2), it behaves
irreversibly during voltage rising and falling, that is, when
free oxide ions moved to the positive electrode during
voltage rising and falling, a part of the free oxide ions did not
return to its original position and the free oxide ions were
unevenly distributed. On the other hand, a trap is a phenom-
enon which occurs when a voltage is applied in one direc-
tion.
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[Influence of Heating Temperature]

FIG. 11 shows the current control of Area II and the
temperature dependence of the current and voltage in the
heated object under CD control. A sharp change in the
sample voltage is observed at a stage that the heating
temperature reaches about 819 K from about 18 V at the start
of the current control (730 K). At the stage that the sample
voltage decreases to about 7 V at 925 K, the current in the
heated object rises gradually.

As shown in FIG. 12 and FIG. 13 (partial enlarged view
of FIG. 12), the resistance of the heated object at that time
was further abruptly decreased at 925 K. Therefore, here-
inafter, the transition temperature of this resistance, 925 K,
is referred to as 3T (=Triggering Transition Temperature).
Similarly, FIG. 14 shows the relationship between oxygen
divergence pressure (O, partial pressure in Ar) and heating
temperature. A rapid rise in oxygen divergence pressure was
observed at 3T and an increase in oxygen divergence pres-
sure was observed after 3 T, as the heating temperature
increases. FIG. 15 is a schematic view showing a state where
the oxygen, which diverged into the Ar atmosphere on the
positive electrode side, oxidizes molybdenum (Mo) of the
molybdenum wire attached to the positive electrode.

In FIG. 16, relationships between the equilibrium diver-
gence pressure ratio (PI,,/PII,,) and the heating tempera-
ture (T) in the case of CD control (10 V voltage was applied)
and in the case of the heated object with no electrode
attached (no voltage was applied) were compared. The
results are shown in FIG. 16, and from the results, the 3T
temperature decreased (CD validity) when introducing CD.
PI,, and PII ,, are the O, partial pressure (PI,,,) measured
by the In-sensor and the O, partial pressure (PIl,,,) mea-
sured by the Out-sensor, respectively.

[Evaluation of Power Consumption]

FIG. 17 shows temporal changes of temperature, power
consumption, and oxygen divergence pressure after CD
control. A power consumption peak appears in the latter half
of the 3T temperature maintenance state in the current
control state, and after the peak of the oxygen divergence
pressure. After the power consumption peak, although the
power consumption temporarily decreased, when the current
in the heated object was increased by the CD control, the
power consumption turned to increase and be saturated at a
maximum of about 500 W/cm?.

Example 2

The C12A7 single crystal obtained by the FZ method was
cut into a size of 10 mmx5 mmx1 mm. A platinum thin film
was deposited on both ends by sputtering method, and each
end was used as a positive electrode and a negative elec-
trode, respectively. Molybdenum lead wires were attached to
the positive electrode and the negative electrode to obtain a
heated object.

First, when a voltage of 100 V was applied to the heated
object at atmospheric pressure, a current of about 1 pA
(current density 20 pA-cm™) was observed at a sample
temperature of about 30° C.

Next, the power supply was switched to a power source
in which a maximum voltage of 100 V was applied and
maximum current of 30 A was allowed to flow. After raising
a temperature from the room temperature in steps of 10° C.,
the temperature of the heated object was maintained and a
voltage was applied up to 100 V at each temperature. This
treatment was repeated until 180° C. was reached. The
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minimum detectable current of this power supply was 0.1
mA. However, no current was observed under the above
conditions.

When holding the temperature of the heated object at 180°
C., a current of 0.6 mA (current density 12 mA-cm™2) was
observed when a voltage of 99 V was applied (FIG. 18). At
this point, the resistivity of the heated object was 1.7x
10*Q-cm. This means that the heated object had been
converted to an electride of Grade B or higher. When the
voltage was held at 100 V, a sharp increase in a current value
of about 550 mA was observed after about 25 seconds. At the
same time, it became impossible to make enough current
flow for applying 100 V to the sample.

Here, a method of applying voltage to the heated object
was shifted from the voltage control to the current control
(FI1G. 19). Approximately 100 seconds after current control,
the condition of the heated object was confirmed. As a result,
the heated object was blackened, and the CI12A7 was
converted into an electride. Unevenness of electron concen-
tration occurred in the heated object. An electron concen-
tration at the portion having the highest electron concentra-
tion was about 1.0x10%!/cm>, and that at the portion having
the lowest electron concentration was about 1.0x10'%/cm?.
The heated object had been converted into an electride (the
electride of mayenite-type compounds of this Example). The
electric conductivity of the portion which has the highest
electron concentration in the heated object was 5x10°S/cm.

Example 3

The heating temperature of C12A7 was raised from a
room temperature to 210° C. by the same procedure as in
Example 2 and then was maintained at 210° C. After that, the
same experiment as in Example 1 was carried out. As a
result, a current of 0.2 mA (current density 4 mA-cm™>) was
observed when a voltage of about 70 V was applied (FIG.
20). The resistivity of the heated object at this point is
5.0x10%*Q-cm. This means that the heated object has been
converted into an electride of Grade B or higher. When the
voltage was held at 75 V, a sharp increase of current of about
1100 mA was observed after about 7 seconds, so the voltage
control shifted to the current control (FIG. 21). Approxi-
mately 100 seconds after the current control, it was con-
firmed that the appearance of the sample turned black and
C12A7 was converted to an electride. There was no differ-
ence in the electron concentration in the heated object, and
it was an electride with uniform electron concentration of
1.0x10%! cm’. The electric conductivity of the heated object
which had been converted into an electride (the electride of
mayenite-type compounds of this example) was 5x10°S/cm.

Example 4

In the same manner as in Example 1, the heated object
was prepared. When a voltage was applied to the sample, the
sample was placed in an electric heating furnace capable of
heating up to 1000° C., and the inside of the heating furnace
was heated to 1000° C. Then, Ar having a very low oxygen
partial pressure (flow rate: 3 L/min, average flow velocity:
5.2 cm/sec, atmospheric pressure, room temperature) was
flowed into the heating furnace up to 1072° Pa (10~>* atom).
Oxygen escaping from the cage was mixed into the Ar
atmosphere having extremely low oxygen partial pressure.
The oxygen in the Ar atmosphere was extracted from the Ar
atmosphere by the extremely low oxygen partial pressure
control device on the principle of the oxygen pump. Ar
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having extremely low oxygen partial pressure was again
flowed into the heating furnace.

In the low temperature state, since the heated object
exhibited an insulator behavior, a maximum of the voltage
of 100 V was applied. However, as the temperature was
raised stepwise, ionic conduction occurred. As a result, the
electric current flowing through the sample rapidly increased
from 0.1 A-cm™2, and the voltage gradually decreases to 10
V.

Under the voltage control, the current amount did not
increase even if the temperature increased thereafter. For this
reason, the amount of current flowing through the sample
increased with increasing heating temperature by shifting
from voltage control to current control at a stage where the
temperature increased to some extent. Eventually the resis-
tance sharply decreased and it decreased to the same level as
the metal conductor.

When an oxygen concentration in argon at that time was
measured, a remarkable oxygen divergence from the sample
was observed after the electric resistance suddenly
decreased. At the same time, a remarkable light emission
phenomenon was observed on the positive electrode side of
the sample. This means that an oxidation reaction between
the diverged oxygen from the sample and the molybdenum
wire connected to the positive electrode occurred. When the
sample naturally cooled in the electric heating furnace was
taken out, it was observed that the heated object which was
transparent before the treatment turned black and was con-
verted to Grade C. That is, the electride having an electron
concentration of 10°°/cm® or more was obtained. The elec-
tric conductivity of the heated object which had been
converted into an electride (electride of mayenite-type com-
pounds of this Example) was 5x10°S/cm.

Comparative Example 1

A C12A7 single crystal obtained by the FZ method was
cut into a size of 10 mmx5 mmx1 mm to obtain a heated
object. Using the apparatus as shown in FIG. 3, the heated
object was heated in a heating furnace. The heating atmo-
sphere was Ar having extremely low oxygen partial pressure
(Ar flow rate: 3 L/min, average flow velocity: 5.2 cm/sec,
atmospheric pressure, normal temperature).

As shown in FIG. 4, the heated object was heated from
room temperature to 900° C. for 1 hour and then kept at 900°
C. for about 25 hours. Thereafter, the heated object was
heated to 1000° C., and was further held for 5 hours. Then,
it was allowed to cool naturally to room temperature. Since
the heated object after the heat treatment was pale yellow,
the electron concentration of the mayenite-type compound
after the heat treatment was likely less than 1.0x10*"/cm®.
The grade was judged to be Grade A.
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Accordingly, it was found that it was impossible to
sufficiently convert the mayenite-type compound into an
electride by only heat treatment.

Comparative Example 2

The same treatment as in Comparative Example 1 was
carried out except that a C12A7: O2~ powder sample which
was a poly-crystal was used in place of the C12A7 single
crystal of Comparative Example 1. This process was carried
out in a history as shown in FIG. 5. As the same as in
Comparative Example 1, the grade of mayenite-type com-
pound after heat treatment was Grade A. As the same as the
C12A7 single crystal, it was impossible to sufficiently
convert the mayenite-type compound into an electride by
only heat treatment.

INDUSTRIAL APPLICABILITY

According to the manufacturing method of the present
invention, the process can be shortened as compared with
the conventional process. In addition, it is possible to
produce electride having a high electron concentration,
especially at low temperature and in short time with low
energy.

The invention claimed is:
1. A method for manufacturing an electride of mayenite-
type compounds, the method comprising:
converting a mayenite-type compound to an electride by
making a current directly flow through the mayenite-
type compound by applying a voltage to the mayenite-
type compound in a heating state.
2. The method for manufacturing an electride of mayen-
ite-type compounds according to claim 1, wherein
the voltage is applied until an electrical resistivity of the
mayenite-type compound becomes 1.0x10°Q-cm or
less.
3. The method for manufacturing an electride of mayen-
ite-type compounds according to claim 1, wherein
a positive electrode and a negative electrode are provided
to the mayenite-type compound to making a current
directly flow.
4. The method for manufacturing an electride of mayen-
ite-type compounds according to claim 1, wherein
the mayenite-type compound is converted to an electride
under an inert gas atmosphere.
5. The method for manufacturing an electride of mayen-
ite-type compounds according to claim 1, wherein
an electron concentration of the electride of mayenite-
type compounds is 1.0x10*%/cm> or more.

#* #* #* #* #*
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