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Chapter 1

General Introduction



1. General Introduction

1.1 Background

In recent years, the energy problem has become more serious with the rapid economic development. The

present energy consumption which is dependent on fossil fuels is estimated to be exhausted within a few

decades and countermeasures against resource depletion are urgently needed. On the other hand, it is highly

likely that global warming is caused by an increase in CO, and other greenhouse gases due to human

activities, and it has become a problem common to all humanity. These energy and environmental issues

are closely intertwined with economic growth, and humanity is now faced with three very difficult and

conflicting issues: conservation of the environment, energy supply, and economic growth. In order to solve

these problems, the development of clean energy sources that do not emit greenhouse gases and can

generate electricity or thermal energy has received attention in recent years. In particular, fuel cells are

received attention as one of these clean energy sources. A fuel cell is a type of power generation device that

converts fuel and air into electricity. Fuel cells are of interest for the following three reasons.

(1) Fuel cells are highly efficient in converting chemical energy into electrical energy, and an even higher

overall fuel use efficiency can be expected from cogeneration, which uses waste heat, or from combined

cycle power generation, which uses high-temperature waste heat to power a turbine. Conventional power

generation systems (thermal power generation) use combustion to convert the chemical energy in the fuel

into thermal energy, which is then converted into mechanical energy and then into electrical energy,



resulting in a low conversion efficiency of less than 50%. The theoretical power generation efficiency of

fuel cells (about 70%) is high in comparison.

(2) Fuel cells using hydrogen as fuel do not emit air pollutants such as (NOx) and sulfur oxides (SOx) or

carbon dioxide (CO»), a greenhouse gas, and the only thing emitted is water, which is good for the earth's

environment.

(3) Fuel cells have no pistons, turbines, or other mechanical mechanisms, and thus they are low-noise. In

addition to these advantages, fuel cells are expected to be a distributed power supply that can be expected

to provide a certain degree of power supply even when the power network is shut down by a disaster.

1.2 Type of Fuel cells and advantages of alkaline fuel cells

Fuel cells are classified according to their operating temperature and the type of electrolyte. There are

various types of fuel cells, such as Alkaline fuel cells (AFC) using a hydroxide ion conducting materials as

electrolyte, solid polymer electrolyte (PEFC, PEMFC) using a proton conducting cation exchange

membrane, phosphoric acid fuel cells (PAFC) using high temperature phosphoric acid, solid oxide fuel cells

(SOFC) using oxide ion conducting ceramics. In addition to these, there are direct alcohol fuel cells

(DAFCs) that are directly fueled by alcohol such as methanol and ethanol.

The PEFC is one of the most promising fuel cells for home and automotive use. PEFCs have the

advantages of a low operating temperature of around 80 °C, small size, and high output. PEFCs have already



launched as a household cogeneration system and fuel cell vehicles. However, there are many challenges

for the practical application of PEFCs, such as high cost of using highly corrosion-resistant Pt catalyst and

perfluorinated polymers (Nafion®) as electrolyte, degradation of the anode catalyst due to CO poisoning,

and corrosion of carbon using as the catalyst support at the cathode. Various efforts have been made to

resolve these issues [1-5].

There have been many reports on the use of alloy catalysts to reduce the amount of platinum use, especially

on Pt-Ru alloy catalysts [6, 7]. Pt-Ru alloy catalysts can reduce the amount of platinum use, and Ru plays

arole in oxidizing CO, reducing the effect of CO poisoning and improving the oxidation of fuel. It has been

reported to improve the activity of the catalyst. TiOx and metal oxide materials, for example, has been

proposed as an alternative material to carbon as a catalyst support. Metal oxide materials are inexpensive,

stable under acidic conditions, and this intermediate layer of TiO,, TiOx, exhibits high electronic

conductivity, making it a promising alternative to carbon [8, 9]. However, the leaching of Ru and the

difficulty in synthesizing titanium dioxide with a large specific surface area remain challenges, and these

alternative materials have not yet been commercialized.

On the other hand, SOFCs have received much attention in recent years as a household fuel cell. In

addition, SOFC has the advantage of not requiring a catalyst, the possibility of use of even CO as a fuel due

to its high operating temperature of 800~1000 °C. However, it has disadvantages such as long start-up time

and low power density per volume due to its high temperature operation. To solve these problems, research



towards low-temperature operation of SOFCs has been actively conducted, and recently, Ding et al. have

reported that SOFCs consisting of thin electrolyte films and cathodes with nanostructures operated at low

temperatures of 450-600 °C [10]. Further efforts towards low temperature operation should be made in the

future due to problems such as interdiffusion of constituent elements at the electrode-electrolyte interface

and degradation due to strains and cracks caused by the different thermal expansion coefficients of the cell

components [11, 12].

AFCs have many advantages, compared with PEFCs and SOFCs. AFCs were historically used as a power

source for space exploration early on. AFCs have received renewed attention in recent years as a solution

to the problems in PEFCs and SOFCs as lower operating power supply. Alkaline atmospheres have higher

electrochemical reaction rates at the anode and cathode than acidic atmosphere. It is not necessary to use

platinum catalysts in AFCs, but non-precious metal catalysts such as Mn, Ni, Ag, etc. can be used in AFCs.

Especially for the cathode, carbon materials such as graphene and carbon nanotubes have catalytic activity

for the oxygen reduction reaction and can be used as a catalyst in alkaline atmosphere, and also reduce the

concern of corrosion compared to in acidic atmosphere. From the above, it is expected to expand the range

of electrode material selection in AFCs [13-21]. The alkaline atmosphere also has the advantage of lowering

the overvoltage due to the higher oxygen reduction reaction rate compared to the acidic atmosphere [22].

Consequently, non-noble metals or inexpensive metal oxides can be used as catalysts. Furthermore, the

range of fuel selection is also wide in alkaline atmosphere, since the oxidation reaction rate of the alcohol



used as fuel is also greater in alkaline atmospheres compared to acidic atmospheres. Ogumi et al. have

reported the preparation of AFCs using methanol, ethylene glycol, glycerol, erythritol, and xylitol as fuels,

and all of them have been reported to be capable of generating electricity [23]. Asazawa et al. have reported

that AFCs using hydrazine as a fuel and non-precious metal catalyst as a catalyst showed a high power

output of more than 500 mW c¢m 2, and Lue et al. have reported that AFCs using methanol as a fuel showed

a high power density of 67.5 mW c¢m 2. Gao et al. have developed highly efficient electrocatalysts for

ethylene glycol oxidation for direct alcohol fuel cell using non-noble catalyst [24-27]. However, in these

cases, the reaction of alkali metal cations in the alkaline electrolyte with CO; in the air causes carbonate

precipitation in electrolyte and electrode, which leads to the inhibition of gas diffusion on the electrodes,

resulting that the degradation of the cell performance is caused [28-30].

1.3 Electrochemical devices using alkaline electrolyte

Alkaline-type electrochemical devices using Zn, Ni, and Mg are also attracting attention from the

perspective of low cost and resources. In particular, zinc is expected to be used in mobile devices due to its

economy, safety and lightness of air batteries. Again, however, the following problems have been

identified because the electrolyte is an aqueous solution;

(1) Water volatilization degrades the electrolyte,

(2) The alkaline nature of the electrolyte causes zinc oxide to react with carbon dioxide in the air, which



reduces the performance of the electrode, and

(3) dendrites, which are dendritic projections, are generated at the anode, which can be a problem during

charging [31-36].

To solve these problems, alkaline-type electrochemical devices using solid electrolytes, which do not

contain alkali metal cations and are considered to be less sensitive to the effects of CO; in the air, instead

of alkaline aqueous solutions, have been especially studied in recent years. Ueda et al. have reported that

the layered oxides such as NaCoO; and KCoO; have hydroxide ion conductivity, and maximum power

densities of more than 60 mW c¢m 2 were observed in non-platinum-catalyzed anodes, carbon-only cathodes,

and NaCoO; fuel cells under humidified conditions [37-39]. Hibino et al. have reported that Sb3"-doped

SnP,07 showed high ionic conductivity on the order of 102 S cm ™! under humidification, and an AFC using

it as a solid electrolyte showed a maximum power density of more than 70 mW cm 2 at 200 °C in the

medium temperature range[40-42]. Xu et. al. have proposed new-type electrolyte for dendrite-free Zn-air

rechargeable batteries[43]. The solid-state molten hydrate electrolyte is composed of inorganic Zn salt and

water and the cell using the electrolyte exhibits a reversible capacity of 1000 mAh g (catalyst)™' over 100

cyclesat30 °C.

However, the solid hydroxide-ion-conductive solid electrolytes still have some problems, such as (1) low

hydroxide ion conductivity and (2) difficulty in constructing a good three-phase boundary.



1.4. Layered double hydroxides (LDHSs)

The author has focused attention on layered double hydroxides (LDHs) as an ion conducting material.

LDHs are anionic clay and the general formula for LDHs is [M"; x M"(OH),][(A™ )xm * mH,0], where

M"is a divalent cation such as Ni2', Mg?', Zn*', etc., and M"'is a trivalent cation such as AI*", Fe**, Cr*",

etc., and A™ is an anion such as COs2", CI-, OH, etc. In LDHs, divalent cations in the hydroxide layer are

replaced with trivalent cation and the replacement of divalent cation with trivalent cation generates a

positive charge on the hydroxide layers of LDHs. LDHs consist of the positively charged metal hydroxide

layers with anions located in the interlayer space for charge compensation of the cationic layers as shown

in Fig.1.

LDHs has many advantages such as anion exchange capacity, variety of compositions, and easy synthesis,

and thus LDHs have attracted much attention for various use in a variety of fields, such as catalysts, anion

exchange materials and anion conducting materials [44-48]. For example, Besse et al. have reported the

ionic conductivity of Zn-Cr-based LDH and Yamazaki et al. have reported the ionic conductivity of Mg-

Al-based LDH in the medium temperature range. Ma et al. have reported that LDH single-layer nanosheet

exhibited high in-plane conductivities approaching 107! S cm™ [49-51].  The inorganic chemistry group

in Osaka Prefecture University reported hydroxide ion conduction of LDHs and the cell performance of

alkaline fuel cell using LDHs as electrolyte [52-54]. Although the ionic conductivity in LDHs has not been

well-known yet, LDHs are considered to be a very attractive material for solid electrolytes because of its



high formability, heat resistance and durability. Meanwhile, it has been reported that LDHs containing

transition metals has high activity against methanol oxidation and oxygen reaction and may exhibit the

electric conductivity [55-60]. Thus, when LDHs are mixed as an ionomer in the electrode layer into the

electrocatalytic layer, the use of LDHs containing transition metals may add other functions such as

catalytic activity in addition to its effect as an ionomer, which may contribute to further performance

improvement.



[M2+1—xM3+x(0H)2]z+ [An “x/n .yH20]z—

® : M2+: Nj2+, Mg2+, Zn2+,etc
O : M3+: A3+, Fe3+, Cr3+,etc
® :OH-

Fig.1 Schematic structure of layered double hydroxide(LDH).
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1.5 Aim and outline of the present study

From these perspectives, the present study is concerned with the ionic conduction behavior of LDHs, the

application of LDHs to solid electrolytes, and the application of LDHs to ionomers for alkaline fuel cells,

with a focus on transition metal-containing LDHs.

This dissertation consists of the following four chapters.

Chapter 1 describes the background and purpose of the study.

In Chapter 2, the ionic conductivity of LDHs was investigated. The effects of interlayer anions and the

cationic species of the hydroxide layer on the ionic conductivity of the hydroxide were investigated. In

addition to the ionic conductivity, the high entropy LDH was synthesized and its thermal stability was

evaluated as reported for the high entropy alloys. In order to investigate the ionic conduction behavior in

detail, it is common to replace some of the deuterium in proton conductors to investigate the electrical

conductivity and the distribution of the deuterium. Therefore, the ionic conduction pathway in LDHs is

investigated by synthesizing LDHs containing D>O by the reconstruction method and investigating the

vibrational mode of O-D, which is considered to be a mobile ionic species, by using FT-IR [61-64].

In Chapter 3, the application of LDHs as an electrolyte and ionomer for alkaline fuel cells was

examined; alkaline fuel cells using LDHs as a solid electrolyte were fabricated and the power generation

behavior of hydrogen-oxygen fuel cells and direct alcohol fuel cells were investigated. In addition, a thin

inorganic solid electrolyte membrane is essential for the fabrication of an AFC with high power. The

preparation of thin membranes of the electrolyte was examined by using a support structure. Furthermore,

-11 -



the effect of the LDHs addition to the catalyst layer on the power generation characteristics of the fuel cell

was investigated. Alkaline metal-air batteries were also investigated as other alkaline electrochemical

devices [65-67], and their performances were evaluated.

Chapter 4 summarizes this work, and some challenges and future prospects in the development of LDHs

as hydroxide ion conductor and application of LDHs electrochemical devices are discussed.
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Chapter 2. Hydroxide ion conduction in layered double hydroxides and investigation of hydroxide

ion conducting mechanism

2.1. Introduction

Two-dimensional(2D) materials are interesting material because of their various unique characteristics.

Recently, research on 2D materials such as graphene, 2D-hexagonal BN, and transition metal

dichalcogenides, oxides and hydroxides with layered structure is rapidly increasing [1-6]. Among these

materials, layered double hydroxides (LDHs) have attracted much attention for various use in a variety of

fields, such as catalysts, anion exchange materials and anion conducting materials [7-11].

LDHs has attracted much attention as solid-state hydroxide ion conductors because solid-state LDHs

which are inorganic materials are expected to have high thermal and chemical stability, and LDHs which

contain no alkaline metal should have good durability to CO; as electrolyte. Mg-Al LDH intercalated with

CO5* has been reported to show high hydroxide ion conductivity under high relative humidity (R.H.) and

can be used as the electrolyte of the alkaline-type direct ethanol fuel cells (DEFCs) and aqueous ammonia

fuel cells [12-14]. LDHs are able to have various compositions, and among LDHs, LDHs containing

transition metals are interesting material because of the variety of characteristics [15-17]. Especially in

recent years, high-entropy alloys comprising five or more elements in near equimolar ratios have attracted

much attention, because their mechanical properties, including ultrahigh fracture toughness at cryogenic
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temperatures and excellent specific strength, are particularly attractive [18]. Thus, this strategy has

possibility to be applied in LDHs.

For practical application of LDHs as electrolyte in alkaline fuel cells, humidity management and further

thermal stability are necessary, therefore, higher ionic conduction under lower humidity and thermal

stability are also required and should be improved more. Until now, LDHs interacting with moderate

surfactants shows higher conductivity under a dried condition than the conductivity of Mg-Al CO;*” LDH

because of their unique morphology and interaction of water molecules [19, 20]. About thermal behavior,

it is reported that the thermal behavior of Mg-Fe LDH is affected by molar ratio (Mg/Fe) [21], indicating

that the thermal stability is possible to control to change their composition.

To improve the hydroxide ion conduction in LDHs, the hydroxide ion conducting mechanism is necessary

to understand. Recently, Sun ef al. have reported that the hydroxide ion conduction in LDHs is anisotropic,

and in-plane hydroxide ion conductivity is much higher than cross-plane conductivity [22]. Nevertheless,

few reports have described investigations of ionic conductivities and ionic conduction of LDHs.

In this study, the ionic conductivity of LDHs as a solid electrolyte was examined. Using the co-

precipitation method, Mg—Al LDH and Ni-Al LDH intercalated with CO3>~ (Mg—-Al CO3>" LDH and Ni-

Al CO;* LDH) were prepared. LDHs intercalated with Cl-, OH", and dodecyl sulfate (DS) anion

(CH3(CH2)1;080%") which is an organic anion known to be intercalated easily in LDHs, were prepared

using anion exchange process and re-constructing process, and their ionic conductivities were investigated.
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Then, high ion conductivity in high-entropy oxide solid electrolytes [23] motivates exploration of new

layered hydroxides as electrolytes by the high-entropy strategy. A high-entropy layered hydroxide

(HELH) in which five cations were distributed homogeneously was synthesized for the first time, and its

ionic conductivity was determined.

In addition to these studies, Mg-Al CO;>” LDH (H,0) and Mg-Al CO5*>” LDH (D,0), in which deuterium

water was introduced as interlayer water molecules, were prepared for the investigation of hydroxide ion

conduction mechanism. The Mg-Al system was used for this purpose because this system is the most

basic composition used for LDHs studies. The transport number and ion conducting species of LDHs were

investigated using the water vapor concentration cell. To investigate the carrier generation source in LDHs,

the electrochemical properties for Mg-Al LDHs-related compounds, Mg(OH),, MgCO3 and Al>(CO3)s,

were examined. In addition, the DC polarization behavior of Mg-Al CO3>~ LDH(D,0) was examined to

discuss the ion conducting path.

2.2. Experimental

2.2.1. Preparation of LDHs

LDHs intercalated with COs2~ were prepared by using the co-precipitation method reported by Miyata
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[24]. Ni(NO3), * 6H20 or Mg(NO3)2-6H,0 and AI(NO3)3 * 9H,O were dissolved in deionized water in a

molar ratio of 3 : 1 ( Ni or Mg : Al ). The mixture was dropped into 0.3 M Na,COs solution with stirring at

80 °C. The reaction mixture pH was adjusted to 10 by the addition of 2 M NaOH solution and the mixture

was aged at 80 °C for 17 h. Then, the resulting green precipitates were filtrated, washed with distilled water,

and dried at 80 °C.

Ni-Al LDH intercalated with CI” (Ni-Al CI” LDH) was prepared by using an anion exchange process with

Ni-Al COs?>” LDH as the starting materials [25]. First, Ni-Al COs2” LDH powders were added to an aqueous

solution containing 0.005 M HCI and 5 M NaCl with stirring at room temperature under N, flow. After

stirring for 24 h, the resulting suspension was filtered and washed with deionized water under N, flow. The

remaining precipitates were collected and immediately dried under vacuum.

Ni-Al LDH intercalated with OH™ (Ni-Al OH™ LDH) was prepared using restructuring process with Ni-

Al COs2” LDH as the starting materials [28]. First, Ni-Al CO3;*” LDH powders were calcined at 500 °C for

5 h to form a mixed nickel-aluminum oxide solid solution. Then, the mixed oxide was added to deionized

water under N> flow. After stirring at room temperature for 24 h, the resulting suspension was filtered and

washed with deionized water under N, flow. The remaining precipitates were dried under vacuum. Mg-Al

LDH intercalated with dodecyl sulfate anion was also prepared using the reconstruction process. Mg-Al

COs?” LDH was calcined at 500 °C for 5 h. Then the obtained oxide was dispersed into the 0.1 M sodium

dodecyl sulfate solution. Before adding the oxide, the solution was kept at 90 °C with N, bubbling at the
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rate of 100 mL min~! for 30 min to remove dissolved CO> from the water. The reaction mixture was aged

overnight at 80 °C. The precipitates were centrifuged, washed with decarbonated water, and dried in a

vacuum.

Mg-Al CO;* LDH (D;0) was prepared through the reconstructing process. Mg-Al CO;2” LDH obtained

by the co-precipitation process was calcined at 500 °C for 5 h to form a mixed magnesium-aluminum oxide.

Then, the mixed oxide powders were dispersed in 4M Na,CO3-D>O under N, flow. The mixed oxide was

rehydrated in 4M Na,COs- D>O. The solution was stirred at R.T. for 24 h under N, flow condition. After

stirring, the obtained powders were filtered under a N, flow and dried in vacuum.

2.2.2. Characterization of LDHs

X-ray diffraction (XRD) measurements were performed to identify crystalline phases. Presence of CO3>~

or interlayer D>O in the sample was confirmed using Fourier transform infrared (FT-IR) spectra. The KBr

pellet technique was used for IR measurements. Differential thermal analysis and thermogravimetry (DTA-

TG) were conducted using a thermal analyzer (thermo plus TG-8120; Rigaku Corp.), with a heating rate of

10 °C min™' in air. The respective morphologies of the prepared LDHs were observed using a field-

emission-type scanning electron microscope (FE-SEM, JSE-6300F; JEOL).

The electrical conductivities of Ni-Al LDH were investigated using impedance data in a frequency range

of 1-8 x 10° Hz. Pellets of Ni-Al LDH for electrical conductivities were obtained by cold pressing under

200 MPa. Gold was sputtered as the electrodes on both sides of the pelletized Ni-Al LDH. The electronic

=24 -



conductivity of Ni-Al CO;>~ LDH was also investigated by DC polarization technique.

2.2.3. Water Vapor Concentration Cell

Conducting ion species was investigated using a water vapor concentration cell. The reaction and

construction of the water vapor concentration cell have been detailed a previous paper [26]. Ni-Al CO;>

LDH, an anion exchange membrane (A202; Tokuyama Corp.) and a cation exchange membrane (Nafion

117; DuPont) were used as the electrolyte. The membranes or pelletized Ni-Al COs>~ LDH were

sandwiched with a pair of Pt-loaded carbon sheets. The Pt loading amount of carbon sheet is 1.9 mg/cm?.

The electromotive force (EMF) of a cell was measured at 50 °C by exposing a flow of humidified N»/O,

gas to one side of the cell and dried N»/O, gas to the other side.

2.3. Results and discussion

2.3.1. The effect of interlayer anion on hydroxide ion conduction

Figure 2.3.1.1 shows XRD patterns of Ni-Al LDHs intercalated with COs?>", CI” and OH". The XRD

patterns of each sample showed characteristic 003, 006 reflections attributed to the layered structure of

LDHs. The basal spacing of the obtained LDHs changed as anion species changed, indicating that an

interaction between hydroxide layer and intercalated anion was changed with the kind of anions. FT-IR
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spectra were measured for the obtained Ni-Al LDHs to confirm the exchange of intercalated anion. Ni-Al

CO;* LDH showed a strong band at 1370 cm ™!, which is attributed to C-O asymmetric stretching vibration

of CO;%". On the other hand, the intensity of the band of 1370 cm™! considerably decreased for LDHs

obtained using anion exchange and restructuring processes. These results indicate that Ni-Al LDHs

intercalated with C1” and OH™ were obtained.

Electrical properties of Ni-Al LDHs were determined using the impedance spectroscopy. The Nyqust

plots of Ni-Al LDHs under 80 % relative humidity showed a high frequency arc and a low frequency tail.

Temperature dependence of ionic conductivities for Ni-Al LDHs intercalated with CO3*>", Cl” and OH~

under 80% relative humidity is shown in Fig. 2.3.1.2. Among them, the conductivity of Ni-Al COs?>~ LDH

is the highest at 80 °C under 80% relative humidity (1.3 x 102 S em™), and that of Ni-Al OH™ LDH is the

lowest under the same conditions (1.6 x 10™* S cm™"). These results suggest that interlayer anions

themselves may not be the conducting ion species, but the difference of the conductivity for Ni-Al LDHs

is related to the interaction between interlayer anions and water.

XRD patterns of the Mg-Al CO3* LDH and Mg-Al DS LDH are shown in Fig. 2.3.1.3. The XRD patterns

of both samples were attributed to the layered structure of LDHs. The peaks at around 11° and 23° can be

indexed as Mg-Al CO;>" LDH [18], and 3.5° and 7° as Mg-Al DS LDH [19]. These results indicate that

COs%*and DS anion are intercalated in both LDHs.

Figure 2.3.1.4 presents the FT-IR spectra of Mg-Al COs*” LDH and Mg-Al DS LDH. Mg-Al DS LDH
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prepared using the reconstruction process showed peaks at 2920 and 2852 cm™! attributed to C—H stretching

vibration of the alkyl chain of DS anion [27], and 1203 and 1058 cm ! attributed to S=O stretching vibration

of DS anion [20]. These results support the XRD result showing that DS anion was intercalated to LDH.

The absorption band at 1370 cm ™! for both samples corresponds to C—O antisymmetric stretching of CO3%

[29], which shows that Mg-Al DS LDH have a trace of CO3?" as the interlayer anion. Additionally, the peak

at 3470 cm ! is assigned to the OH™ group vibration of hydroxide layer. The peak at 1630 cm ™! is based on

H,O bending vibration of interlayer water [29].

TG-DTA was measured to investigate the thermal behavior of Mg-Al CO;?” LDH and Mg-Al DS LDH.

Figure 2.3.1.5 shows TG curves of the samples, which were kept at 80 °C, 30%RH overnight before

measurement. In Mg-Al COs?~ LDH, the weight loss at temperatures between room temperature and 250 °C

can be assigned to the loss of the adsorbed water and interlayer water of LDHs. The weight loss at higher

temperatures is assigned to the elimination of H,O from OH groups in the inorganic layer and CO» from

COs* ions [31]. Particularly, the weight loss under 120 °C is attributed to the surface water loss [31]. The

weight loss of Mg-Al CO5?” LDH under 120 °C was 3.1 mass%. That of Mg-Al DS LDH was 6.3 mass%,

which indicates that intercalation of DS anion enhances the amount of adsorbed surface water. In Mg-Al

COs?” LDH, the weight loss between 120 °C and 250 °C assigned to the interlayer water was 12.3 mass%.

The interlayer water of Mg-Al DS LDH was not measured because the organic portion of DS anion

intercalated in LDHs is removed between 150 °C and 300 °C [27]. For that reason, the ratio of interlayer
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water of Mg-Al DS LDH cannot be compared with that of Mg-Al CO;*” LDH. The weight loss at

temperatures higher than 300 °C, assigned to the elimination of H>O from OH groups in the inorganic layer

and CO, from COs? ions, is 24.7 mass% for Mg-Al COs?>” LDH and 13.1 mass% for Mg-Al DS LDH. The

small weight loss of Mg-Al DS LDH is probably attributable to the fact that Mg-Al DS LDH contains only

a trace amount of carbonate anion. Table 2. 3. 1. 1 presents the weight loss between room temperature and

120 °C, which is attributed to adsorbed water, for the samples exposed to different degrees of humidity

before TG measurements. The weight loss of Mg-Al DS LDH was twice as much as that of Mg-Al CO3>~

LDH at all relative humidities. The weight loss of both samples increased along with the enhancement of

relative humidity. The temperature dependence of the conductivities at 80%RH is depicted in Fig. 2.3.1.6.

Both Mg-Al CO5?>” LDH and Mg-Al DS LDH were found to have rather high ionic conductivity.

Figure 2.3.1.7 shows ionic conductivities of samples measured at 80 °C, 30-80%RH. At all humidities

except for 80 °C, 80%RH, the ionic conductivity of Mg-Al DS LDH was higher than that of Mg-Al CO5*"

LDH. The difference is notable, especially at low humidity. The ionic conductivity of Mg-Al COs?>” LDH

was 1.1x107* S cm™!, whereas that of Mg-Al DS LDH is 7.6x107* S cm™ at 80 °C, 30%RH. The difference

is probably attributable to the amount of adsorbed water. The amount of the adsorbed surface water of Mg-

Al DS LDH was much greater than that of Mg-Al COs2~ LDH, as confirmed by TG-DTA measurements.

The adsorbed surface water is likely to play an important role in hydroxide ion conduction.
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Table.2.3.1.1

Weight loss between room temperature and 120 °C of Mg-Al COs>” LDH and Mg-Al DS LDH

respectively kept at 30%, 50%, and 70% RH.

Relative humidity 30% 50% 70%
Mg-Al CO;2~ LDH 3.1% 33% 3.6%
Mg-Al DS LDH 6.3% 6.7% 7.2%
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2.3.2. The effect of cation of hydroxide layer on hydroxide ion conduction

The hydroxide ion conduction in LDHs is deeply related to the type of interlayer anion intercalated for the

compensation of hydroxide layer. Therefore, the hydroxide layer which interacted with interlayer anion is

also related to the hydroxide ion conduction. In addition to this, in recent years, high-entropy alloys, which

are the alloys comprising five or more elements in near equimolar ratios is highly attracted for unique

characteristics (high thermal stability and excellent specific strength). In this section, the high-entropy LDH

(HELH) was synthesized and confirmed the improvement the thermal stability and hydroxide ion

conduction.

Figure 2.3.2.1 shows the X-ray diffraction pattern of the synthesized HELH and its structural model. The

main peaks were indexed as a hexagonal cell with the lattice parameters of ¢ = 0.30553(6) nm and ¢ =

2.2966(11) nm. The c-axis was shorter than that of Mg-Al LDH, as determined by the 003 diffraction peak

(¢ =2.34 nm). Considering the ionic radii of transition metals (Co, Ni and Zn) larger than those of Mg and

Al, smaller amount of water and interlayered anions can account for shorten c-axis. Small and sharp

impurity peaks were indexed as wurtzite ZnO, although the origin of two other broad peaks at 28.86° and

33.28° was not clear. It is likely that ZnO and other impurities are thermodynamically relevant to HELH,

and further optimization of synthesis condition may achieve selective synthesis of HEDH [32].

The molar ratio of Mg:Al:Co:Ni:Zn was 1:1.00:0.996:0.993:1.00, which was close to the composition of

the precursor solution used for its synthesis. The HELH comprised divalent Mg, Ni, Zn cations and trivalent
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Al cation. The X-ray absorption spectrum of Co-K edge was close to divalent Co(NO3),, indicating the

valence of Co is close to two (Figure 2.3.2.2). Divalent Co would accompany less interlayered CO3%~ when

compared with trivalent Co to keep charge neutrality.

The scanning transmission electron microscopy (STEM) image showed hexagonal platelet crystals having

a size of 300 nm (Figure 2.3.2.3). Energy dispersive X-ray spectrometry (EDX) mapping of each element

showed a homogeneous distribution of these platelet crystals.

Figure 2.3.2.4 shows the thermogravimetric (TG) curves of HELH and some LDHs. The first and second

weight losses finished at 212 and 385 °C, respectively. These weight losses corresponded to the elimination

of absorbed/interlayer water and the decomposition of HELH into oxides with the evolution of gases,

respectively. It is worth noting that a qualitative understanding of different LDHs is difficult since each

LDH has different species of cations, anions and water. Nonetheless, a small mass loss after heating

suggested a relatively small amount of water and interlayered CO3*" compared to the other LDHs. This is

also supported by its short c-axis and divalent Co ion.

There was no significant improvement of its thermal stability as a result of increasing the entropy of its

cation site. Since it is a common strategy to produce complex oxides and high-entropy oxide by heating

hydroxides [33, 34], the product after heating of HELH is likely to be complex oxide(s) stabilized by high-

entropy effect. Assuming the reaction of this HELH into a high-entropy oxide upon heat treatment in air,

the entropy gain of reactant, HELH, can be canceled by that of product, high-entropy oxide. Thus, it would
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be difficult to design HELH with high thermal stability via high entropy effect.

Figure 2.3.2.5 shows the temperature dependence of conductivity. The AC impedance measurements were

conducted under relative humidity of 50% and 80%. The increase in temperature and relative humidity

enhanced the total electrical conductivity (as measured by the AC impedance) up to 10 S cm™. The

electrical conductivity measured by the DC polarization technique was 2x1075 S cm™' at 80 °C under 80%

relative humidity. This electrical conductivity was approximately two orders of magnitude lower than the

total electronical conductivity. Thus, it was concluded that ionic conduction was dominant in this HELH.

The ionic conductivity of HELH was lower than that of Mg-Al LDH under 50 and 80% relative humidity.

Nonetheless, the humidity dependence of conductivities on HELH was small.

Although HELH would have various local structure on 2D plain because of high-entropy cation site with

five kind of metals, this HELH does not show the significant advantage of its ion conductivity. Even though

the origin of conductivity is still under debate, the conductivity may be not dominantly affected by its local

structure but lower contents of CO3>~ and absorption water. The possible effect of impurity phase(s) on the

ion conductivity cannot be denied.
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Fig.2. 3. 2. 3 STEM image and corresponding EDX mappings of the synthesized HELH.
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2.3.3. Investigation of the hydroxide ion conducting mechanism in LDHs

Figure 2.3.3.1 shows XRD patterns of Mg-Al CO;* LDH (H>0), mixed magnesium-aluminum oxide

obtained by calcining Mg-Al CO32” LDH (H,0) at 500 °C, and restructured Mg-Al COs?>” LDH (D,0). After

the sample is calcined at 500 °C, the characteristic 003, 006 reflections based on the layered structure was

disappeared, indicating that the layered structure is collapsed by calcination. The XRD patterns of Mg-Al

CO;* LDH (H,0) and Mg-Al COs2” LDH (D,0) showed characteristic 003, 006 reflections. The basal

spacing of Mg-Al CO3?” LDH (D;O) is slightly larger than that of Mg-Al COs2” LDH (H0), indicating that

interlayer water was replaced with deuterium oxide, which is larger than water molecule.

Figure 2.3.3.2 shows TG-MS spectra of Mg-Al COs2” LDH (D,0) after drying at 100 °C. The weight loss

at temperatures below 100 °C is assigned to the loss of the absorbed water on LDHs [30]. The weight loss

at temperatures from 100 °C to 250 °C is assigned to the loss of interlayer water in LDHs, and the weight

loss at higher temperature is assigned to the elimination of H>O from OH groups in the inorganic layer and

CO; form CO;*. The TG-MS spectra for Mg-Al CO;*” LDH (D>0) showed a good correlation with

previous DTA-TG results. Weight loss attributed to D,O (m/z=20) was observed from 100 °C to 250 °C

and at temperatures above 250 °C. Weight loss attributed to CO2(m/z=44) was observed at temperatures

above 250 °C. On the other hand, weight loss attributed to H>O (m/z=18) was not observed, indicating

that interlayer water molecule in Mg-Al COs?” LDH (H20) was replaced with DO and hydroxy groups in

LDHs were OD groups. Thus, formation of Mg-Al COs?” LDH (D,0) was confirmed.
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Temperature dependence of ionic conductivity for Mg-Al CO5?~ LDH under 80%R.H. with H,O and D,O

is shown in Fig. 2.3.3.3. In the measurement under D,0O, the chamber was humidified with D>O. The

ionic conductivity of Mg-Al CO;* LDH under H>O condition showed 2.7x107 S cm™! at 80 °C.  On the

other hand, the ionic conductivity of Mg-Al CO3*” LDH under D,O condition showed 2.4x107 S cm™! at

80 °C. The ionic conductivity ratio is 1:0.91 (in H>O : in D,O). In previous reports, the ionic

conductivity of LDHs is reported to depend on its their hydration state. The hydroxide ion conduction in

LDHs needs humidified conditions and is supposed to be based on the Grotthuss mechanism through the

water in the atmosphere. If LDHs are a proton conducting material, the ionic conductivity ratio is the

same of the molecular amount: the ratio should be 1 : 0.5 (H" : D*). On the other hand, if LDHs are

hydroxide ion conducting material, the ionic conductivity ratio should be 1: 0.94 (OH™: OD"), which is in

good agreement with the observed conductivity ratio.  Thus, this result strongly suggests that Mg-Al CO;%

LDH is hydroxide ion conductor.

To investigate the hydroxide ion transport number, the water vapor concentration cell using Mg-Al CO;>

LDH (H20) as electrolyte was fabricated. As stated in previous reports, the water vapor concentration

cell results proved that Mg-Al COs?>” LDH is hydroxide ion conductor [27], and the all solid-state alkaline

fuel cell using Mg-Al CO3*” LDH as electrolyte was operated [14, 27]. However, the hydroxide ion

transport number of LDHs has not been discussed so far. Thus, the transport number of LDHs was

determined by the water vapor concentration cell with different water-vapor pressure.
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The reactions for the anion (OH") conductor at the electrodes of water vapor concentration cell are described

as follows [27].

Wet side : 2H,O + O, +4e” — 40H )

Dry side : 4OH™ — 2H,0 + O, + 4e” 2)

In case that above reaction proceeds, the following Nernst equation is consisted.

E=RT/2F - In(pH:0"/pH,0") G

The relative humidity in dry side is controlled at 10 %R.H., and then, the EMF of the cell at each water

vapor partial pressure was measured by changing the relative humidity in wet side.

Partial pressure dependence of the measured and theoretical EMF of the water vapor concentration cell

using Mg-Al COs?>” LDH as electrolyte is shown in Fig. 2.3.3.4. The measured EMF of the cell showed

the same trend as the theoretical EMF of the Nernst equation. The transport number is calculated by the

proportion of the measured EMF to the theoretical EMF. The hydroxide ion transport number of Mg-Al

CO;* LDH is estimated to be from 0.91 to 0.95, indicating that the dominant conducting ion species of

Mg-Al CO5*” LDH are hydroxide ion.

To investigate the source of hydroxide ions in LDHs, the ionic conductivity of the Mg-Al LDH-related

compounds (Mg(OH), (brucite, layered structure), MgCOs; (spherical powder), Al,(COs3)s (spherical

powder), and the mixture of Mg(OH), and Aly(COs3); with Mg/Al=3) was measured. Temperature

dependence of ionic conductivity of these compounds is shown in Fig. 2.3.3.5. The conductivity of
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Mg(OH); and MgCO; was below the measurement limit (less than 107! S cm ™) under 80%R.H., suggesting

that simple metal hydroxides with layered structure or carbonate salts with the basic element do not have

conducing ion species. On the other hand, Al,(COs)3 and the mixture of Mg(OH); and Al»(CO3); showed

rather high ionic conductivity of the order of 10 S ¢cm™! under 80%R.H., indicating that Al;(COs)s is an

ion conducting material and related to the generation of carrier.

The water vapor concentration cell using these compounds as electrolyte was fabricated and measured

EMF of these cells. Figure 2.3.3.6 shows the EMF for the water vapor concentration cell using these

compounds as electrolyte. The EMF of the cell using the cation exchange membrane is positive, whereas

that of the cell using the mixture of Mg(OH), and Al»(CO3)3, and the anion exchange membrane as well as

Mg-Al COs>” LDH is negative, indicating that Al,(CO3);is an anion conducting material and the interaction

between Aly(COs); and water in the atmosphere generates hydroxide ion as below reaction.

COs* + H,0 — HCO5 + OH™ )

Mg-Al CO;* LDH consists of cationic hydroxide layers and carbonate anion located in the interlayer

space for charge compensation of the positively charged hydroxide layers. The located carbonate anion

could generate hydroxide ion carrier in Mg-Al CO5*~ LDH.

On the other hand, Mg-Al CO3* LDH shows higher hydroxide ion conductivity of the order of the 107 S

cm ! under 80%R.H. than that of the mixture of Mg(OH); and Al,(COs);. In this experiment, the specific

surface area and molar ratio of Mg/Al (Mg/Al=3), which are related to the amount of carrier, were almost
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the same. Therefore, the structural difference between Mg-Al CO3?>” LDH and the mixture of Mg(OH)»

and Alx(COs); should be attributed to the difference in hydroxide ion conduction: Mg(OH), has layered

structure like LDHs but has no carrier.  Al»(CO3)3 has no layered structure but has ion conducting carrier.

Mg-Al CO5* LDH has both layered structure and ion conducting carrier.

To examine the conduction path in LDHs, DC polarization test was performed. To reduce the effects of

adsorbed water molecule on the surface, Mg-Al CO3>” LDH(D,0) was dried at 100 °C for 1 h in advance.

DC (0.5V) was applied to the pelletized Mg-Al CO3>” LDH (D,0), and IR spectra were measured for the

polarized Mg-Al CO;* LDH(D,0) powders. The IR spectra of the power at around the positive electrode

and the negative electrode are shown in Fig. 2.3.3.7. The band in the range from 2500 cm™! to 2700 cm ™

is attributed to O-D-stretching [35]. The band in the range from 550 cm™' to 800 cm ™! is attributed to Mg-

O and Al-O-stretching. The absorbance of O-D-stretching bands and Mg-O and Al-O-stretching bands

are shown in Table 2.3.3.1. The absorbance attributed to O-D-stretching band for Mg-Al CO;>

LDH(D,O) at the positive electrode surface is larger than that before polarization. The absorbance

attributed to O-D-stretching band for Mg-Al CO5*~ LDH(D,O) at the negative electrode surface is smaller

than that before polarization. These results show that OD™ ions are moved by the DC polarization.

Because the adsorbed water molecules on the surface was removed in advance, the surface conduction can

be ignored in this experiment, and the interlayer with D,O and CO3* should be the only ion conduction

path. Thus, the DC polarization result indicates that deuterium hydroxide ions move through the interlayer
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of Mg-Al COs2” LDH(D-0), probably by the Grotthus mechanism with D,0 in the interlayer. The high

hydroxide ion conduction in LDHs must be because of not only the attribution of the surface conduction

but also the interlayer conduction.
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Fig. 2.3.3.1 XRD patterns of Mg-Al COs>~ LDH(H,0), Mg-Al COs>~ LDH (H>0) calcined at 500°C
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Table. 2.3.3.1

Absorbance for O-D stretching band and Mg-O, Al-O stretching band of Mg-Al CO;?” LDH(D,0) before

and after DC polarization.

Absorbance Absorbance (Mg-O,  Abs(O-D)/Abs(Mg-

(0O-D) Al-O) 0, Al-O)
Mg-Al LDH reconstructed
in D,O 0.027 0.478 0.057
(before DC polarization)
Positive electrode side

0.030 0.482 0.062
(after DC polarization)
Negative electrode side

0.026 0.484 0.052

(after DC polarization)
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2.4. Summary of Chapter 2

In this chapter, various type of LDHs was prepared and the hydroxide ion conduction in LDHs were

examined. The ionic conductivity was found to be affected by the interaction forces between the host

cation layer and the interlayer anion. Mg-Al LDH intercalated with DS anions showed higher ionic

conductivity than Mg-Al LDH intercalated with CO3> under lower humidity. HEHL was synthesized and

evaluated thermal stability. Although the thermal stability of LDHs was not be improved, HEHL with a

low amount of interlayer water showed lower ionic conductivity than Mg-Al LDH intercalated with CO5>",

indicating that the interlayer water is related to the ionic conduction in LDHs. The ionic conductivity of

LDHs was also found to be affected by the amount of the interlayer water by using D>O. The DC

polarization measurements confirmed the movement of D,O between the layers. Therefore, in addition to

surface conduction, the ionic conduction mechanism of LDHs was found to be interlayer conduction.
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Chapter 3. Application of layered double hydroxides to electrochemical devices

3.1. Introduction

In electrochemical devices using alkaline electrolytes, such as fuel cells and metal—air batteries, cost

effective and environmentally friendly designs are expected [1-7]. These electrochemical devices using

alkaline electrolyte are known to be lower temperature-operating type and show high performance because

of the faster kinetics for oxygen reduction reaction (ORR). Especially in recent years, a new concept of

integrating a fuel cell and an electrolyzer together has been introduced to realize periodic energy storage

and conversion with reduces cost and increased energy density. This kind of device is so-called reversible

fuel cells [8]. The metal-air batteries are also aimed to convert into rechargeable batteries. These batteries

are expected as next-generation batteries with high energy density because of their use of oxygen in the air.

However, for a rechargeable battery using an alkaline electrolyte, several problems exist such as the

reversibility of the oxygen electrode reaction (oxygen reduction reaction (ORR) and oxygen evolution

reaction (OER)) in a reversible air electrode and the formation of solid state K,COs in the electrolyte or

electrode—electrolyte interface generated through a reaction between KOH in an aqueous solution and

carbon dioxide in the air. The solid-state carbonates precipitated in the air electrode inhibit the diffusion of

oxygen, block electrolyte pathways, reduce the effective area for the reaction, and result in expansion and

destruction of the electrode structure [2, 9-12]. Therefore, to solve above issues, electrolytes with no alkali
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metal cation are required.

Then, the performance of the reversible air electrode must be improved to support the practical use of

rechargeable metal—air batteries. About the improvement of the air electrode, an anion exchange membrane

(AEM)-type air electrode has been proposed [13]. In the AEM-type air electrode, an AEM is placed at the

interface between a catalyst layer of an air electrode and an aqueous alkaline electrolyte. The AEM is

expected to suppress the permeation of cations (K*) in the alkaline electrolyte into the air electrode and

inhibition of the carbonate precipitation at the electrode—electrolyte interface, thereby reducing degradation

of the reversible air electrode. However, the formation of triple-phase boundary regions in the air electrode

is difficult because the electrode—electrolyte interface is a solid—solid one in the AEM-type air electrode.

Therefore, a hydroxide ion conducting ionomer to form favorable triple-phase boundary regions in the air

electrode are necessary to transport OH™ ions effectively. For alkaline type batteries, many researchers are

working to prepare novel hydroxide ion conducting ionomers. However, ionomers with sufficient high

hydroxide ion conductivity and chemical durability (alkali resistance, carbon dioxide resistance etc.) have

not been developed to date [14, 15].

As shown in the previous chapter, some of LDHs show with high hydroxide ion conductivity, and thus

LDHs can be applied to electrolytes and ionomer in alkaline electrochemical devices. LDHs are also

widely studied and applied to various fields as catalysts, active materials in electrochemical capacitors or

electrodes of dye-sensitized solar cells [16-20].
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In this chapter, application of LDHs to electrolytes, ionomer or electrocatalysts in the air electrodes of

electrochemical devices is described. As the application to electrolyte of the electrochemical devices,

alkaline-type direct ethanol fuel cell and H»-O, fuel cell are studied. As the application of LDHs to

catalytic layer of the air electrodes in the electrochemical devices, oxygen reduction reaction (ORR) /

oxygen evolution reaction (OER) activity of the catalyst layers containing LDHs as an ionomer was firstly

evaluated by a half-cell using anion exchange membrane. Then the catalyst layers are applied to air

electrodes of direct ethanol fuel cells and zinc-air batteries.

First, alkaline-type direct ethanol fuel cell (DEFC) and H»-O, fuel cell, using LDHs prepared by co-

precipitation method as solid electrolyte, were fabricated and evaluated at various temperatures. Especially,

to improve the H»-O» fuel cell performance using LDHs as electrolyte, self-standing Mg-Al LDH thin

membrane was prepared using a glass paper as a support and the H»-O, fuel cell using Mg-Al LDH thin

membrane as electrolyte was fabricated.

Second, the catalyst layers with and without LDHs as an ionomer were prepared and the oxygen reduction

reaction (ORR) / oxygen evolution reaction (OER) activity of the prepared catalyst layers was evaluated

by a half-cell using the prepared catalyst layers and an anion exchange membrane. In addition, to evaluate

how LDHs affected the triple phase boundary (TPB) regions in the catalyst layers and cell performances,

DEFCs using the prepared catalyst layers were fabricated and evaluated.

Third, transition-metal-containing LDHs are expected to show catalytic activity in catalytic layer. Ni-Fe
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CO;* LDH was prepared and the electrochemical properties of Ni-Fe CO32” LDH were examined as an

electrode material because an electrode material is desirable to show higher electronic conductivity along

with ionic conductivity. To investigate the effects of the LDH addition to the reversible air electrode of the

rechargeable metal—air battery, the reversible air electrode composed of a a-MnO; catalyst, Ni-Fe LDH and

a carbon material were fabricated and ORR and OER activity were evaluated. After a rechargeable zinc—

air battery was fabricated, the electrochemical performance and stability of the reversible air electrode were

examined.

3.2. Experimental

3.2.1. Preparation of LDHs

Ni-Fe LDH intercalated with CO3>~ were also prepared by using the co-precipitation method as in section

2.2.1. Ni(NOs)2 * 6H>0 and Fe(NO3)s * 9H,O were dissolved in deionized water in a molar ratio of 3 : 1

(Ni: Fe). The mixture was dropped into 0.3 M Na>COj solution with stirring at 80 °C. The reaction mixture

pH was adjusted to 10 by the addition of 2 M NaOH solution and the mixture was aged at 80 °C for 17 h.

Then, the resulting yellow precipitates were filtrated, washed with distilled water, and dried at 80 °C. As

for Mg-Al LDH and Ni-Al LDH, the one prepared in section 2.2.1 were used.

3.2.2. Fabrication of LDH thin membrane for electrolyte in H»-O, fuel cell

Thin Mg-Al LDH membrane was fabricated using the Mg-Al LDH re-dispersed solution and a glass paper.
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The obtained Mg-Al LDH powder by the co-precipitation method was re-dispersed into distilled water.

Then, glass paper provided by Nippon Sheet Glass Co. Ltd., (C-glass fibers, nominal thickness of 50 um,

about 90% porosity) was immersed into the Mg-Al LDH re-dispersed solution. The immersion into the

solution was not held. After removal from the solution, with withdrawal speed of 3 mm s°!, the glass paper

with LDH precipitates was dried at 50 °C for 1h. This immersion-drying procedure was repeated five times

because the dense Mg-Al LDH thin membrane was not obtained by the immersion less than five times.

Consequently, the crystals were deposited in the inside and surface of the glass paper, and the self-standing

Mg-Al LDH thin membrane was obtained. The thickness of the Mg-Al LDH thin membrane was measured

by a micrometer with the error of 5% or less. The membrane was pressed from both sides before the

conductivity and fuel cell evaluations. Pelletized Mg-Al LDH powder electrolyte was also prepared for

comparison, by mixing Mg-Al LDH powder and 5 wt% polytetrafluoroethylene (PTFE) or 10 wt% PTFE

as binder for pellet molding. The thickness of Mg-Al LDH thin membrane with the glass paper was about

150 pm and that of pelletized Mg-Al LDH powder was about 250 pm.

3.2.3. Fabrication of DEFCs

A passive-type DEFC was fabricated using pelletized LDH powder as an electrolyte. The anode and

cathode electrodes with non-Pt catalysts (Hypermec; ACTA S.p.A.) on nickel form and carbon cloth were
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used respectively. The amount of loaded non-Pt catalysts is 1.9 mg cm 2. The pelletized LDH powder was

sandwiched with the two electrodes and the gold-plated current collectors that were attached with cell

fixtures. An aqueous solution of ethanol and potassium hydroxide was used as fuel and the cathode was

exposed to air. Polarization performances were measured using potentiostat and galvanostats (Autolab,

PGSTAT30) at 50-80 °C.

3.2.4. Fabrication of H»-O, fuel cell

To evaluate the fuel cell performance of the Mg-Al LDH thin membrane as electrolyte, a H,-O, fuel cell

was fabricated using the pelletized Mg-Al LDH powder or Mg-Al LDH thin membrane as electrolyte as

shown in Fig. 3.2.4.1. The anode electrode catalyst was prepared by mixing Pt/C (EC-20-10-10;

Electrochem Inc.), Mg-Al CO;>” LDH and PTFE as a binder with a weight ratio of 1:1:0.6. The cathode

electrode catalyst was prepared by mixing Pt/C, Ni-Al CO;>” LDH and PTFE with the same ratio as anode

electrode catalyst. Catalysts were loaded on a carbon sheet by painting the catalyst ink. In this study, the

loading amount of Pt was 1.9 mg cm™2, the LDH loading amount as ionomer was the same amount as the

Pt catalyst. Then, these electrolytes were sandwiched with the prepared catalyst layers on carbon sheet. The

cell performance was measured at 60 °C by exposing a flow of 25 mL min~! humidified H, gas to anode

side and 50 mL min~! humidified air to cathode side.
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Fig.3.2.4.1 Schematic illustration of H,—O> fuel cell.
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3.2.5. Evaluation of the ORR and OER activity of catalyst layers with LDHs

Effects of LDHs to the TPB regions in catalyst layers were evaluated using a half cell using an AEM

(AHA; Tokuyama Corp.) as presented in Fig. 3.2.5.1 [21]. The catalyst inks were prepared by mixing Pt/C

(EC-20-10-10; Electrochem Inc.), LDH and PTFE as a binder with a weight ratio of 1 : 1 : 0.6. The optimum

amount of ionomer should depend on the Pt catalyst loading in the catalyst layer. In the study on the

influence of Nafion loading on performance of PEFC, the optimum amount of Nafion ionomer is reported

to be about 0.8-1.1 mg cm™? in the case of Pt loading amount of 0.4 mg cm 2 [22, 23]. Although LDH

crystals are rather easy to change shape and size, a formation of favorable contact interface with other

electrode materials is rather difficult, compared with Nafion ionomer. In this experiment, the Pt loading

amount is 1.9 mg cm2, the loading amount of LDH as ionomer was over 3.8-5.2 mg cm 2 for increasing

TPB regions. Catalyst layers were formed by pasting catalyst ink on a carbon cloth (EC-CCI1-T). ORR

activity of fabricated electrodes in this way was evaluated in three electrode cell with 1 M KOH solution,

and Hg/HgO electrode and Ni plate as reference and counter electrode, respectively. With the half cell,

steady-state polarizations were measured at 5 mV s! in a potential range from -1.0 V to 0.2 V (v.s. Hg/HgO).
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Fig.3.2.5.1 Schematic representation of half-electrode electrolyte assembly.
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3.2.6. Preparation of 0-MnQO, and fabrication of Zn-air secondary battery

a-MnO; as a bi-functional catalyst for ORR and OER was prepared using a hydrothermal treatment [24].

Mn(SOs4) « SH>0 and KMnO4 were dissolved in deionized water in a molar ratio of 5 : 13. The mixed

solution was stirred magnetically to form a homogeneous mixture, which was transferred into a Teflon-

lined stainless steel autoclave with subsequent heat treatment of 140 °C for 2 h. The obtained precipitation

was filtered and washed with distilled water, and then dried at 80 °C for 6 h. The XRD pattern of the

precipitation was indexed as that of a-MnO,, which showed that a-MnO, can be prepared.

Then, for a rechargeable metal—air battery, a reversible air electrode using o-MnQO> as a catalyst was

fabricated in the same way described above. The catalyst ink was prepared by mixing the prepared a-MnO»,

Ni-Fe CO;>” LDH, Vulcan carbon as a conductive additive, and PTFE as a binder with a weight ratio of 1:

10: 2: 0.6. The ratio of Ni-Fe CO3?>~ LDH and Vulcan carbon was decided such that these materials have

almost identical volume to percolate ionic and electronic conducting paths in the catalyst layer

homogeneously. As described above, the catalyst inks were pasted on the carbon cloth. The electrochemical

properties of the prepared reversible air electrode were investigated using the half cell. Electrochemical

tests and the electrochemical impedance spectroscopy measurements of the prepared reversible air electrode

were conducted at room temperature using a charge—discharge measuring device (BTS-2004; Nagano Co.

Ltd.) and an impedance analyzer (PGSTAT30; Autolab). Charge—discharge performance was assessed

respectively at current densities of 10 mA cm™ (400 mA g™') and cut-off capacity of 400 mAhg™'. The
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observed capacity was normalized by the weight of the catalyst. Impedance measurements of the air

electrode during discharging were conducted from 100 kHz to 0.01 Hz at -0.3 V (vs. Hg/HgO). A

rechargeable zinc—air battery was fabricated using the cell described above. The prepared reversible air

electrode for a positive electrode, a zinc pellet prepared by pressed zinc powders at 500 MPa for a negative

electrode, and a | M KOH aqueous solution saturated ZnO for an electrolyte were used in the rechargeable

zinc—air battery. The polarization curves of the rechargeable zinc—air battery were then examined using a

potentiostat and galvanostat (PGSTAT30; Autolab) at room temperature.
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3.3 Results and discussion

3.3.1. Evaluation of the performance of the DEFC using LDHs as electrolyte

Alkaline-type DEFC using Ni-Al CO3;*” LDH as an electrolyte was fabricated as one of the applications.

Figure 3.3.1.1 shows the cell performance for a passive-type DEFC using Ni-Al CO;*>” LDH as an

electrolyte at 50-80 °C.  The open circuit voltage of the cell was about 0.82 V, indicating that crossover of

ethanol to the cathode side is sufficiently small. The maximum power density was 70 mW cm 2 at 80 °C.

These results that Ni-Al COs?>” LDH worked as an electrolyte of DEFC supports that Ni-Al COs>~ LDH is

a hydroxide ion conducting material.
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Fig. 3. 3. 1. 1 Performance of the DEFC using Ni-Al LDH intercalated with COs?" at various

temperatures.
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3.3.2. Characterization of Mg-Al LDH thin membrane

Figure 3.3.2.1 shows XRD patterns of the Mg-Al COs?>” LDH powder obtained by coprecipitation method.

The XRD patterns of the sample showed characteristic 003, 006, 0012, etc. reflections attributed to the

layered structure of LDHs.

Figure 3.3.2.2(a) shows scanning electron microscope (SEM) image of cut-surface of the glass paper used

in this study. The glass paper is non-woven fabric and consists of glass fibers with a diameter of about 5

pm and 0.5 um. Figure 3.3.2.2(b) shows the image of the obtained Mg-Al LDH thin membrane. Mg-Al

LDH particles were confirmed to be deposited on the inside of the glass paper. The deposited Mg-Al LDH

crystals in the inside of the glass papers are physically attached with the glass fibers.

Figure 3.3.2.3 show surface SEM images of Mg-Al LDH thin membrane with the glass paper support and

the pelletized Mg-Al LDH powder. The surface of the pelletized LDH powder (Fig. 3.3.2.3(b)) is rather

smooth. This may be because shape and size of LDH crystals are rather easy to be changed by pressing.

On the surface of the pelletized sample, the presence of mixed PTFE binder is also confirmed. However,

some cracks are present on the surface. On the other hand, in Mg-Al LDH thin membrane (Fig. 3.3.2.3(a)),

Mg-Al CO5*” LDH powder was deposited on glass paper, and LDH hexagonal particles were well oriented

parallel to the plane of glass paper. The characteristic morphology of Mg-Al LDH thin membrane

electrolyte and the pressure bonding in fabrication of membrane-electrolyte assembly for fuel cell are

expected to result in dense structure and high gas barrier property.

-77 -



Electrical properties of the pelletized Mg-Al LDH powder and Mg-Al LDH thin membrane were

determined using the impedance spectroscopy. The temperature dependence of the ionic conductivities

under 80% relative humidity for the pelletized Mg-Al LDH powder and Mg-Al LDH thin membrane is

shown in Fig. 3.3.2.4. The ionic conductivity of Mg-Al LDH thin membrane is almost the same as that

of the pelletized Mg-Al LDH powder. Mg-Al LDH on glass paper seems to connect each other. Thus,

the moderate difference of the conductivity may be because of the decrease of the grain boundary resistance.

Alkaline-type H»-O, fuel cells using the pelletized Mg-Al LDH powder with PTFE binder and Mg-Al

LDH thin membrane as electrolyte were fabricated. Figure 3.3.2.5 shows the cell performance for the

alkaline-type H>-O; fuel cell under 80% relative humidity. The H>-O; fuel cell using Mg-Al LDH thin

membrane as electrolyte showed open circuit voltage (OCV) of more than 0.9V, indicating that the thin

membrane with well-oriented Mg-Al LDH crystals has high gas barrier property. The H»-O; fuel cell using

Mg-Al LDH thin membrane as electrolyte showed higher cell performance than the cell using pelletized

Mg-Al LDH powder. The maximum power density of the H»-O, fuel cell using Mg-Al LDH thin membrane

was about 5 times higher than that using pelletized Mg-Al LDH powder. The effect of PTFE content in

the pelletized electrolyte on the cell performance is much smaller at the same experiment. Therefore, the

improvement of the cell performance must be because of the smaller thickness in the Mg-Al LDH thin

membrane. The better performance should mainly be attributed to the lower resistance of the electrolyte.

For detail analysis of the high cell performance using Mg-Al LDH thin membrane as electrolyte, the
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impedance spectra under the cell working condition were measured. Figure 3.3.2.6 shows the impedance

plot under the cell working condition. The intercept in high frequency range is electrolyte resistance

because this value is almost proportional to the thickness of the electrolytes. The circle in low frequency

range is attributable to the overlap of activation overpotential and concentration overpotential [25, 26].

The impedance plot of H»-O, fuel cell using Mg-Al LDH thin membrane as electrolyte shows that

electrolyte resistance is small compared to the pelletized Mg-Al LDH powder. The circle in the H»-O,

fuel cell using Mg-Al LDH thin membrane as electrolyte in low frequency range is rather small, indicating

that the concentration overpotential is also lowered.

The glass paper is proved to be very effective support for making thin electrolyte membranes for fuel cells.

Thin membrane with smaller thickness or larger area can be prepared by using an appropriate glass paper.

This procedure can also be applied to a separator of other all solid-state electrochemical cells, such as all

solid-state lithium batteries, by using powder of solid electrolytes.
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Fig.3. 3. 2. 1 XRD patterns of the obtained Mg-Al LDH intercalated with CO3*".
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Fig. 3. 3. 2. 2 Cross-section SEM images of the glass paper (a) and the obtained Mg-Al LDH membrane

(b).
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Fig. 3. 3. 2. 3 Surface SEM images of Mg-Al LDH thin membrane (a) and pelletized Mg-Al LDH powder

(b) with 10% PTFE binder.
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Fig. 3. 3. 2. 4 Temperature dependence of the ionic conductivity of Mg-Al LDH thin membrane and

pelletized Mg-Al LDH powder.
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Fig. 3. 3. 2. 5 Performance of H,—O, fuel cells using Mg-Al CO5?>~ LDH thin membrane (without PTFE)
using the glass paper as support medium, and Mg-Al COs?>~ LDH pellet containing 5, 10 wt.% PTFE as a

binder.
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Fig. 3. 3. 2. 6 Nyquist plots of H,—O; fuel cells using Mg-Al CO;*” LDH thin membrane using the glass

paper as support medium and Mg-Al CO5?>~ LDH pellet containing 5, 10 wt.% PTFE as a binder at 0.6 V.
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3.3.3. Effect of LDHSs addition as an ionomer to catalytic layer and evaluation of DEFC cell performance

using catalytic layer with LDHs

To investigate the effect of LDHs addition as an ionomer to the catalyst layer, the ORR respective activities

of catalyst layers composed of Pt/C only, Pt/C + Mg-Al COs>” LDH, Pt/C + Ni-Al COs*>" LDH, and Pt/C +

Ni-Fe CO;2” LDH were evaluated. The steady state polarization curves of the half cell using the prepared

air electrodes with different catalyst layers are shown in Figure 3.3.3 1. Current density for ORR below 0

V (vs. Hg/HgO) in the catalyst layers with LDHs is higher than that without LDHs. The air electrode with

Ni-Fe CO3>” LDH shows the highest ORR current density of all. In this experiment, the Ni-Fe COs?>” LDH

addition to the catalyst layer is even more effective than the Ni-Al COs>” LDH addition to the catalyst layer,

although Ni-Fe CO32” LDH provides lower ionic conductivity than Ni-Al CO;>~ LDH. The result suggests

that the electronic conductivity of an ionomer mixed to the catalyst layer is extremely important. An

electrode material with both high ionic and electronic conductivity is desirable to form more favorable

triple-phase boundary regions. Therefore, Ni-Fe CO3>~ LDH with high ionic and electronic conductivity

functions more effectively as an ionomer.

In subsequent experiments, the Ni-Fe CO3?~ LDH, which mostly contributed to the improvement of the

air electrode performance, was used as an ionomer. Steady state polarization curves of the prepared

reversible air electrodes are shown in Fig. 3.3.3.2. Reversible air electrode with a-MnO; as catalyst shows

higher ORR current density at -0.8 V(vs. Hg/HgO), higher OER current density at 0.8 V(vs. Hg/HgO), an
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increase in onset potential for ORR to -0.10 V(vs. Hg/HgO) and a decrease in onset potential for OER to

+0.5 V(vs. Hg/HgO), compared to that without a-MnO; . These results show that a-MnO, has catalytic

activity for ORR and OER. The addition of Ni-Fe CO3>" LDH to the catalyst layer of the reversible air

electrode using a-MnO; as catalyst decreased the Tafel slope of the polarization curves, indicating that Ni-

Fe CO;*>~ LDH formed more favorable triple-phase boundary regions and facilitated the electrode

reactions (ORR and OER). Furthermore, the addition of Ni-Fe CO;>" LDH to the catalyst layer of the

reversible air electrode shifted the onset potential slightly for ORR and OER. The LDHs containing

transition metal are electroactive materials, and electrocatalytic activity of the LDHs is expected. In fact,

some reports have described that the LDHs containing transition metal display good electrocatalytic activity

for methanol oxidation and OER via an internal redox in LDHs [27, 28]. It is also reported that LDHs

containing iron showed a good H,O» decomposition activity [29]. An ORR on MnO is produced via a two-

electron pathway producing H,O» ions [30, 31]. Therefore, Ni-Fe CO;*>* LDH can function as

electrocatalysts to decompose the produced H»O», and the addition of Ni-Fe CO3>” LDH to the catalyst

layer of the reversible air electrode must contribute to improve the catalytic activity for oxygen electrode

reaction, and facilitate the oxygen electrode reaction. Actually, the reversible air electrode without catalysts

was prepared and examined using steady-state polarization. Ni-Fe CO32~ LDH showed the electrocatalytic

activity as shown in Fig. 3.3.3.3.

To understand the effects of the addition of Ni-Fe CO3*” LDH to the catalyst layer in the reversible air

- 87 -



electrode, the electrochemical impedance was measured during the air electrode discharge at -0.3 V (vs.

Hg/HgO). Figure 3.3.3.4 presents impedance profiles of the air electrodes at -0.3 V (vs. Hg/HgO). Nyquist

plots of the air electrodes show a semicircle in the low frequency region. In previous impedance studies of

rechargeable metal—air batteries, two semicircles at high-frequency and low-frequency regions were

reported as contributing respectively to the solid—electrolyte interface resistance and the charge transfer

resistance [32]. In the present experiment, the electrode — liquid electrolyte interface resistance at the high

frequency region is exceedingly small: the resistance is regarded as negligible [32, 33]. Consequently, the

observed semicircle at low frequency is attributable to the charge transfer resistance. The reversible air

electrode with Ni-Fe CO3;*” LDH shows much smaller charge transfer resistance than that without Ni-Fe

CO;*~ LDH, indicating that Ni-Fe COs?>~ LDH formed the reactant and product transport path in the

reversible air electrode and that it facilitates electrode reactions (ORR and OER).

The charge—discharge curves of the reversible air electrode with and without Ni-Fe CO3?~ LDHs are shown

in Fig. 3.3.3.5. Reversible air electrodes show capacity higher than 400 mAhg !, indicating that the catalytic

ORR and OER reactions occur in the reversible air electrodes. The addition of Ni-Fe CO32~ LDH to the

catalyst layer of the reversible air electrode increases the discharge potential and slightly decreases the

charge potential compared to that without Ni-Fe CO;*" LDH. The results of the charge—discharge

measurements are good agreement with the steady-state polarization measurements (Figure 3.3.3.2). The

X-ray diffraction pattern of the LDH in the prepared catalyst layer before and after charge and discharge
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experiments had no change, indicating that the oxidative and reductive decompositions of LDHs had not

occurred.

Alkaline-type DEFC using anion exchange membrane as an electrolyte and the prepared electrodes was

fabricated to confirm the effect of LDHs addition to the catalyst layer. Figure 3.3.3.6 shows the cell

performance for the passive-type alkaline DEFCs. Although the complete conversion of ethanol to CO is

difficult, the catalytic activity of ethanol is dependent on temperature. Therefore, DEFC performance test

was evaluated at relatively high temperature (80 °C). The DEFC using catalyst layers with LDHs showed

higher cell performance than the DEFC using catalyst layer without LDHs, in accordance with the obtained

results for evaluation of ORR activity. The DEFC using catalyst layers with LDHs showed higher cell

performance than the DEFC using catalyst layer without LDHs, in accordance with the obtained results for

evaluation of ORR activity. The maximum power density of the DEFC using catalyst layer with Ni-Al

CO5* LDH was about 2 times higher than that using catalyst layer without LDHs. The better performance

was attributed to construction of more favorable TPB regions, which enhanced the electrode reactions and

reduced activation overpotential.
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Fig. 3. 3. 3. 2 Steady-state polarization curves for the oxygen reduction reaction activity and oxygen

evolution reaction of the reversible air electrodes with or without LDH.
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COs>” LDH.
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Fig. 3.3.3.5 Charge—discharge curves of reversible air electrodes with or without Ni-Fe CO;>” LDH.
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Fig. 3. 3. 3. 6 Performance of the DEFC using the electrodes with LDHs as ionomer or without LDH at

80 °C.
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3.3.4. Evaluation of Zn-Air secondary battery using the AEM-type reversible electrode with Ni-Fe LDH as

ionomer

Figure 3.3.4.1 presents the cell performance for the rechargeable zinc—air battery using the reversible air

electrodes with or without Ni-Fe CO3;*” LDH as a positive electrode. The cell using the reversible air

electrode with Ni-Fe CO3;*” LDH demonstrates a larger charge and discharge current density compared to

the cell without Ni-Fe CO3?” LDH. The result proves a great advantage with respect to improvement of the

charge—discharge efficiency and catalyst stability during battery cycling at the constant current density.

To investigate the reversible air electrode stability, a charge—discharge cycle test was performed using

the half cell as shown in Fig. 3.3.4.2. A reversible air electrode with Ni-Fe CO3>” LDH operated stably

during 40 cycles. A slight increase of the overpotential is observed over 40 cycles. Because the oxidative

decomposition of a-MnO, was not confirmed in the experimental potential range, degradation of the

reversible air electrode might be accelerated by carbon corrosion [34, 35]. In the steady-state polarization

measurement, oxidation and reduction peaks for Ni-Fe CO3?>~ LDH decomposition were not observed in the

experimental potential range. Consequently, Ni-Fe CO3*~ LDH in the reversible air electrode is expected to

remain stable in the reversible air electrode. Transition metals containing LDHs (Ni-Fe COs?~ LDH)

facilitated the ORR and OER in the air electrode with limited influence of CO; in the atmosphere. In

addition, Ni-Fe COs?~ LDH exhibits catalytic activity for ORR and OER. Consequently, transition-metal-

containing LDHs with mixed conductivity are anticipated as promising materials for use in reversible air
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electrodes of rechargeable metal—air batteries.
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Fig.3.3.4.1 Performance of the rechargeable zinc—air battery using electrodes with LDH as an ionomer
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cycled 40 times.
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3.4. Summary of Chapter 3

DEFC using LDHs as electrolyte was fabricated and evaluated the cell performance. The DEFC using

LDHs as electrolyte was able to operate under 80% R.H.

Self-standing Mg-Al LDH thin membranes were prepared using a glass paper as support. The H»-O»

fuel cell with using the Mg-Al LDH thin membrane as the separator showed high OCV, indicating that

Mg-Al LDH thin membrane has high gas barrier property. The H»-O, fuel cell showed higher cell

performance compared with the H,-O, fuel cell using the pelletized Mg-Al LDH powder. These results

indicate that the glass paper is very effective support for making thin Mg-Al LDH electrolyte membrane.

Ni-Fe COs* LDH showed high hydroxide ion conductivity of the order of 10 S cm™! and exhibited

higher electronic conductivity (7x107° S cm") than that of Mg-Al CO3?” LDH or Ni-Al COs?” LDH. The

air electrode using Ni-Fe COs?>” LDH with high ionic and electronic conductivity showed the best

performance of all other air electrodes prepared in this study, indicating that Ni-Fe COs?>~ LDH formed

more favorable triple-phase boundary regions and that the electrode reaction in the air electrode was

facilitated more effectively. The steady state polarization measurements indicate that Ni-Fe CO3*~ LDH

has catalytic activity for ORR and OER. The DEFC using catalytic layer with LDHs and the rechargeable

zinc—air battery using the reversible air electrode with Ni-Fe CO3*” LDH as a positive electrode showed
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high performance, and the reversible air electrode of zinc-air rechargeable electrode operated during 40

cycles. These results indicate that the addition of LDHs to catalyst layer hydroxide ion is effective to

construction of favorable TPB regions in the catalyst layer. Among various LDHs, Ni-Fe CO32” LDH with

hydroxide ion conductivity, electric conductivity and catalytic activity is the most promising material as

multifunctional ionomer with limited influence of CO> for alkaline type batteries.
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Chapter 4

General Conclusions
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4. General Conclusions

4.1 General Conclusions

In this dissertation, detailed study of hydroxide ion conduction in layered double hydroxides (LDHs) is

described. Application of LDHs to several types of alkaline electrochemical devices is also stated.

Because LDHs are inorganic clay materials, these materials and electrochemical devices are expected to

have advantages for chemical or thermal stability.

Ionic conduction in LDHs is found to be affected by the composition of LDHs, indicating that the

interaction between the host cation layer and the interlayer anions plays important role to the ionic

conduction in LDHs. The ionic conduction species of LDHs were evaluated by the water vapor

concentration cell. The electromotive force (EMF) of the cell using the anion exchange membrane as well

as LDHs is negative. The measured EMF of the cell showed the same trend as the theoretical EMF expected

from the Nernst equation. These results prove that the dominant conducting ion species of LDHs are

hydroxide ion. Since high hydroxide ion conduction in LDHs need the presence of the absorbed water and

interlayer water, the hydroxide ion conduction mechanism is considered to be the Grotthus mechanism

using hydrogen bond with water molecules. The investigation of hydroxide ion conduction in LDHs using

D,0O showed that the high hydroxide ion conduction in LDHs must be because of not only the attribution

of the surface conduction but also the interlayer conduction.

Alkaline-type fuel cells using LDHs as electrolyte were fabricated and evaluated the cell performance.
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Direct ethanol fuel cells and H»-O- fuel cells using LDHs as electrolyte were able to operate under 8§0%

R.H. Self-standing Mg-Al LDH thin membrane was prepared using a glass paper as support. The

performance of the H»-O, fuel cell using the Mg-Al LDH thin membrane was improved because of the

decrease of the electrolyte resistance and the concentration overpotential.

In the air electrode in the half cell, using hydroxide ion conducting LDHs as ionomer, the oxygen reduction

reaction (ORR) and oxygen evolution reaction (OER) activities were improved, in comparison with those

of the air electrode without LDHs. This indicates that LDHs in the electrodes formed more favorable

triple-phase boundary regions and that the electrode reaction in the air electrode was facilitated more

effectively. The air electrodes were applied to alkaline-type fuel cells and Zn-air secondary battery. In the

Zn-air battery, the air electrode with transition metal containing Ni-Fe CO3>~ LDH as ionomer showed the

best performance among all other air electrode.

In conclusion, LDHs intercalated with CO3%~ shows high ionic conductivity under humidifying conditions,

and the dominant conducting ion species are hydroxide ions. The ionic conductivity of LDHs were

considered to be influenced by the interaction between the host cation layer and the interlayer anion. The

interlayer anion and interlayer water, the interlayer water and surface-adsorbed water were considered to

be the hydroxide ion conduction pathways. In addition, LDHs can be used as an electrolyte and ionomer

for alkaline fuel cells and metal-air batteries, and the use of LDHs can improve the performance of those

electrochemical devices.
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4.2 Future Prospects

Hydroxide ion conducting LDHs studied in the present study contains carbonate anion in the interlayer, and

these LDHs are considered to have high stability against atmospheric CO, because LDHs contain carbonate

ions in the structure beforehand. The results of each cell performance in the present study do not show any

structural or property degradation of LDHs over a long cycle, indicating that LDHs are promising material

as a hydroxide ion conductor and a potential solution to the problems of electrochemical devices using

alkaline electrolytes.

Further investigation of the factors affecting the electrochemical properties of LDHs will enable us to

improve the hydroxide ion conductivity and design the material as a multifunctional material, which will

further expand the range of electrochemical device applications using alkaline electrolytes.
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