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Chapter 1

General introduction

1-1. Outline and the present situation, solid electrolytes

The conduction of metals and semiconductors is due to the flow of electrons or
holes, whereas the conduction of liguids such as a salt water and dilute sulfuric acid is
due to the migration of ions. The existence of solid materials which conduct
electricity by the migration of ions is also known. Such a solid ionic conductor is
called a solid electrolyte. In general, solids exhibit low ionic conductivity. The ionic
conductivities of saolid electrolytes lie in the range of 10°! to 10'S-cm!, which ave close
to those of salt water and dilute sulfuric acid. Although most jonic crystalline
materials show relatively high ionic conductivities at their melting points, these
materials are not generally classified as solid electrolytes. Materials which are
termed the solid electrolytes are rarely found in nature. Most of these matevyials have
been synthesized in the laboratory. The fact that ions move in solids has been known
for a long time, the study of "solid state ionics" is bowever relatively recent. and early
reports appeared in the first half of 1960.

A solid electrolyte has generally one conducting 1on specie. To date,
approximately fifteen conducting ion species are known, These are the mono- or
divalent ions. Both cations and anions can play a vole as a carrier. Kxamples of the
former (cations) are silver(Il). copper(Il), alkali metal(I), and hydrogen (proton) ions,

and those of the latter (anions) are oxide and fluoride ions.

1-1-1. Silver and copper ionic conductor
The representative silver ionic conductor 1s @ -Agl. [t shows a high ionic

conductivity (2x10°S-em? at 200C) above 146°C because it has an average structure

above this temperature [1]. It is generally known that such a high temperature




average structure is also realized near room temperature by partially substituting Ag’
or I of Agl by other cations or anions. Based on this strategy. materials which show
high conductivity at a relatively low temperature have been developed by a number of
groups. RbAguls (3x10%S-cm! at R.T.) is an example of a cation-substituted material
and AgaSBr (2x104S-e¢m! at R.T.) is an example of an anion-subtituted material {2,3].
Moreover, substitutions of both cation and anion at the same time 1s possible, e.g.,
RbAgiluiCN (1.8x10%S-em! at 25C) [4.5]. It has also been reported that rapid
gquenching after the oxo ion containing materials are melted lead to the formation of
vitreous structure vesulting in the high conductivities, e.g., 3Agl - AgaMoOs
(2.1x102S-em! at R.T.) [6]. Silver §-alumina (AgAlnOi7, 6.7x10%S em? at 25C)
and silver chalcogenide based (Ag=Se)oszs(AgPOsoors (1.3x10'S-em'! at 25C) ave
peculiar silver 1onic conductors which do not contain Agl [7].

Most of the copper ionic conductors consist of copper halide and ammonium ions,
which have limitations such as low conductivity and heat-resistance. lonic
conductors composed of only inorganic components, RbiCuisClislz and RbCusClalz, ave
also known [8]. Much attention is being paid to the development of these types of
ionic conductors because of their high conductivities, e.g., RbaCuisl; (3.4x10'S-em!

at 25°C).

1-1-2. Alkali metal ionic conductor

Typical carriers of alkali metal ionic conductors are lithium ion (Li*), sodium ion
(Na") and potassium 1on ([*).

- Lithium ionic conductor -

Because Lithium is a light element, the lithium ionic conductor is useful as a solid
clectrolyte of the high energy density cell. [For example, Lil-Al2Oz which has a
conductivity of about 10-3S+em-! at R.T. has been utilized as the solid electrolyte of the
small special cell [9]. The most interesting material is LisN which has a layer
structure [10]. In the LisN, one N* is surrounded by six lateral Li* ions, 1 to 2% of

which are missing. Because of these lattice defects, Li* ions can move easily in the

lateral direction [11]. The conductivity in the lateral direction is about 109S-em! at
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room temperature, which is one of the highest valuves reported thus far for Lithium
ionic conductors. However, there are some problems : (1) LisN is easily hydrolyzed by
moisture, and then ammonia generates, and (2) the conductivity of polycrystalline
LisN is low. The conductivities of P2S5-LizS-Lil glass, B2Ss-LiaS-Lil glass and
LizXClis (X=Mg, Mn or Fe) are comparable to that of LisN, but these are also unstable
to moisture [12-14]. Many studies on lithium ionic conductors of the double oxide and
oxo salt system have also been undertaken. As these types, LISICON (Lithium Super
Ionic Conductor, LiiZn(GeO4)s) is well known. This has a three dimensional
reticulate structure similar to that of NASICON (Sodium Super lonic Conductor,
NaaZr2SizPO12). The conductivity of LISICON is 1.2x10-!S:em! at 300C but low at
room temperatuve {about 10%S - cm'') |15). The conductivity at 25 ¢ for
(LizPO1o5(Li1sSi0g0s is also low (4x10%S-em™) [16]. Recently, LiisMosTiis(PO4)3
(M=Al, Se, Y or La) and LiTiz(PO4)s-Li3sPOs which show conductivities of more than
10'S-em'! have been developed [17,18]. REon3LiosTi0Oz (RE=La, Pr, Nd or Sm) having
the perovskite type structure has also been examined [19]. (The conductivity of
LaosliosTiOs 1s 1x103S-em ! at 30C )
- Sodium ionic conductor -

{i-alumina is well known as a sodium ionic conductor. The materials of this
group are expressed by the following chemical equation :

A =1i, Na, K. Rb, Ag, T}, ---
A20-nB:20s3 B = Al, Ga, Fe, ---
n=>511

Sodium [ -alumina has a layer structure, in which sodium ions is located in the
interlayer between spinel blocks formed by the Al-O bonds. It shows a high
conductivity (1.4x102S-em! at 25C (single erystal)) because sodium ions can move
along the layer [20.21]. Another group, [ "-alumina, a representatives of which is
Na=0-5.33A1203 also exists. The conduction mechanism of j3“-alumina is the same
as that of §-alumina. PFurthermore, the conductivity of 3 "-alumina is higher than
that of [ -alumina but its stability is low [22]. Incidentally, sodium ions in

3 -alumina can be substituted by other cations and some cation-substituted



i -alumina's exhibit high conductivities. Recently, NASICON has also attracted
attention[23]. NASICON as well as LISICON is a type of ion exchanger. The
corners of POy tetrahedra and Si101 tetrahedra ave shared with those of ZrOg octahedra
to give the three dimensional reticulate structure. Sodium ions are located in the
relatively large spaces (the so-called conduction channel) formed in these reticulate
structures and hence can move freely to give high conductivity compared to that of
S -alumina. The principal advantages of NASICON can be summarized as follows :
(1) NASICON can be sintered at about 1200°C, whereas the sintering temperature of
£ -alumina is greater than 16007C, (2) NASICON is stable in moist air and in water,
and (3) NASICON based on the Zr-poor composition NaszasZrisPosoSiz2001085 and
prepared from alkoxide derived gels is stable even in molten sodium [24]. [t 1s
interesting to note that the conductivity of Na+xHfsSixP3.xO012 (X=1.4-2.8) prepared by
the veplacement of Zr of NASICON by Hf is 1.5 times that of NASICON [25]. Also,
NasRESi41012 (RE=Sm, Gd, Tb, Dy, Y, Ho, Ex, Tm, YD, Lu or S¢) with a similax crystal
structure to that of NASICON has been developed and its conductivity (10%-10"'S*cm!
at 300°C) is close to that of NASICON [26].

- Potassium ionic conductor -

Potassium ionic conductors which exhibit conductivities as high as those of
lithium or sodium ionic conductors have not been developed yet. Although
KxMgxn2Tis.x2016 with a hollandite type structure (one dimensional tunnel structure)
have been known for a long time, its conductivity is not so high (less than 10*S-cm!
at 300C) [27]. KeO-6Fe203 and K:0-5.2Fez03°0.8Z2n0O have a two dimensional
structure similar to that of 3 -alumina and show relatively high conductivities [28,29].
However, K:O-:6Fe204 is a mixed conductor and the potassium ionic conductivity is
only 1.5% of the total conductivity, while the electronic conductivity of
K20+ 5.2Fe202-0.8Z2n0 is neglible, although the conductivity is 1.8x10*S-cm! at
300C. KisMgoosSiios0s (3.6x102Sem'! at 300°C) having the three dimensional
structure, and Ko7zIno7zHfo2502 (1.0x102S - em! at 300C) and Korzlnoz2Sne2s0:
(2.2x10%S - em’! at 300 C) with a layer structure are reported to show high

conductivities [30,31]. Potassium /3 -alumina is also a potassium ionic conductor but



its conductivity (6.5x109S-cmy! at 25C (single crvstal)) is significantly lower than that
of sodium /3 -alumina and the activation energy for conduction is higher [32]. The
difference in conductivity between potassium f-alumina and sodium /3 -alumina is
thought to be due to the difference in ionic size : The interlayer thickness between the
spinel blocks of 3 -alumina is more suited to sodium or silver ions (-0.1nm diameter)

than to the large potassium ion.

1-1-3. Proton conductor

A proton differs from other ions in the sense of the absence of electron cloud.
Although its mass is much greater than that of an electron, its size is very small. In
addition, the proton can interact electrostatically and strongly with anions because of
its high polarizability. and hence cannot move in the same way as other cations.
Therefore, it 1s genevally accepted that proton conduction in a solid occurs through
hvdrogen bonding. The conductivities of HsWi2PO4'29H20 and HiMo12PO4-29H:0
are remarkably high (2x10!S-em! at 25°C (single crystal)) when compared with those
of conventional proton conductors [33]. Other examples are [ -alumina partially
substituted with HzO* or NH'" and HUO:2PO4-4H:0, the conductivities of which lie in
the range of 10 to 10S:-em! at room temprtature [34,35]. Materials with high
proton conductivities are not well documented at high temperatures. Therefore, most
proton conductors have been utilized in the temperature range from room temperature
to 200C. SrCeossYboosOsx has been reported to show proton conduction in spite of
the absence protons [36]. The conduction of this material is, of course, based on hole
conduction. However, when protons are introduced, they move instead of holes to
demonstrate proton conduction. The high conductivity at 1000°C (1x102S-cm'!) of
SrCeossYbo0sOs.x lends itself to applications in fuel cell technology, membranes for

hydrogen separation and a hydrogen sensor in molten metal [37-39].

1-1-4. Halide ionic conductor

In the lead halide (PbXa2, X=F,Cl,Br) series. conductivity increases with decreasing

ionic radius of the halide ion. PbF2 is the most interesting halide ionie conductor
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because of its high conductivity. Therefore, much attention has been paid to the
chemical sensor application using fluoride ionic conductors such as the fluorite type of
Cal’z and Bal'z, and the tysonite of Lal’s and Cel’s [40,41]. Moreover, studies have
been also undertaken on the zolid solution possessing vacancies or excess fluoride ions
located among the crystal lattices by doping the different fluorides. Pbl: dissolved
KF. Bil's and AlF:; has a conductivities in the range from 107 to 1025 - cm!
at 300C [42,43]. The conductivity of PbSnFs prepared by the addition of 50mol%
Snk: to PbFz is about 10.'S-em ! at 100C. This value is very high, so far as anionic
conductors are concerned [44]. These materials have the fluorite type structure and
the fluoride ionic conduction is considered to occur through vacancies, ions among
lattice and clusters.

Also chloride and bromide ions action as a carrier as described above. Although
the conductivity of PbClz or PbBrz (10-3-10S em ! at 300C) is lower than that of the
fluoride ionic conductor, PLCl: has been examined as the solid electrolvte for chloric

cells and sensors [45].

1-1-5. Oxide ionic conductor

The solid solutions obtained by combining di- and trivalent metal oxides such as
CaO, MgO and Y203 to ZrOz, CeO2, ThOz and HfO2 are well known to show relatively
high conductivities. These solid solutions have a fluorite type crystal structure, and it
is possible to dissolve the high concentration of CaO (5-10mol%). Thus, the oxide
onic conduction occurs through the resulting O* vacancies. Solid solutions prepared
by the dissolution of Ca0, MgO and Y203 in ZrO2 have been known from the beginning
of this century and are called “stabilized zirconia". (The conductivity of
(Zr02)0a(Y203)0.1 is 2.0x102S-e¢m!- at 800°C.) The mechanism of O% ionic conduction
was proposed by Wagner in 1948 [46]. Various stabilizers have been examined in the
effort to develop an oxide ionic conductor with high conductivity. It has been found
that the highest conduectivity is obtained for a solid solution stabilized by a rare earth
oxide [47]. (The conductivity of (ZrOs)o9(Sc2O3)01 is 1.0x102S-em! at 800C.) Y20s

stabilized zirconia and the MgO stabilized zirconia have already been used practically
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as oxygen sensors in automobile exhausts and in molten metals, respectively [48.49].

The conductivity of ceria solid solution is higher than that of stabilized zirconia but
cerias is not stable in a reducing atmosphere, in that it exhibits properties of n-type
semiconductor at low oxygen partial pressure [50]. (The conductivity of
(Ce02)072(GAO1 5)025 15 1.1x10'Sem! at 800C.) Thoria solid solution shows p-type
semiconductivity at high oxygen partial pressure at room temperature [51]. The
highest oxide ionic conductivity is obtained for BizOs; based electrolyte. Although
Biz0s exhibits p-type semiconductor properties below 730C, it shows high ionic
conductivity above 730°C due to the phase-transition from the cubic fluorite type
structure of 0 -type to the monoclinic structure of «-type. In order to obtain the
high oxide ionic conductivity phase, 0 -type phase, at lower temperature, Y203 has
heen dissolved in Bi20s (52). However, BizOs system is not stable in a reducing
atmosphere, whereas it is stable in an oxidizing atmosphere. The conductivities of
(La203)0.95(SrO)o.os and Zr:RIE207 (RE=Nd or Gd) are close to that of Y203 stabilized
zirconia [53.54]. [t is known that the perovskite type oxides are good ionic conductors
because of the oxide 1on vacancies, though they show. more or less, the properties of a
hole conductor. Recently, LaosSro1GaosMgo203 having a conductivity which is one
order of magnitude greater than that of Y203 stabilized zirconia at an oxygen partial
pressure of 1 to 10?%atm was repovted. electron or hole conduction has been almost
neglected [55]. BaThooGdn 10292 which show conductivity of 8.7x10%S em! at 550TC

has also been developed [56).

1-2. Summary and the present status of COz gas sensors based on solid electrolytes

Recently. materials (so-called gas sensoy) which can quickly and simply determine
the concentration of various gases have been extensively studied and developed.
Some of these materials have abready been utilized, for example, for gas leaks, and for

humidity sensing in a microwave oven. Little attention has been paid to the CO2

concentration in an atmosphere, whereas much attention has been paid to combustible
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gases, ill-smelling gases or poisonous gases. The concentration of CO:z gas in the
atmosphere 1s increasing because of the recent human activity. especially the
consumption of extraordinarily large amounts of fossil fuel. Furthermore, indoor CO-
gas is also increased by respiration and the use of oil-heater. Such increases in CO:
gas concentration contributes to a greenhouse effect. Therefore, the appearance of
cheap sensors which can simply detect CO2 concentration and accurately is desired
earnestly. The detection and the control of CO2 concentrations is becoming important
in various fields such as industrial processes, home electronics products, agricultural
hothousees and biology.

Although the infrared absorption apparatus used for COz analysis is most popular,
there are some problems including CO:z must be separated from other infrared-ray
absorbing compounds and that the apparatus is expensive and of a large size. The
smaller apparatus of the electrochemical or heat conduction methods have the
disadvantage of lack of precision. Stability and gas selectivity are also often
unsatisfactory. Moreover, an electrolyte solution is necessary for the electrochemical
methods.

To overcome these disadvantages, the development of the electrochemical CO:z gas
sensors using solid electrolytes as a choice of gas-permeable films has been undertaken.
Concentration cell type sensors using stabilized zirconia are well known and have been
applied to the control of air/fuel ratio in automobile's engines and for the
determination of O: concentration in molten metals. The principle of the
concentration cell type CO2 gas sensor, in which K2 O3 is used as a solid electrolyte,
has been proposed by Gautheir et al. in 1977 [57] and various studies have been
carried out since their veports. The principle of an electrochemical COz gas sensor is
as follows : the electromotive force is genervated from the difference in gas
concentration between two electrodes separated by the solid electrolyte. The gas
concentration is related to the electromotive force by the Nernst equation. In this
type of sensor, only one kind of ion moves through the solid electrolyte, resulting in
high gas selectivity and high sensitivity. Additionally, it is possible to improve the

stability in air and that the production cost is lowered by using the oxide ceramic as a
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matrix material. However, there are jnany problems : (1) high operation temperature.
(2) complicated device structure, requiring a reference atmosphere, (3) long response
time. (4) the influence of the water vapor, and (5) the lack of long-term stability.
Therefore, a number of improvements in the detection of COz gas have been attempted
by selecting diffexent solid electrolytes and solid electrode materials. Over the past
ten years, electrochemical CO2 gas sensors have been extensively studied and
developed. When a solid electrolyte other than metal carbonates is used as a sensor
material, a solid electrode material that can convert the changing CO2 concentration in
the detected gas into a change of activity of mobile ion in the solid electrolyte is
required. However, for these COz gas sensors, the change in the electromotive force is
small even if the change of CO: concentration is large, and the response and the
recovery time become remarkably long as the partial pressure of water vapor in the
detected gas increases. Moreover, the electromotive force is also affected by the O:
concentration in the detected gas. According to studies using various Na* ionic
conductors and Na salts as a solid electrolyte and a solid electrode, respectively, the
veduction of the electromotive force in humid atmosphere is caused by the formation of
NaOx on the detection electrode [58-60]. It has been reported that the response time
1s relatively fast regardless of the existence of water vapor and that a stable
electromotive force independent of the partial pressure of water vapor is observed,
when the BaCOa-Na:2COz system is used as the solid electrode [61]. Similar results
are obtained using other kinds of Na® ionic conductors or by using CaC0O3-NazCOz and
SrCO2-Na2003 systems as the solid electrode. CO2 gas sensors have also been
investigated using ilonic conductors other than Na® ionic conductor, for example.
LiTi2(PO4)3+0.2L1sPO+ as a Li* 1onic conductor, MgZri(PO4)s as a Mg* ionic conductor
or LaFs as a F ionic conductor, the solid electrode material is Li2COs for all of these
sensors [62-G5]. In addition, improvements in counter electrodes have also been
undertaken. Namely, one-end seal type devices have been reported, where
(ZrOz2)092(Y203)008 or (Biz03)o75(YeOs)oz2s 1s prepared on the counter electrode of

NASICON or LiTio(PO4)s+0.2L13sP04,  respectively. These devices have an

electromotive force unaffected by Oz concentration and show excellent CO: selectivity.
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High CO2 gas selectivity 1s also observed using laver-type devices. where
(ZrO2)092(Y203)0.08 1s stacked on the counter electrode of NASICON+40wt%NaAlSi2Oe
or NaAlSi20s by heat-treatment. Such devices have high strength and dense
microstructure which are properties of stabilized zirconia [66-69].

However, reliable and economical CQO:z gas sensors with high sensitivity. good
selectivity, rapid response time, good long-term stability and high accuracy are still

not developed and are not put to practical use at the present stage.

1-3. Purpose and outline of this study

Recently, there has been considerable intevest in dense ionic conductors with high
conductivity which might be developed into solid state batteries and chemical sensors.
In particular, many studies have been undertaken on materials containing oxo groups
such as S104, POy, GeOsand ZrO: because these materials make it possible to prepare
alkali-metal ionic conductors with high conductivity as mentioned in section 1-1. It
has also been reported that many ionic conductors containing rare-earths (RE) having
large ionic radii show high conduectivity. In this study, a series of new rare-earth
silicates (solid electrolyte) where three-dimensional network structure is built up by
the interconnected REOs octahedra and SiQs tetrahedra, were prepared and their
properties investigated. Moreover, the application of these solid electrolytes to
concentration cell type COz gas sensors was examined. This thesis is made up by the
following six chapters.

This chapter, chapter 1, has described the outline and the present situation of
solid electrolytes and CO: gas sensors based on the properties of these solid
electrolytes. Chapter 2 deals with erystal structures, microstructures and electrical
properties of the alkali-metal rare-earth silicates (represented by Mz20-RE:203-25102)
prepared by sintering of M2:COs; + RE20: - 25102 (M=Li.Na,K,Rb.Cs
RE=La,Nd,Sm.Gd.Dy.Y.Ho.Er.Yb) mixture. In chapter 3. crystal structures,

microstructures and electrical properties of K20-Sm203-nSi10:2 are investigated with
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the aim of improving its water-resistance of K20-Sm=03-2S10z which shows the highest
conductivity and the lowest activation energy, where n varies from 1 to 14. Chapter 4
describes crystal structures, microstructures and electrical properties of the rare-earth
silicates, RE10S1602: (RE=La,Nd,Sm,Gd,Dy,Y.Ho,Ex,Yb). In chapter 5, concentration
cell type CO2 gas sensors, fabricated using K20-Sm:03-6S5102, LizO-RE203-25102
(RE=La,Nd,Sm) and Li20-Sm203-25102+(Zr02)0.92(Yb202)oos (layer type 1lonic
conductor) as solid electrolytes. and their response characteristics are examined.

Chapter 6 summarizes conclusions drawn from this study.
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Chapter 2

Ionic conductivity of ceramics prepared by sintering of
M:2CO3:RE20;3-2S102(M=Li,Na,K,Rb,Cs RE=La,Nd,Sm,
Gd,Dy,Y,Ho,Er,Yb) mixtures

2-1. Introduction

Recently, there has been considerable interest in dense ionic conductors with high
conductivities [17,70-72], because of their suitability for solid state batteries and/or
chemical sensors [61.73,74]. In studies of sodium silicate glasses and glass ceramics
containing cation modifiers such as Y* and Sn*, it has been confirmed that
conductivity and activation energy are influenced by the cation modifier [75-77].
Choice of mobile cation; densification method and crystal structure play an important
role in the development of batteries and/or chemical sensors.

3 -eucryptite, Li20+ Al:O;3°2Si0z, is known as a Li ionic conductor (1x104S-cm™! at
3007C) possessing a conducting pathway in the direction along the winor axis of the
hexagonal structure, where a three-dimensional network structure is built up by
interconnected AlQOs4 and SiO'.l tetrahedras. A number of research groups have
discussed its structure and ion conduction mechanisms [78-81]. The present author
has already developed humidity sensors wusing the porous ceramic
xLi20-Al205-2S102 [82). 1t has been found from the chemical and electrical points of
view that LizO-Al203°2Si02 is the most stable, whereas materials of x=3 react with
COz in air during the cooling process after sintering to form Li2COz  Materials of x=2
lack the long-term stability needed for the humidity sensor. Furthermore,
Li20-Al203-2Si02 has a fairly high resistance to water ; for example, when 10g of the
sample sintered at 1300C is placed in 100ml of water at room temperature for 24h,
only 22ppm of Li* ion is eluted. It is also reported that (Liz0)s02(Y202)5 7(S102)54) has

a high conductivity (3x103S cm! at 3007C) [83).
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In order to develop well compacted alkali-metal ion solid electrolytes with high
conductivities, alkali-metal (M) rare-earth (RE) silicates were prepared using a series
of rare-earth elements instead of aluminum in LizO-Al:O3°2Si02, and their crystal

structures, microstructures and electrical properties were investigated.

2-2. Experimental and analysis of electrical properties

2-2-1. Preparation of samples

M:CO3 (reagent-grade, M=Li Na,K,Rb,Cs), RE:03 (at least 99.9% purity,
RE=La,Nd,5m,Gd,Dy,Y.Ho,Er,Yb) and reagent-grade Si0O2 were used as starting
materials. The starting materials were mixed in ethanol using a planet type ball-mill
(using zirconia ball and plastic pot), dried and calcined in air for 2h in the temperature
range 800 to 1000 C. In this case, it was difficult to prepare homogeneous samples
because of intense aggu.itination during mixing when the rare-earths with ionic vadii
less than Dy are used for the Rb sreies. Similar results were obtained when the rare-
earths with ionic radii less than Gd are used for the Cs series. The resultant powders
were ball-milled into fine powders. After drying, discs were prepared under a
pressure of I00MPa and sinterved in air for 10k for the K series. The sintering period
was 2h for the other series. The sintering temperatures are given in Table 2-1.
During the sintering process, discs were supported by a spinal setter and sintered at
temperatures, below which the reactions with the setter are initiated. The glass
transition temperatures, Tg, of the calcined powders of the Li series were measured
using a differential thermal analysis technique. The endothermic peak was observed
at 1060, 1070, 1210, 1130 or 1233°C for the Nd, Sm, Y, Ho or Er samples, respectively.
The Tg's were 50-80°C  higher than the sintering temperatures shown in Table 2-1.

The  alkali-metal rare-earth  silicates prepared by  sintering of

M2CO3° RE203°2S102 mixtures are hereafter represented by Mz0O-RE203-2S102.
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Table 2-1 Crystal parameters, phase and sintering temperature

lattice constant sintering
a/nm b/nm ¢c/nm phase® temp./ "C
Lt,0-La,0:-2Si0» D. 9693 0. 7154 H 1000
Li>0-Nd20--25i0: 0. 9549 0. 6996 H 1000
Li20-Sm,0:-2Si0. 0.94170 0.6916 H 1000
Liz0-6d.0.-2Si0> 0. 9416 0. 6848 H 1000
Liz0-Dy.03:-2Si0, 0.9360 0.6768 H 1000
Liz0~-Y,02-2Si0» 0.4960 1.0698 0.6320 0 1100
Li20-H0,02-25i0; 0.4962 1.0696 0.6339 0 1050
Li20-Er.02-2Si0. 0. 4958 1. 0698 0.6315 0 1200
Li-0-Yb,0;-2Si0, 0. 4926 1.0633 0.6248 0 1300
Na.0-La.0s-2Si0;, 0. 5476 0.9443 0. 7144 0 250
Na.0-Nd»02-2Si0: 0. 5385 0. 9331 0.7019 0 1250
Na.0-Sm.0:-2Si0; 0.536]) 0.9267 0. 6964 0 1250
Na:0-6d,0:-2S5i0, 0. 5333 0.9206 0. 6926 0 1250
Na.0-Dy.0:-2Si0- 0.5290 0.9136 0.6879 0 1300
Naz0-Y:0:-2Si0: 0. 5213 0.9105 0. 6856 0 1350
Na.0-Ho.0:-2Si0: 0.5274 0.9107 0. 6857 0+U 1350
Na;O-ErzO:-2SiOz U 1350
K:0~-Laz02-2Si0- - 0.9708 0. 7244 H 1350
K:0-Nd,0:-2Si0, 0. 9562 0. 7089 H 1350
K:0-Sm>0:-2S5i0, 0.9484 0. 7002 H 1350
K.0-6d:0:-2Si0, 0. 9434 0.6934 H 1350
K:0-Dy:02-2Si0: 0.93171 0. 6851 H 1350
K:0-Y.0:-2Si0. U 1350
K20-Ho202-2Si0: U 1350
K:O—Er;O:-ZSiOz U 1350
Rb-0-La,03:-2S5i0> 0.9716 6. 7259 H 1300
Rb.0-Nd:0:-2Si0. 0. 9561 0. 7091 H 1300
Rb»0-Sm.0:-25i0> 0. 9480 0. 6299 H 1300
Rb.0-6d,03-2S5i0: U 1350
Cs.0-La,0:-2Si0; 0.9607 0.7236 H 1400
Cs20-Nd»02-2S5i0. 0. 9556 0.7076 H 1400
C520-Sm20:-2S5i0: 0. 9473 0.6933 H 1400

"'H : hexagonal, O : orthorhembic, U : unknown mixture.

2-2-2. Measurements
The elemental analyses were confirmed by X-ray fluorescence (Rigaku, 3080E) and

atomic absorption spectrophotometry (Hitachi, Z-8100). The crystal structures were
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determined at room temperature by powder X-ray diffraction (Rigaku, RAD-rA). The
microstructures were determined by scanning electron microscopy (Nihon-Densi,
JSM6400). The prepared discs were 8mm in diameter and 2mm in thickness after
sintering. After coating both sides of the disc with Pt paste, it was baked at 950C.

The electrical measurement device and the equipment are shown in Fig.2-1.

element

|

electrode

Pt wire

Fig.2-1(a) Schematic view of the elecirical
property measurement device.

gas inlet

thermocouple

LCR meter

mulfimeter I gas outlet

temp. controlle

Fig. 2-1(b) Schematic view of the electrical
property measurement equipment.
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The electrical properties were measured using a multifrequency LCR meter
(Yokogawa Hewlett-Packard, 4192A) in the frequency range of 100Hz to 10MHz and
temperature range from 100 to 800C. The device was heated to 300TC in order to

eliminate adsorbed water prior to each measurement.

2-2-3. Analysis of electrical properties for solid electrolyte
- Complex impedance analysis - (84]

When an electrical current is appled to a material, the response voltage is
indicative of its electrical properties. The measuring methods of electrical properties
include a direct cuvrent method and an alternating cuvrent method at a fixed
frequency. However, little information is obtained by these methods and the data is
often unreliable. In order to overcome these limitations, complex impedance analysis
which consists of a Cole-Cole plot method and an equivalent circuit analysis method
has been applied. This method is based on the measurement of the frequency
dependence of the impedance and gives information on bulk conduction, grain
boundary conduction and interface conduction.

The impedance (Z) can be expressed by the vector sum of the real component (2%

and the imaginary component (7") and is described as follows :

=7+ 7"
= GHG*+ () O + j(- 0 CHGHHw C)) @-1)
2= GIGH (0 CF, Z'=-0 CAGH(w C)? (2-2)

where G, C and o ix the conductance, the capacitance and the angular frequency,
respectively.

A typical example of a complex impedance plot is shown in Fig.2-2. In the lower
temperature region, a semicircle which passes through the origin and the spur arc
observed (F'ig.2-2(a)). The spur is probably caused by the electrolyte-electrode
behaviour. It is suggested that the equivalent circuit may be simplified to the parallel
one which consists of the resistance component, Rp. and the capacitance component,
Cp. On the other hand, in the higher temperature region only the spur is observed as

shown in Fig.2-2(b). This is also the case in the higher conductivity materials. This
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is because Cp becomes negligibly small as Rp decreases. As a result, the following
simplified equivalent circuit 1s adequate author’s purpose. Its property 1s
intermediate between the two equivalent circuits : one is the equivalent circuit where
Rp is connected in series with the double layer capacity of electrolyte-electrode
boundary, Cd, and another is the circuit where Rp is connected in series with the

Warburg impedance, W.

) 1 57 g
o =
8 8 /
Nk 1w .
o (o]
N 1/

| \?BQ* . 8

1 2 3 1 2 3
Z' (arb. unit) Z' (arb. unit)

Fig. 2-2 Complex impedance plots :
(2) lower temperature region,
(b) higher temperature region.

In Jig.2-2(a). the resistance component, Rp, is determined by the extrapolation of
the semicircle to the real axis. In Fig.2-2(b), Rp is determined from the point of
intersection of the real axis and the spur. Then, the resistance value (R) is expressed
by equation (2-3) :

R= o = d/S )
where ., S and d are the resistivity, the electrode area and the electrode spacing,
respectively. The relationship between the conductivity (0 ) and the resistivity () is

sbown by equations (2-4) and (2-5). The conductivity (») can be calculated by
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assuming Rp=R.
g =1p (2-4)
=1/R - d/S (2-5)
- Electrical conductivity -

Generally, the magnitude of ionic conductivity for a solid electrolyte can be well
understood by random walk theory [85,86]. This theory assumes that the mobile ions
move independently of each other. The ionic conductivity (G) s expressed as follows :

G-T=N-e*a? C(1-C) v k' w o exp(-F/KT) (2-6)
where T is the absolute temperature, k is the Boltzmann's constant, N is the number of
sites available for occupation by mobile ions, C is a partial occupation factor of mobile
ions, w o is the basic frequency of mobile ions, e is the electronic charge, a is the
average jumping distance, 7 is a correlation coefficient and I is the activation energy
for ionic conduction. Moreover, exp(-IF/kT) is shown by equation (2-7) :

exp(-F/KT) = exp(S/k) -exp(-H/kT) (2-7)
where S and H are t.l{e activation entropy for ionic conduction and the activation
enthalpy for ionic conduction, respectively.

The temperature dependence of conductivity of the solid electrolyte is governed by
the activation energy for migration of the carrier, Fm, and the activation energy for the
carvieyr creation, I'c.

o= Hm - T-Sm (2-8)

Fe=He-T:Sc (2-9)
Accordingly, equation (2-6) may be rewritten :

G-T=N-e?a>C1-C) 7 k! ® g exp-(Fm+Fe)/kT) (2-10)
In the case of G' = N-e2-a2-C(1-C)- 7 k! @ o, equation (2-10) may be simplified.

G- T =G"exp((Sm+Sc/2)/kT) * (-(Hm+He/2)/kT) (2-11)
G' and the entropy term are incorporated in the pre-exponential factor (Go). The
above equation may be further simplified to the form of the Arrhenius equation.

G T = Goexp(-E/KT) (2-12)

where E is the activation energy. E and Go are dependent on the temperature.
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2-3. Results and discussion

2-3-1. Elemental analyss

The alkalhi-metal rare-earth silicate samples (M20-RE203:-28i0z) were prepared
from a mixture of M2C0z- RE203 - 28102 (M :Li,Na,K,Rb,Cs RE=La,Nd.Sm.Gd,Dy,
Y,Ho,Er,Yb) at relatively high temperatures of 1000 to 1400 C as shown in Table 2-1.
As the composition change (especially alkali-metal) may occur during sintering,
elemental analyses were carried out using a X-ray fluorescence technique except for
the samples containing lithium. Here, the quantitative analyses were carried out for
the sample K20-Laz03-2S102. For the other samples containing Na, K, b or Cs, the
X-ray fluorescent intensity ratios (I(M)/1(RE), IMY/L(S1), I(RE)/I(Si)) were calculated.
Lithium content was determined using an atomic absorption technique after the
dissolution in HI. These results are summarized in Tables 2-2 and 2-3.

In the Li series, 2-15% decreases in the Li content were observed after sintering.
The composition of K'z()-LazO:{-ZSiOz was (K20)o661(Laz03)1.000(25102)0.915 and the
decrease in the K and Si contents was about 30 and 10%, respectively. In the Na, K,
Rb and Cs series, the alkali-metal and Si contents significantly decreased, though the
absolute content of each element was not clear. ‘The decrease of alkali-metal content
were in the order of the Na < K = Rb < Cs series. This order may be due to the
difference in sintering temperature. The decrease of alkali-metal and Si contents
may be due to the vaporization or the reaction of alkali-metal silicates with the setter

used in this work.

Table 2-2 Atomic absorption data

Li/wt%
calcd found
Li20-La»05-2Si0> 2.92 2.86
Li20-Nd204-25i0- 2. 85 2.43
Liz0~-Sm20:-2Si0: 2.178 2.65
Li20-Gd.02-2Si0: 2. 11 2.43




Table 2-3 X-ray fluorescence data of M20-RE20:-2Si0:>

[ (M)/1(RE) 1(M)/1(Si) 1 (RE)/I(Si)

N2,0-Sm20--2Si0. (B) 0. 095 0.161 1.689
” (A) 0. 099 0.329 3,330
K 0-L2a202-2Si0; (B) 3.914 2. 291 0.585
n (A) 2.096 2.096 0.720
K20-Nd.02-25810, (B) 1. 867 2.314 f.239
n (A) 1. 118 1.733 1. 551
KzO‘SﬂIzO:'ZSiOz (B) 1.222 2.003 1.666
n (A) 0. 786 2.142 2. 724
Rb20-Sm.0:-2Si0, (B} 3. 494 71.203 2.062
» {A) 1. 435 4. 5217 3. 154
Cs20-8Sm»0:-2Si0- (B} 6. 327 0. 535 1.636
" (A) 0. 056 0. 148 2.655
(B) : starting mixture, (A} : sintered sample.

2-3-2. Crystal structure

Table 2-4 summari},es the XRD results for M20-La203-25102 (M=Li,IKK,Rb,Cs). In
the range 10 =2 0 =50 , most of the observed peaks can be assigned as indicated in
Table 2-4. Some undefined peaks are also observed but the relative intensities
(LOOI/To) of those peaks are <5. [For the Li series, a hexagonal phase was confirmed for
RE=La, Nd, Sm, Gd and Dy and an othorhombic phase for RE=Y, Ho, Exr and Yb. The
observed XRD patterns for RE=La, Nd, Sm, Gd and Dy, are very similar to that of
LiLag(S104)602 (JCPDS no.32-567, hexagonal, P63/m(176), a=0.9692nm, ¢=0.7167nm)
and LiLaSiOi (JCPDS n6.20-630, a=0.969nm, ¢=0.715nm) with a hexagonal structure.
The lattice constants of the hexagonal phase were estimated with the aid of the
LiLas(SiO)s02 result and those of orthorhombic phase with the aid of the LiYSiO4
result (JCPDS no.20-643, orthorhombic, a=0.496nm, b=1.068nm, ¢=0.629nm). For
the Na series, an orthorhombic phase was confirmed for RE=La, Nd, Sm, Gd, Dy, Y
and Ho. However, for RE=Dy, Y and Ho, the XRD pattern was very complex,
implying the coexistence of a number of different phases. The lattice constants of the
orthorhombic phase were estimated assuming a orthorhombic phase which is observed

Nal.aSiOQs (JCPDS no.20-1116, orthorhombic, Pnma(62), a=0.546nm, b=0.940nm,
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¢=0.709nm). The XRD patterns of K20-RE203-25102 (RE=La,Nd,Sm,Gd,Dy) and
M20-RI£203-25i10s  (M=Rb,Cs RIE=La,Nd,Sm) are very similar to those of
LiLag(S104)s02.  The lattice constants of those were estimated by assuming a
hexagonal phase. The XRD results of Na20-Er:03-25i02, K20-RE203-25102
(RE=Y,Ho,Er) and Rb20-Gdz03-28102 were very complex, probably due to a mixture of

other compounds. The estimated lattice constants are summarized in Table 2-1.

Table 2-4 XRD patterns of M,0-La,03-25i0-. (M=Li, X, Rb, Cs)

Li K Rb Cs

hkI° d/nm 1/l d/nm 1/l d/nm /1, d/am 1/l

x100 x100 x100 x100
1 10 . 4696 5 . 4852 3 . 4858 4 .4838 3
2 00 . 4195 25 L4204 20 . 4205 21 . 4191 20
I 11 . 4011 21 4031 17 .4033 17 .4019 11
0 0 2 . 3573 20 . 3620 14 . 3623 13 . 3609 {5
i 0 2 . 3285 32 . 3323 21 . 3326 31 . 3315 30
210 , 3168 29 L3176 25 . 3178 21 . 3169 27
2 11 . 2887 100 . 2905 100 . 2307 100 . 2899 160
112 L2875 47
300 L2795 24 . 2801 23 . 2803 24 . 27485 23
301 L2740 5 . 2142 3 L2744 4 . 2736 3
310 L2321 8 . 232% 6 . 2332 6 . 2326 6
2 21 . 2293 2 . 2296 3 L2301 4 . 2295 3
K
13 . 2138 11 . 2159 8 . 2163 9 . 2156 g
4 00 . 2096 1 , 2099 4 .2101 6 . 2096 4
2 2 2 .2004 16 L2014 18 L2017 20 . 2042 11
31 2 L1850 11 . 1859 12 1961 12 . 1856 1
320 . 1826 3 . 1924 23 . 1818 24
2t 3 . 1904 25 . 1920 24
3 214 . 1858 14 . 1862 12 . 1864 12 . 1860 12
4 10 1830 14 . 1833 i 4 . 1836 14 . 1831 15
4 0 2 , 1808 18 1815 17 L1811 18 . 1813 17

JCPDS file no.32-567, Litaa(Si04)e02, hexagonal, PB3/m(176),
a=0.9692nm. c¢=0.7167nm.

In each alkali-metal series, the lattice constants, a and ¢, of M20-RE203-25102
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bearing hexagonal structure increase monotonically with an increase in the ionic
radius of RIS as shown in Fig.2-3.  Furthermore, in the hexagonal group, the highest
values of a- and c-lattice constants are observed for K20-RE203-25102 as shown in
[Fig.2-4.

The hexagonal phase formed in M20-RE203-2Si0 M=]4,K
for RE=La,Nd.Sm.Gd,Dy : M=Rb,Cs for RE=La,Nd,Sm) is considered to have an
apatite structure with the composition MxRE0.x(S104)0s.x (X=1-3) |87-89]). As
described in section 2-3-1, both the alkali-metal and Si contents of the sintered
samples are lower than those of the starting mixtures (K:z0 - La203-2Si032). The
composition is (K20)ue61(Laz032)1.a00(2S102)0.915 (K1.354La6.052(S104)60m) which is close to
the apatite composition. However, taking into consideration that the maximum value
of X i1s 3 for the apatite structure, the remaining alkali-metal and Si must exist as
another phase in the sintered sample. The XRD peaks due to the RExO3, SiQ2 and
alkali-metal silicates wevre scarcely observed, suggesting that the apatite structure of
MxRE10.x(S104)603.x (X=1-3) ia a major phase. (Moreover, the molar ratio of Sm and

Si for the bulk (probably major phase) in M20-Sm203-28102 (M=L4,K,Rb,Cs) measured

T T T == : ; :
Dy Gd Sm Nd La 0.73 - Dy Gd Sm Nd L& -
0.97 | o | :
Valls i
0.96} g 0
g =
S £ 07} |
° 0.95 %
. ' | L |
0.69 % b
0.68 o K
SO A Rb .
0.94} 3 A
0.67 - ( b ) J
1 L | 5 : A ]
0.09 0.095 0.1 0.105 0.09 0.095 01 0.105
I'ngfnm rREi’nm

Fig.2-3 Relationship between the ionic radius of rare-earth
and the lattice constants in hexagonal M:0-RE.0.-2Si0: :
(a) a-axis, (b) c-axis.
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Fig.2-4 Relationship between the ionic radius of alkali-metal
and the lattice constants in hexagonal M20-RE20:-2Si0, :
(a) a-axis, (b) c-axis.

by EPMA agreed with that of the apatite composition as summarized in Table 2-5.)
The glass phases such as alkali-metal silicates and unassignable crystalline phase are
present as minor components.

The hexagonal apatite structure proposed to the major phase of LizO-RE203-25102

by M.Sato et al. are shown in Fig.2-5 [89].

Table 2-5 Electron probe microanalysis data
of bulk (major phase) in M20-Sm202-25i0:
molar ratio
M Sm Si
Li2z0-Sm»032-28i0: B 8.50 &
Na.0-Sm»0,-2Si0. 1. 31 0. 94 !
K:0-Sm20:-2Si0- 1.28 8. 22 6
Rb20-Sm,02:-2Si02 0.38 8. 34 6
Cs20-Sm,0:-2Si0: 0.19 8. 24 6
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Fig. 2-5 Hexagonal apatite structure proposed to
the major phase of Li20-RE;0:~28i0» ([89].

2-3-3. Microstructure

IFigure 2-6 shows the fracture surface microstructures of the sintered alkali-metal
rare-earth silicates. In the Li series, sintering was well progressed for the Nd and Sm
samples. The porosity and the particle diameter for the Gd and Dy samples are
greater than those for the Nd and Sm samples. The fracture surface of the Y, Ho and
Yb samples was very different from that for the La, Nd, Sm, Gd and Dy samples.
These differences can be assigned to the crystal structure as summarized in Table 2-1.
In the Na series for RE=La, Nd, Sm and Gd, the each microstructure is very similar
and sintering is well progressed. Porous structures are observed for the Dy, Y, Ho
and Er samples. In the K series, plate-like crystals were observed for the La, Nd and
Sm samples. By decreasing ionic radius of rare-earth, the number of plate-like
crystals decreased and needle-like crystals formed as a major component, especially in
the case of the Dy sample. The microstructures of Y, Ho and Er samples consisted of
round particles with a high degree of interconnection. In the Rb series, needle-like
crystals having a small aspect ratio and porous structures were observed. The aspect
ratio increased with decreasing ionic radius of rare-earth. In the Cs series, well
defined plate-like erystals were formed. The crystals formed a layered structure, and

interfusion and sintering were not observed.
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Fig.2-6(c) Scanning electron micrographs of | |
fracture surface of K20-RE.0:-2Si0-. Sum
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Fig. 2-6(d) Scanning eiectron micrographs of
fracture surface of Rb20-RE,04-25i0, Sum
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Fig.2-6(e) Scanning electron micrographs of | \
fracture surface of Cs20-RE20:-2S5i0.. 10um
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2-3-4. Electrical properties

To determine the conductivity component, complex plane impedance analysis was
used. In the lower temperatures, the low-frequency plots were represented by a spur
and the high-frequency plots by a semicircle which passed through the origin ; in some
cases a second semicirele was observed as shown Fig.2-7. The semicircle in the higher
frequency region corresponds probably to the bulk component, whereas the second
semicircle in the lower frequency region corresponds to the grain boundary component.
When the temperature was increased, the semicircle diminished and only a spur
probably caused by the electrolyte-electrode behaviour was observed for all samples.
From these results, the total conductivity was determined by extrapolation to zero
reactance of the complex impedance plot. The total conductivity data (the sum of the
bulk and grain boundary) were parameterized by the Arrhenius equation (2-12).

The current responses for a potenial change from +1 to -JV of
Pt [ M20-RE203-25102 | Pt were examined. No rapid decline in curvent was observed
after the polar change and then the current approached to zero for a very long time.

These results indicate that ions are primarily responsible for the electrical conduction.

10 T T T — 1
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Fig.2-~7 Complex impedance plots of K:0-La-03;-2Si0; :
(a) at 120°C, (b) at 300°C.




Figure 2-8 shows Arrhenius plots. The electrical characteristics are summarized
in Table 2-6. Since the hexagonal samples, especially K20-RE203-2810z2, show
relatively high conductivities and low activation energies, their electrical properties
were investigated next. The electrical properties of the hexagonal samples may be
mainly dependent on the bulk component from the following vcason. The conductivity
due to the bulk (probably major phase) is smaller compared with that due to the grain
boundary. Therefore, it is presumed that the ionic conduction in the bulk is the rate-
determined step since the bulk is connected in series with the grain boundary.
Inflection points appeared in the slopes of Arrhenius plots for K20-RE203-25102 and
Rb20-RE203-2510s.  Since the high temperature XRD pattern of the major phase n
K20-Sm203-25i02 did not change below 1200°C, the appearance of inflection point is

not attributable to a phase transformation. It is reported that such inflection points

2_ =T T T T T
g, o KeO - 5.2Fe20s - 0.82n0[29)]
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O K20-Sm203-2Si0z
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Fig. 2-8 Arrhenius plots.




Table 2-6 Electrical parameters

activation energy conductivity/Sscm™'
/kJvmol ! 300° C 400° C 500°C
Li20-Laz0:-2Si0: 15. 1 6. 06x10°° 6.41x10 ° 2.98x10° "
Li20-Nd202-2Si0: 86. 6 4. 15x10°°¢ 7.06x10 ° 5.29x10""
Li20-Sm202-25i0; 78. 4 8.93x10 ° 9. 42x10 ° 4. 92x10° "1
Li20-6d202-25i0- 97. 17 2.81x10°7 4. 45x10°° 3.98x10°°
Li20-Dy202-25i0- 117. 8 4.97x10°7 1.57x10"°° 2.07x10°"
Li.0-Y,0:-2Si0: 95. 9 - 2. 715x10°7 2. 21x10° ¢
Li20-H020:~2Si0; 122.3 - 1.48xt0°%  2.17x10°°%
Liz0-Er205-2Si0 104. 5 - - 1. 47x10°°¢
Li>0-Yb203-2Si0. 100.0 - - 7.94x107
Na,0-La,03-2Si0= 68. 8 1.98x10 ° 1. 55x10" % i, 11x10°°
Na.0-Nd».02-2S5i0, 69.5 3.01x10"°° 2.09x10 °® {.25x10°"
Na.0-Sm20:-2S8i0> 69.0 3.01x10"¢ 2.39x10 ° 1.10xt0"°"
Na.0-Gd.0:-2Si0» 12. 1 9. T1x10 "~ 7.14x10 °© 3.47x10°°
Na,0-Dy20,-2S5i0, 91.1 - - 2. 15x10°°®
N2.0-Y205-25i0; 123.0 - - 8. 77x10"7
Na20-Ho:0:-2Si0, 93. ¢ - 3.25x10°7 2.99x10°°
Naz0-Erz02-28510; ) 95.3 4, 74x1077 2.07x10 ¢ 1.56xt10° %
K:0-La.0:.:-2Si0; 48. 1 (26.7) 2.35x10 ° 7.25x10 * 1. 1Bx10°*?
K.0-Nd.0:-2Si0- 38. 4(20. 2) 1. 3t1x10"°? 2.16x10 ? 2.78x10° 7
K20-Sm.03:-2Si0, 32.8(18.0) 7.14x10°° 1. 24x10 7 1.71x10 2
K20-6d202-2S5i02 34.3(20.6) 4 05x10°" 9. T1x10 " f.40xt0°°
K.0-Dy.0:-2Si0, 54.6(42.5) 5.88x710°° 2.94x107" 6. t3x10°"
K20-Y.0,-2Si0, 53.7(34.4) 1. 19x10 2. 74x10°° 5.81x10"°°®
K20-Ho»0;-25i0: 54.5(33.8) 7.04x10 ° 1.89x10 " 3.09x10°"
K20-Er.05-2Si02 42.9(29.7) 5.38x10°° 1.02x40 * 1. 66x10°"
Rb.0-La-0:-2S5i0: 84.1(28. 6) 4.22x10°° 8. 96x10° 7 1.40x10° 7%
Rb20-Nd».0:-2Si0. 51.4(22.7) 5.02x10°° 1.62x10 * 2.29x10°¢
Rb>0-Sm20:-25i0-, 55.7(33.0) 4, 79x10°° f.95x10°° 3.99x10°7
Rb20-Gd:0:-2Si0, 50. 8 2.05x10°" 6. 40x(0"" 2.19x10°°
Cs,0-La»0.-25i10, 1.1 = - 7.09x10°°
Cs20-Nd.0.,-2Si0> 60. 2 . - 5.01x10°°
Cs20-Sm20:-2Si0> 66. 2 1. 35x1077 1. 01x10°° 3.82x10°°

Parentheses denote the activation energy estimated in a higher
temperature region.

appear when different components (phases) are connected by a series equivalent
circuit each other [90].

The relationship between the activation energy and the ionic radius of the
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rare-earth are shown in Fig.2-9. For the hexagonal Li series, the activation energy
increases monotonically with decreasing ionic radius of rare-earth from La to Dy. For
the hexagonal K series, the lowest activation energy was for K20-Sm203-2Si02 and
increased with increasing ionic radius of rare-earth from Sm to La and with decreasing
radius from Sm to Dy. For the hexagonal Rb series, the lower activation energies
were for Rb20-RE202-25i102 (RE=Nd,Sm,Gd), excepting Rb20-La203-2Si02. For the
hexagonal Cs series, the lowest activation energy was for Cs20-Nd203-25102. In the

hexagonal group, the lowest activation energy is observed for K20-RI£203-2810.

140 I | |
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Fig.2~9 Relationship between the ionic radius of rare-earth
and the activation energy in hexagonal Mz0-RE.0,-2Si0..

In the hexagonal Li series, the activation energy decreased with the ionic size of
rare-earth. In the hexagonal K series, as the ionic size was increased from Dy to Sm

the activation energy decreased, while from Sm to La the activation energy increased.
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The increase in the activation energy from Sm to La may be explained by the
potassium ionic size becoming smaller than the optimum size for ionic motion. In
particular, for K:0-La203-2S102, the a-lattice constant is considerably larger than the
extrapolated values for K20-RE203-2S102 (RE=Nd,Sm,Gd,Dy). For K20-RE203-2510z
(RE=La,Nd,Sm,Gd,Dy), the activation energy is lower than those of M20-RE203-25102
(M=Li,Rb,Cs) as shown in Fig.2-10. In the hexagonal group, the a- and c-lattice
constant for KsO-RE203-25i02 are larger than those for Li»0-RI203-25i02 and
Cs20-RE2035-28102 (Figs.2-3 and 2-4). These results suggest that the lowest
activation energy confirmed for K»O-REz03-25102 is attributed to the abnormal
expansion of the a- and c-axes. The highest conductivity (1.31x10%S-cm ! at 300C)
was observed for K20O-Nd203-2S102 and this is almost equal to that (1.8x102S-cm! at

3007C) for K20 + 5.2Fe203 * 0.8Zn0 [29].
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Fig.2-10 Relationship between the ionic radius of alkali-metal
and the activation energy in hexagonal M;0-REz03-2Si0-.
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The ionic conductivity is apparently determined by the electrostatic interaction
hetween the negatively charged framework (oxygen) and the mobile cations, as well as
steric effects caused by the size ratio of cations and the narrowest points in the channel
system. According to Anderson and Stuart’'s model for ionic conductivity in silica
glasses, the activation energy of ionic conduction is the sum of the electrostatic energy
change and the energy required to move or jump the ion from one site to
another [91,92].

The electrostatic energy term in the activation energy of conduction is evaluated
as the energy difference between the two configurations and the electrostatic
contribution to the activation energy is represented by a relationship of the form :

Ep=A-e?:[(xritro)!-R1) (2-13)
where A is a function of the relative premittivity, ri and ro are the radius of the alkali-
metal ion and the oxygen ion, respectively, and R is the distance between the ions
when the alkali-metal ion is halfway between adjacent equilibrium sites. The
electrostatic energy decreases with an increase in the radius of alkali-metal and with a
decrease 1n the lattice constants which may be proportional to the distance, R. The
energy required to move or jump the ion from one site to another may be estimated
from the total elastic energy required to dilate a spherical cavity from radius ra to v ;
for an ellipsoid cavity, the energy is expressed as

I8s = Cra* (r-ra)*- E(c/a) (2-14)
where C is a function of the shear modulus of the surrounding medium and E(e/a) is
a factor which depends on the ratio of the minor(c) to the major(a) axis of the ellipsoid.
The elastic energy increases with an increase in the radius of alkali-metal and with a
decrease in the lattice constant as the radius of the cavity is proportional to the lattice
constant. According to Anderson and Stuart's model, it is qualitatively apparent that
in a alkali-metal series with the same phase, the lowering of activation energy with
Increasing ionic size of rare-earth is caused by lowering of the total elastic energy ; in
addition, the increase in the activation energy with increasing ionic radius
of rare-earth observed for K, Rb and Cs series is attributable to the increase in the

diet~nce, R.
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2-4. Summary

A series of new solid electrolytes, M:0-REz03-25102 (M=Li,Na,K,Rb,Cs
RE=La,Nd,Sm,Gd,Dy,Y,Ho,Exr,Yh), were prepared from a mixture of
MzCO3 * RE203 - 2S102.  Their crystal structures, microstructures and electrical
properties have all been investigated. The results are surmarized as follows :

(1) For M20-RE203-25i0: (M=Li,K RE=La,Nd,Sm,Gd,Dy and M=Rb,Cs RE=La, Nd,
Sm), the same bexagonal XRD pattern was confirmed. The major phase of Lhese
hexagonal samples is an apatite  structure of the composition,
MxRE10x(S104)603.x  (X=1-3). Glass phases and small amount of unidentified
crystalline phases were also found as minor components.

(2) In each alkali-metal series, the a- and c-lattice constants of M20-RE203-2Si0:
bearing hexagonal structure increased monotonically with an increase in the ionic
radius of RE. The highest values of lattice constants, a and ¢, were observed for
K20-RE203-2Si02.

(3) The hexagonal samples, especially Kz20-RE203-25102, showed relatively high
conductivities and low activation energies. In the K2O-RE203-2Si02 the activation
energy decreased from Dy to Sm and increased from Sm to La with increasing ionic
radius of rare-earth. The lowest activation and the highest conductivity at 300°C
was observed for Kz0-Sm20:-28i02 (32.8kd + mol!) and Kz0-Nd203-2S102

(1.31x102S - ecm), respectively.  This conductivity is comparable to that of

K20 - 5.2Fes03 - 0.87n0.




Chapter 3
Morphology and ionic conductivity of potassium-samarium-
silicates, K20-Sm203-nSi0Oz (n=1-14)

3-1. Introduction

In chapter 2, the electrical properties of some alkali-metal rare-earth silicates,
M20-RE203-25102  (M=Li,Na K,Rb,.Cs RE=La,Nd,Sm,Gd,Dy,Y,Ho,Er,Yb), were
investigated and a compact alkali-metal ion solid electrolyte with high conductivity
was developed. M:20-RE203-2Si02 (M=Li,K,Rb,Cs RE=La,Nd,Sm,Gd,Dy) which
consist of the major phase with the hexagonal apatite structure was found to be the
most suitable alkali-metal ion solid electrolyte with the high conductivity and the low
activation energy. K20-Nd20s-28i02 showed the highest ionic conductivity and
K20-Sm203-25102 had the lowest activation energy. However, both these materials
have the disadvantage that they are not stable upon exposure of water or moisture.

[n this chapter, the relationship between the electrical properties and water-
resistance and the silica (SiO2) content in K20-Smz203-nS102 (n=1-14) has been

investigated.

3-2. Experimental

3-2-1. Samples

Discs of potassium rare-earth silicates, K:0-RE:z03-nSiO2 (RE=La,Nd,Sm,
Gd,Dy n=1-14), obtained by sintering of KzCOs* RE203°nSi102 mixtures were prepared
according to the procedure described in section 2-2-1.  K20-Sm203-2S102 was sintered
at 1350C for 10h. Other samples were sintered for 3h at the temperatures given in

Table 3-1. Part of the prepared disc was pulverized with ethanol by a planet type
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ball-mill.  The resultant powders were treated with water and ultrasonic irradiation
and then dried, discs were again prepared at 100MPa and sintered in air for 3h at the
temperatures given in Table 3-1. Hereafter, water-treated samples are abbreviated

as K20-RI5202-nS104(W).,

Table 3-1 Crystal parameters and sintering temperature

lattice constant sintering
a/nm ¢/nm temp./ " C
K»0-8Sm»02-1Si0, 1600
K:0-Sm20:-2510 0. 9484 0.7002 1350
K20-Sm20:-2Si0> (W) 0.9511 0.6997 1150
K20-Sm20,-3Si0; 0.9511 0.7012 1200
K20-Sm20:-4S5i0: 0.9512 0.7006 1050
K20-Sm,0:-45i02 (W) 0.9506 0. 7000 1050
K20-Sm20:-6S10: 0.9511 0.6998 950
KzO'SIﬂzOJ'esiOz(W) 0.9511 0.6994 950
K20-Sm,03-7Si0, 0.9511 0.6996 950
K:0-Sm20.-8S5i0. 0.9509 0.6998 850
K20-Sm,0,-8Si0: (W) 0.9530 0.6983 950
K20-Sm2.0:-10Si0- 0.9509 0.6990 950
K20-Sm»05-105i02 (W) 0.9508 0.6986 950
K:0-Sm202-12Si02 0.9509 0.6983 1000
K:0-Sm,0:-148i0> 0. 9505 0.6985 1000
K»0-La;0:-2Si02 0.9708 0.7244 1350
K20-La20:-28i0; (W) 0.9709 0.7240 1150
K20-Nd204-2Si0: 0.9562 0.7089 1350
K20-Nd-0,-2S5i02 (W) 0.9568 0.7085 1150
K.0-6Gd,0:-2S5i0: 0.9434 0.6934 1350
K»0-Gd20.-2S5i0: (W) 0.9453 0.6941 1150
K:0-Dy202-2Si0- 0.9371 0. 6851 1350
Kz20-Laz03-6Si0> 0.9608 0.7212 950
K20-La20:-6S5i0, (W) 0.9604 0.7253 950
K20-Nd».0.-6S10, 0.9596 0.7098 950
K;0-Nd204-65i0. (W) 0.9588 0.7088 950
Kz0-Gd20:-65i0; 0.9479 0.6920 950
K20-6Gd202-6Si02 (W) 0.9460 0.6816 950
K20~-Dy20:-6S8Si02 0. 3413 0.6829 950
K20-Dy>02-6Si0, (W) 0.9406 0. 6825 850

(W) : sintered sample using powder treated with water.
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3-2-2. Measurements
The microstructures were examined using a scanning electron microscopy (Hitachi,
X-560). The other measurements were carried out by the methods described in

section 2-2-2.

3-3. Results and discussion

3-3-1. Crystal structure

The XRD patterns of K:0-Sm203-nSi02 (n=2-14) wevre very similar to that of
hexagonal LiLas(Si04)sOz (JCPDS file no.32-657), the lattice constants were however
slightly different. The halo of XRD pattern becomes more intense, conversely the
itensities of the XRD peaks reduces, as the SiOz content increases. This is due to an
increase in the proportion of the glass phase. The XRD patiers of K20-RE203-65102
(RE=La,Nd,Gd,Dy) were very similar to those of K20-Smz03-nSi0O2 (n=2-14). The
K20-Sm203-nSi02 (n=2-14) and K:0-RE:03-65102 (RE=La,Nd,Gd,Dy) consist of the
major phase with the hexagonal apatite structure and the glass phases as alkali-metal
silicates and unassignable crystalline phase are present as minor components. The
estimated lattice constants are summarized in Table 3-1. For K2:0-Sm203-Si0s, the
XRD results could not be assigned to the hexagonal phase. In the K:0-RE203-6Si02
(RE=La,Nd,Sm,Gd,Dy) series, the lattice constants, a and ¢, increase monotonically
with an increase in the ionic radius of rare-earth. The XRD patterns of water-treated
samples were similar to those of samples before water-treatment. The lattice
constants are summarized in Table 3-1. Both a- and c-parameters are not
significantly affected by water-treatment. [Furthermore, the lattice constants of
K20-RE203-28102(W)  and  K20-RE203-6Si02:(W) monotonically increase with

increasing ionic radius of rare-earth.

3-3-2. X-ray fluorescence analysis

Elemental analysis of potassium (K), rare-earth (RE) and silicon (S)) was
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determined before and after water-treatment by the X-ray fluorescence method. The
intensity ratios of I(K)/I(RE), I(K)/[(S1) and I(RE)/I(Si) before and after treatment with
water are summarized in Table 3-2. The ratios of I(K)/I(RE) and I(K)/I(Si) decrease
after water-treatment, the elution of potassium by water was lower for samples
containing higher Si10: for K20-Sm203-nS102 (n=2-10), and the [(RE)/1(Si) value
remained either constant or increased slightly. The elution of potassium by water
was particularly suppressed in n=6. For K20-RE203-6510:2 (RE=La,Nd,Sm,Gd,Dy),

the elution of potassium by water decreases with decreasing ionic radius of rare-earth.

Table 3-2 X-ray fluorescence data of K20-RE>0:-nSi0:

L(K)/1(RE) 1(K)/1(Si) I (RE)/I(Si)

K20-Sm.05-2Si0- 1.010 2.6317 2. 611
K20-Sm202-2Si02 (W) 0.228 0.675 2.967
KzO—Sm203—4Si02 1. 066 i. 348 1. 264
K20-Sm202-4Si02 (W) 0.634 0.923 1. 456
K:0-Smz03:-6Si0> 1.023 0. 840 0.821
K20-Sm202-65i0, (W) 0.873 0. 784 0.903
K:0-Sm202-8S5i0, 0.974 0. 620 0. 637
K20-Sm>0:-8Si0 (W) 0.868 0. 565 0. 651
K20-Sm202-10Si0- 0.942 0.471 0.500
K20-Sm20:-108i02 (W) 0.838 0.427 0.510
K:0-La203-2Si0: 2. 936 2.060 0.702
Kz20-Laz02-2Si0, (W) 0. 868 0.714 0.804
K20-Nd202-2Si0- I.313 2.114 1.610
K20-Nd203-2Si0~ (W) 0. 396 0.695 1y 157
K20-6d201-2S5i0; 0.610 2.291 3. 745
K20-6d205-25i0: (W) 0. 267 1.081 4. 065
K20-Laz0:-65i02 3.529 0.819 0. 232
K20-Laz035-6Si0=z (W) 2.112 0. 666 0. 245
K20-Nd20:-6S5i0: 1. 648 0.832 0.505
K20-Nd.0:2-6Si0: (W) 1. 359 0.724 0.533
K:0-6d-0:-6Si0: 0.675 0.821 1. 217
K20-Gd.0:-65i0: (W) 0.591 0. 731 1. 238
K20-Dy2031-6S5i0: 0. 460 0. 791 1. 733
K20-Dy20:-86Si0: (W) 0.410 0.719 1. 754

(W) : sintered sample using powder treated with water.
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3-3-3. Microstructure

Figure 3-1 shows the microstructures on the fracture surface of K20-Sm203-nSiOq
(n=1-14), the  water treated K20-Sm202-nSiO2z and  K:0-RE203-65102
(RE=La,Nd,Gd,Dy). Interfusion was well progressed and the crystal particles were
hardly detected, except in the case of n=2. The morphology of K20-Sm203-SiOz was
distinctly different from that of the others. For samples with a high Si02 content
(n>4), well defined fine particles were not observed, and densification was well
progressed. It is clear that crystalline phases are dispersed within glass-like phases
and that dense glass ceramic composites are formed. The morphology of
K20-RE203-6S102 (RE=La,Nd,Gd,Dy) was similar to that of K20-Sm203-65102. For
the K20-Sm:03-nSi02 with n>2 series, the fracture surface of the water treated
ceramics is smoother than that of the untreated samples, and the grain boundary is
unclear. The microstructure on the fracture surface of the water-treated
K20-Sm203-25102 is fairly different from that of the untreated sample. Such
microstructural change may be attributed to the lowering of potassium ion by

water-treatment.

3-3-4. Electrical properties
In order to determine the conductivity component, complex-plane impedance
analysis was performed. In the lower temperature region, the result for samples of
n=4 was represented by a slightly depressed semicircle in the higher frequency region
and had a spur in the lower frequency region as shown in Fig.3-2. The semicircle
corresponds probably to the grain boundary component. When the temperature was
increased, the semicircle diminished and only a spur, probably due to the electrolyte-
electrode behavior, was observed. The intercept with the Z'-axis gives the total
resistance of the electrolyte. A depressed semicircle appearing in the high frequency
region in the complex impedance plot can be adequately expressed by equation (3-1) :
Z(w)y=Z0/(1+( w/w gl (3-1)

where Z(w) is the complex impedance at angular frequency @, Zo is the real-axis
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Fig. 3-1(b) Scanning electron micrographs
of fracture surface of K20-Sm20:-nSi0, (W) l y
after treatment with water. 10um

Fig. 3-1(c) Scanning electron micrographs of | I
fracture surface of K,0-RE-05-68i0. 10pm
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intercept 1n the low frequency, w o is the relaxation angular frequency at the
maximum hejght of the semicircle, « is the depression parameter (/=7 a/2) and
i=(-1)1"2. The equivalent circuit corresponding to the impedance spectrum consists of
a frequency dependent capacitor Cp(w) and a frequency independent resistor Rp.

These parameters are described by the following equations :

Zo=Rp (3-2)
Cp(w) =Co-(§ w/w )" (3-3)
Rp-Co wg=1 (3-4)

The limiting case, =0, represents an equivalent circuit consisting of lumped RC

components with zero depression angle.
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Fig. 3-2 Complex impedance plots of K.0-Sm»0:-4Si0z :
(a) at 300°C, (b) at 600°C.

[t has been confuined, for samples of n=4, that the depression angle decreases
with an increase in the resistance (the resistance increases with the SiO:z content
except for n=1) and that the ®w o value increases with increasing temperature.
Graphically estimated resistances from the complex plane impedance results were
parameterized by the Arrhenius equation,

G*T = Gorexp(-E/kT) (2-12) |
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Arrhenius plots are shown in Fig.3-3. The electrical parameters are summavized in
Table 3-3. [For K20-RE:20:-nSi02 (RE=La,Nd,Sm,Gd,Dy n=1-14), the complex
impedance analyses suggested that the electrical properties may be mainly dependent
on the bulk component (probably the major phase) when n is 2 or 3, whereas those may

be mainly dependent on the grain boundary component (probably the glass phase)

when nis =4.
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Fig.3-3 Arrhenius plots.

The highest conductivity and lowest activation energy were observed for
K20-Sm203-258102, and the conductivity decreases with increasing SiO2 content.
K20-Sm3203-8102 shows low conductivity behavior. For K20-Sm203-nSi02 (n=2-4), the
conductivity decreased and the activation energy increased after water-treatment,

while for the samples with higher SiOz content (n>4), the electrical properties were
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only slightly influenced by water-treatment. The lesser elution of potassium is
confirmed with increasing SiO:2 content as mentioned in section 3-3-2.  The

relationship between the electrical parameters, E and Go, and [(K)/I(Si) is shown

Table 3-3 Electrical parameters

activation energy conductivity/Srcem™ '

/kdvmal ™! 500° C 6500°C

K20-Sm203-1Si0 161 <10 ® <10~ *®
K20-Sm,03-2Si0, 32.8(18.0) 1, 7T1x10° 7 2. 00107 %
K:0-Sm20:-2Si0, (W) 70.1 1.80x10°°¢ 5. 81x10°°
K,0-Sm203-35i0- 39.9(20.9) 3.95x10°7 5.07x10° 7
K.0-Sm.0:-4S5i0, 50.6(42.9) 3.52x10°"° 9. 46x10""
K:0-Sm202-4Si0, (W) 77.8 g. 72x10"°° 3.10x10°°%
K:0-Sm203-6Si0, 79. 7 9. 28x10°°¢ 3.61x10°°
K:0-Sm20:-6510, (W) 84. 0 7. T1x10°°® 3.10x10 °
K20-Smz0:2-7Si0- 86. 1 8.20x$0°° 3.17x10°°
K20-Sm.0:-85i0 87.4 3.96x10"° 1, 64x10°°
K:0-Sm>02-8Si0, (W) B5.5 3.09x10"°° 1.30xt0 °
K20-Sm20:-10Si0- 89.5 £ 80xH0"" 1.16x10 °
K20-Sm20:-10Si02 (W) 88.7 22710 " 9. 74x10 °©
K.0-Sm302-12Si0. {04.9 1.02x10°°¢ 4.90x10 °©
K20-Sm.04-14Si0. 94. 9 6.57x10° 7 2.99x10 °
K20-La20:-6S5i0> 82. 6 7. T4x10°° 2.82x10 °
K20-La,0:-6Si02 (W) 80. 3 8. 21x10"°¢ 3.03x10"°°
K>0-Nd-0:-6Si0: 80.0 4. 12x10°°¢ 1.49x10 °
K20-Nd,02-65i0 (W) 82. 6 5. 66x10°° 2, 23x10°°
K:0~Gd-0.-6Si0 81.3 4.02x10°¢ {.55x10 °
K»0-6Gd»0:-6Si0: (W) 81.3 4, 74x10°° 1.88x10 °
K:0-Dy.0.-6Si0- 82.2 B.82x10 * 3.42x10°°
K20-Dy:0:-6S5i0: (W) 83.0 7.07x10"°° 2.77x10°°

(W) : sintered sample using powder trested with water,

Parentheses denote the activation energy estimated in a higher
temperature region.

in Iig.3-4. [t appears that the activation energy and the pre-exponential factor are

well corre 1 to the voneentration of potassium, though the scatter in the data is

significant.
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Fig. 3“4 Relationship between the electrical parameters
and | (K)/V(Si) : (O) prepared samples, (@) sintered
samples using powders treated with water, n value in
K20-Sm20:-nSi02 is shown in the figure.

Based on the Anderson and Stuart’s model explained in section 2-3-5, Hakim and
Uhlmann have estimated the activation energy of ionic conduction in alkali-metal
silicate glasses [92]. Calculated activation energies as a function of alkali-metal
concentration, assuming the jump distance is the average inter-ionic separation in the
glass, are given in Fig.3-5. The estimated activation energies of the K20-Sm203-nSi0:
(n=2-11) are also shown in the figure. For the K:0-Sm203-nSiOz, the potassium
contents shown in the figure are those in the starting mixtures. When the potassium
content is less than approximately 10mol%, the activation energy of K20-Smz03-nSi02
(n>6) agrees reasonably with the results obtained by Hakim and Uhlmann for

potassium-metal silicate glasses (K20-SiOz prepared by melting at 1550C in air). It

appears that the increase of the activation energy by water-treatment is attributable
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to the decrease in potassium content. To confirm this interpretation, the correlation

between the activation energy and X-ray fluorescence results, [{(K)/1(Si), was examined.
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Fig.3-5 Relationship between the activation energy and
the potassium content : {OO) K:0-Sm202-nSi0. (@) potassium
silicate glasses reported by Hakim and Uhlmann (92].

It was confirmed that the activation energy changes due to the water-treatment
correlated well with the X-ray fluorescence results. From these results, it is
concluded that activation energy changes due to composition can be interpreted in
terms of Anderson and Stuart’s model for glass. The activation energy increases with
Increasing potassium content and/oy potassium site separation in the glass phase for
samples having a potassium content of less than about 10mol%.

As sh()Wn. in Fig.3-6, the activation energy of K20-RI£20:-25102 (RE=La,Nd,Sm,
Gd,Dy) decreases with increasing ionic radius of rare-earth from Dy to Sm, and
increases with increasing radius from Sm to La. The highest conductivity and lowest

activation energy were confirmed when samarium was used for K20-RE203-25102.

52




a/nm
120 094 095 096 097 098
O @ K,0-RE,04-6Si0,
m 0O N A K,0-RE;04-2S10,
B Ei Om K20—Sm203—n8102‘
¥
- 80 ° ®  om o’ ¥
6 » 0
E
2 L 2
W an
o A a
40 D aa 1
A A g
i | | | 1 ﬂ
0.68 0.69 0.7 071 072 0.73
c/nm

Fig. 3-6 Relationship between the activation energy
and the lattice parameters :

(open symbols) E vs. a-lattice constant,

(closed symbols) E vs. c-lattice constant,

A similar dependence was also confirmed for K20-RE203-6S5102 (RIE=La,Nd,Sm,Gd,Dy).
The effects of the ionic radius of rare-earth on the activation energy decrease with

increasing SiO: content.

3-4. Summary

New solid electrolytes, K20-RE20a-nSiO2 (RE=La,Nd,Sm,Gd,Dy n=1-14), have

been prepared, and their water-resistance investigated by the determination of crystal

structures and microstructures and by the measurements of electrical properties after
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water-treatment. Results obtained are summarized as follows :

(1) The major phase was the hexagonal apatite structure both before and after
water-treatment excepting n=1. There was not a large difference between the lattice
constants (a and c¢) of the samples before and after water-treatment. The halo of XRD
pattern due to the formation of glass phase becomes more significant and the
intensities of the XRD peaks reduces as the SiO2 content increases.

(2) The amount of potassium eluted by water decreased with increasing SiO:2 content
and then was approximately constant at n = 6. In the K:O-REz03-6510:
(RE=La,Nd,Sm,Gd,Dy) series, the decrease in the ionic radius of rare-earth decreased
the amount of potassium eluted by water.

(3) For the high SiO: containing (n>4) sample, the crystal grains were not
recognizable, suggesting that these crystal grains are surrounded by the glass phase to
give a dense ceramic composite. When samples of n>2 were treated with water, these
microstructure became increasingly smooth and the grain houndary became unclear.
(4) The conductivity decreased with increasing Si02 content except in the case of n=1.
For n=2 and 4, the conductivity markedly decreased on water-treatment and the

activation energy increased. Conversely, the electrical properties of the samples of

n>4 were little influenced by water-treatment.




Chapter 4
Tonic conductivity of the rare-earth silicate, RE10S16027
(RE=La,Nd,Sm,Gd,Dy,Y,Ho,Er,Yb)

4-1. Introduction

One of the most important ceramic electrolytes is stabilized zirconia, which is well
known as an oxygen conducting electrolyte. Such dense stabilized zirconia is very
useful and has already been commercialized as an oxygen sensor to control the air/fuel
ratio In automobile engine’s and to measure oxygen concentration in molten
metals [48,49]. In chapters 2 and 3. it was concluded that the alkali-metal vare-earth
silicates, M20-RE203-2S5102 (M=Li,K for RE=La,Nd.Sm,Gd,Dy and M=Rb,Cs for
RE=La,Nd,Sm) are the excellent alkali-metal conductors and those bear a hexagonal
apatite structure as the major phase. The composition of apatite structure can be
expressed as MxRE10.x(SiO4)503.x (X=1-3). In the case of M=Li, it has been proposed
that the rare-earth atoms are located on the 4f and 6h sites and the lithium atom on
the 4f site. [t was found that the rare-earth silicates, RE10SisOz7, obtained by
substituting RE for all of M in MxREi10.x(Si04)502x, show the relatively high
conductivities, despite that the composition of apatite structure is no longer
maintained. These can be regarded as oxygen ionic conductors.

In this chapter, the author has investigated the conductivities of rare-earth

silicates in order to develop a new ionic conductor.

4-2. Experimental

4-2-1. Samples
Discs of rare-earth silicates, RE10SicOwr (RE=La,Nd,Sm,Gd,Dy,Y,Ho,Er,Yb),

NdxSicOze15x (X=6-12) and MUIDxNdyoxSicOzr0sx  (M(ID=Sr,Ba ; X=2-5), were




according to the procedure described in section 2-2-1. The samples were sintered for

2h at the temperature given in Table 4-1.

4-2-2, Measurements

The crystal structures were determined at room temperature by powder X-ray
diffraction (Rigaku, Rint-2500V). Other measurements were carried out by the

methods described in section 2-2-2.

Tabie 4~1 Crystal parameters, phase and sintering temperature

lattice constant B/ sintering
a/nm b/nm c/nm degree phase® temp./ °C
LaioSieO27 0.9762 0.7204 H 1550
NdioSieO2z~ 0.9610 0.7044 H 1550
SmioSia02ay 0. 9541 0. 6954 H 1550
GdioSia0z- 09494 0.6888 H 15590
Dy 0Sis02+ 0.9415 0.6795 H 1575
Yi05ia027 1.2571 0.6750 f.0451 102.59 M 1600
Hoi1aSi6027 1.2267 0.6750 1.0463 101, 8¢ M 1600
ErioSic02y 1.2519 0.6728 1.0401 102.52 M 1600
Ybi10Si6027 1.2445 0.6686 1.0321 102.61 M 1600
NdsSicOiy 0.6762 2. 4609 T 1375
NdsSieOuis. s 0.6756 2.4596 T 1425
NdeSieOaz 0. 6764 2.4606 T 1425
Nd-Sic0z22 s 0. 9605 0. 7047 H 1425
NdzSicO>a 0. 9613 0.7049 H 1500
NdsSie0z24. s 0.9712 0. 7048 H 1500
Ndg. 335160z 0.9590 0. 7039 H 1600
Nd, SicOzs. 5 0. 9648 0. 7039 H+M 1600
0.9271 0.7237 0.6902 108.27

Ndi2Si6030 0.9271 0.7237 0.6902 108. 26 M 1600
SroNdeSis026 0. 9610 0. 7126 H 1600
Ba:NdeSicOz6 0.9703 06.7202 H 1550
BhNdsSists. 0. 9718 0. 720' H 1550
BauNdsSis0a4 ] 1350
*H : hexagonal, M : monoclinic b axis, T : tetragonal,

U : unknown mixture.
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4-3. Results and discussion

4-3-1. Crystal structure

The XRD pattern of RE1:SisO2: (RE=La,Nd,Sm,Gd,Dy) was similar to that of
(Gde3a(S5104)s02  (JCPDS file no.38-283, hexagonal, P63/m(176), a=0.94264nm,
c=0.68444nm) and LiLas(SiOs)s0O2 (JCPDS file no.32-567). In the range
200 =2 0 =50, most of the observed peaks can be assigned as summarized in
Table 4-2. The major phase of RESis02; (RE=La,Nd,Sm,Gd,Dy) is the apatite
structure of composition, REgs:[J067(S104)602. Other very weak peaks can be
assigned to those of RE2Si0s5. Based on the structuve of Li20-RE20:-2Si0:2 in Fig.2-5,
the crystal structure of the major phase of RE10SisO2r (RE=La,Nd,Sm,Gd,Dy) can be
proposed as shown in Fig.4-1. The oxygen ions of 2a-site are surrounded by six R
ions. It is suggested that the oxygen ion can migrate along these cavities, i.e., the

material is an oxygen ionic conductor. On the other hand, the XRD patterns of

6h site(RE)

4f site(RF)

Fig. 4-1 flexagonal apatite structure praposed to
the major phase of RE.oSis029.
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Table 4-2 XRD pattern of La;oSis02+

h k I° d/nm 1/16ox100 h k |* d/nm [/10x100
200 . 4231 26 2 21 . 2309 5
11 . 4048 22 B 11 L2211 1
00 2 . 3607 16 302 <2191 3
10 2 . 3316 38 113 <2153 10
210 . 3185 39 4 00 L2110 5
2 11 -2919 100 i 272 .2018 25
112 . 2897 51 312 . 1963 14
300 . 2815 28 211 . 1918 29
2 0 2 . 2741 4 3 2 . 1870 13
212 . 2388 2 4 1 0 . 1841 21
310 . 2341 1 4 0 2 . 1820 22

* JCPDS file no.38-283, Gdo 22(Si04) 02, hexagonal, P63/m(176),
a=0.94264nm, c=0.68444nm.

RE 10816027 (RE=Y,Ho,Er,Yb) are similar to that of Y2SiOs (JCPDS TFile no.36-1476,
monoclinic b axis, 12/a(15), a=1.25013nm, b=0.67282nm, ¢=0.67282nm, [ =102.682").
Other peaks can assigned to those of RE2Si207. The lattice constants of the
RE16Si6027 series estimated from the JCPDS data are summarized in Table 4-1. In
the REi0515027 (RE=La,Nd,Sm,Gd,Dy) series, the a- and c-lattice constants of the
hexagonal phase increase monotonically with an increase in the ionic radius of RE, as
can be seen from Fig.4-2.

In the NdxSisO12+15x series, a tetragonal phase (Nd2Si207 : JCPDS File no.22-1177,
tetragonal, P41(76), a=0.674 Inm, ¢=0.2452nm)was confirmed as a major phase for X=6,
a hexagonal phase (the apatite structure) for X=7-11, and a monoclinic phase
(Nd2SiQs : JCPDS File no.40-284, monoelinic b axis, [2/a(15), a=0.9228nm,
b=0.7282nm, ¢=0.6874nm, [ =108.19" ) for X=11 and 12. The hexagonal and
monoclinic phase was formed as a by-product for X=11. Although compositions of
NdxSisO)z2:1 5% agreed with that of a hexagonal apatite structure (Ndx(S104)s015x.12 )
when X is in the range of 8 to 9.33, very weak peaks assignable to Nd2SiOs were

observed in their XRD patterns, indicating that these samples are not also a single
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phase. In the hexagonal samples of X=7-11, the lattice constants were little changed

by an increase in the X values.
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Fig. 4-2 R-elationship between the ionic radius of rare-earth
and the lattice parameters in hexagonal RE,oSis02-.

Samples of the general formula, M(IDxNd10.xS8i6027.05x (M(I1)=Sr,Ba ; X=2-5), were
prepared by partial substitution of Nd3' in Nd10SisO27 with large divalent alkali-metal
1ons, to obtain larger lattice constants. Since the XRD patterns of these samples
(excepting BasNdsSicO215) were similar to that of SraNds(SiOs)sO: (JCPDS file
no.28-1237, hexagonal, P63/m(176), a=0.9579nm, ¢=0.7111nm), the crystal structures
of the major phase is a hexagonal apatite structure. Other very weak peaks can be
assigned to those of Nd2SiOs. In the Sr substituted sample, the a-lattice constant of
the major phase were not increased to the same extent by the M(II)-doping. (The lattice
constants, ¢, of the Sr substituted samples became 0.0082nm larger.) In the Ba
substituted samples, the lattice constants, a, became approximate 0.0100nm larger but

were shorter than that of La1oSisOz:. (T'he lattice constants, ¢, became 0.0160nm larger

and were almost equal to that of La10SisO27.)




Fig.4-3(a) Scanning electron
micrographs of fracture surface

of RE:nSinOzL L ]
Sum
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Fig. 4-3(b) Scanning electron
micrographs of fracture surface

of Ndei5012|1 5X and 1 )
H(“}sznSisO?n. Sum




4-3-2. Microstructure

Figure 4-3 shows the fracture surface microstructures of the sintered rare-earth
silicates. In the RE10Si602: (RE=La,Nd,Sm.Gd,Dy.Y,Ho.Er.Yb) series, the
densification increases with increasing ionic radius of rare-earth. In particular, the
sintering is well progressed for the La and Sm samples. The particle size of the La
and Sm samples is larger than those of the other samples. In the NdxSicOizi15x
(X=6-12) series, the highest densification is observed for samples of X=8, 9 and 9.33.
However, many cracks are observed for only sample of X=9.33. In the
M(I1)2Nds.SicO2 (M(11)=Sr,Ba) series, the densification is well progressed though the

large pores are observed.

4-3-3. Electrical properties

Complex-plane impedance analysis was performed according to section 2-2-3.
The complex impedance plots give two semicircles as shown in Fig.4-4 : one in the
higher frequency region corresponds probably to the bulk component, whereas another
in the lower frequency region corresponds to the grain bundary component. When the
temperature increased, the size of the semicircle in the lower frequency decreased

compared with that in the highex frequency. The total conductivity data ( the sum of

i i — 1 T T T
a (b)
=l (a) 1

E200 :
fg 1MH2 100kHz T ’-g - 1MHz
NGkl o | o =es M2 40P g | |

. e e 100kHZ ——o » _ 1un

, 1 1 I 1 1 \i’z.l

Z'/kohm Z'/kohm

Fig.4-4 Complex impedance plots of Nd,oSie027 :
(a) at 300°C, (b) at 500°C.
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the bulk and grain boundary) determined by the extrapolation of complex impedance
plots to zero reactance were parameterized by the Arrthenius equation (2-12).
G*T = Goexp(-I£/kT) (2-12)
Arrhenius plots are shown in Fig.4-5. Table 4-3 summarizes the electrical
parameters. The relatively high conductivities and low activation energies of
hexagonal RE0SisO27, especially LawSicO2: and NdiSisOzz, stimulated the present
author to investigate their electrical properties. The electrical properties of
hexagonal RE10Si6027 may be mainly dependent on the bulk component as in the case

of the hexagonal Mz0-RE203-25103 explained in section 2-3-4.

Table 4-3 Electrical parameters

activation energy conductivity/Sscm™’

/kdemol "’ 300° ¢C 500°C 700°C 900°cC
Lai0Sie02- 69.0 5.54x10°°% 1.75x10 " 1.41x10 " 2.85x10D
NdyoSie0z2y 71.5(64.8) 5.02x10 ° 1.49x10 * 8.42x10 " 1.47x10D
SmioSie02y 79.5(64.5) 3.23x10°7 1.43x10°° 8. 74x10 * 1.61x107"
GdioSic0z2+ 84. 0 - 7.05x10°7 8.09x10 ¢ .84x10"°¢
Dy oSic02y 107.5 - - 1.17x10°¢ 1. 12x10°°¢
V)oSi5027 1203 - - 6.79x10 8 7.48X|0_7
Bo\16Si 6022 123.5 - - 3.18x190 if 4.|7X|D-n
ErioSis0zy 124.9 - - 1.06x10 7 §.31x10°°
Ybi0Sis02> 13(.6 - - 1.44x10 * 1.38x10 ¢
Rd,SicO:s 108. 2 = - 2.17x10°" 1.97x10°°
RdsSicOis s 116.7 . - 1.27x10°7 1.32x10 ¢
NdsSieO2, 117.1 =] = 2.00x10 7 2.23x10 ¢
Nd+Sie022. s 90. 7 - 1.47x10° 7 1.58x10 ° {1.45x10 °*
NdeSicOz4 90.7(79.0) = 1.10X10 ° 1. 13X10 ° 5.80X10°°
NdsSiaOzs. s 83.7(72.4) = 4,.33X10 ° 3.44X10 % 1.50X10 *
Nds. 225106024 73.3(64.6) 2.96x10°7 1.34x10 ° 1.02X10 * 4.27x10"
Nd,1Si060s5. & 67.7(58.4) 7.94x10 7 2.02x10 ° 1.08X10 * 3.00x10 *
Nd 28106020 124. 3 - - 2.66x10 7 3,32xt0 °©
SroNdsSieOze 110. 3 = = 9.75x10 ® 8.54x10 7
Ba,NdsSisOzs 75.9 = = 8.17x10 7 3.74x10°°
BasNdsSiaO2s 167.8 . o - 1.5')(]0—6
BasNdsSicO24 18. 1 = = 1.14x10 ° 4.84x10 °

Parentheses denote the activation energy estimated in a higher
temperature region.
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Fig.4-5 Arrhenius plots.

Figure 4-6 shows the relationship between the ionic radius of RE?*" and the
electrical properties of REinSisOz2; (RE=La.Nd,Sm,Gd,Dy). The activation energy
decreases and the conductivity at 700°C increases with an increase in the ionic radius
of RE** for RIE10Si6027. Based on Anderson and Stuart's model described in
section 2-3-5, it is qualitatively understood that the lowering of activation energy with
increasing size of rare-earth ion is caused by a lowering of the total elastic energy
expressed by equation (2-14) [91,92]. The highest conductivity (5.54x106S-cm-!
at 300C) was observed for LaoSisOzr and this is almost equal to the conductivity of
yitterbia stabilized zircona, (ZrO2)o92(Ybz02)o0s. The conductivities of the monoclinic
samples (RE=Y,Ho,Er and Yb) were considerably lower than those of the hexagonal

samples (RE=La,Nd,Sm,Gd and Dy). For the RIE0Sis027 series, the pre-exponential
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factor is independent on the ionic radius of RE** as shown in Fig.4-7.
g

conductivity may be controlled by the activation energy which is influenced by the

wonic size of RIGH,

Therefore, the
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Fig. 4-6 Relationship between the ionic radius of rare-earth
and the electrical parameters in hexagonal RE\oSis0zs.

In the NdxSicOiz15x (X=6-12) series, the activation energies of the tetragonal
sample of X=6 and the monoclinic sample of X=12 are much high (>100kJ -mol!") and
the conductivities of these samples are low, compared with those of the hexagonal
samples of X=7-11. The highest conductivity and the lowest activation energy were
observed for X=10 and 11, respectively, where these X-values are a little larger than
X=8-9.33 for the composition of apatite structure, Ndx(5i04)sO1.5x.12.

In the M{IDxNd10.xSisOz7.05x (M(I1)=Sr,Ba X=2,4) series, the conductivities were

decreased by approximately three orders of magnitude compared with that of

Nd10SisO2: The activation energies were higher than that of Nd10SisO2r.
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Fig.4-7 Relationship between the ionic radius of rare-earth
and the pre-exponential factor in hexagonal RE;oSie027.

4-3-4. lonic transport number
The following O2 gas concentration cell was prepared in order to determine the
onic transport number of the solid electrolyte.
O2+Ar, Pt | solid electrolye | Pt,Air(21%02)
The EMI" (electromotive {orce) between the two electrodes obeys the Nernst equation
KM = QM) In(Pne/Pee") (1)
where RO'T o, 1 Pos and DPog' are the gas constant, absolute temperature, electron
transfer number, Faraday constant, Oz partial pressure at the measuring electrode,
and Qv partial pressure at the reference electrode (Pod'- 0,21), respectively.  The 90%
response fime (KM wi " gt T minute after changing the Oy gas concentration on
measuring electrode <ili. This response characteristics were similar to those of the
02 gas concentration cell using the oxide jonic conductor. (ZrOz)na2(Yh20:30 4.
4

Figure hows thed n ceof KN on the logarithin of Oz partial pre <ure,
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Fig.4-8 Dependence of EMF on 0, partial pressure :
O24+Ar, Pt | NdioSic0y. | Pt, Air (21%0.).

logPo2, in the case of Ndi0SisO2r and Table 4-4 summarizes the theoretical and
experimental Nernstain slopes and electron transfer number (n) for the O: gas
concentration cell at each temperature. The EMF's experimentally obtained are in
good agreement with theoretical values. ‘The n values ave close to 4.0 above 600°C for
Nd10Si6027 and above 800C for SmieSisOz7.  Therefore, this response must be caused
by the four electron reaction of O2 molecules at the electrodes. The current responses
for a potential change from +1 to -1V of Pt | Nd10SigOz7 | Pt were examined. The
measurement was carried out at 500°C in a N2 atmosphere. A current flowed
momentarily after the polar change and then approached zero. The conductivity of
RE10S16027 (RE=Nd,Sm) was measured by both ac and de¢ methods. The conductivity
determined by the dec method was considerably lower than that determined by the ac

method. Conversely, the conductivity in a moist atmosphere was the same as that in
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a dry atmosphere. These results suggest that RI510Si5027 is not a proton conductor.

Table 4-4 Theoretical and experimental Nernstian slopes and electron
transfer numbers, n, for the Oz gas concentration cell using rare-earth
silicate solid electrolytes

slope/mVedecade '

temp. /' C Ndi2Sie0uz- SmioSic0y~
theoretical observed n observed n

500 37.5 24.0 6.3 22.4 6.1
600 42. 3 42. 3 4.0 29.4 5.8
100 47.2 50. 4 3.8 40. 4 4.7
800 52.1 48.7 4.2 50.5 4.1

[rom the above considerations, it is confirmed that the major charge carrier of the

present solid electrolyte is not electrons, heles or protons but the O* ions.

4-4. Summary

New solid electrolytes comprising the rare-earth silicates, RIE10SisO2z
(RE=La,Nd,Sm,Gd,Dy,Y,Ho,Iir,Yb) and NdxSigOi2+15x (X=6-12), were prepared and
their crystal structures, microstructures, electrical properties and ionic transport
mimbers were examined. The results are summarized as follows :

(1) In the REi0Si5027 series, the major crystal phases of RE=La, Nd, Sm, Gd and Dy
as well as M20-RE203-25102 (M=Li,K,Rb,Cs RE=La,Nd,Sm,Gd,Dy) were hexagonal,
those of RE=Y, Ho, Er and Yb were monoclinic. The hexagonal rare-earth silicates
(RE 10816027 (RE=La,Nd,Sm,Gd,Dy)) prepared were found to be a mixture of an apatite
phase (REa330067(S104)602) as the major phase and some crystal phases (RE25105 ete.)
as the minor phases. In the NdxSigOiz:15x series, the major phases of samples X=6,
X=7-11 and X=11 or 12 were tetragonal, hexagonal and monoclinic, respectively. For

the hexagonal apatite structure group, the oxygen ions of 2a-site surrounded by six RIS
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ions exist and it is suggested that O% ions can migrate along the cavities of 2a-site in
the c axial direction.

(2) REi0S16027 (RE=La,Nd,Sm,Gd,Dy) showed relatively high conductivities and their
activation energies were low. The activation energy decreased with iocreasing ionic
radius of rare-earth . The lowest activation energy and the highest conductivity at
300C was 69.0kJ *mol! and 5.54x106S-cm-!, respectively. This conductivity is
comparable to that of (ZrO2)092(Yb203)0.0s.

(3) The experimental electromotive force in the O2 gas concentration cell comprising
Nd0SisO27 agreed very well with the theoretical electromotive force calculated from
the Nernst equation. Furthermore, the electron transfer number was very close to 4

above 600°C, suggesting that the response is due to the four electron reaction of Oz

molecules at the electrodes.




Chapter 5
Application to the concentration cell type CO2 gas sensor of

the alkali-metal rare-earth silicate solid electrolyte

5-1. Introduction

Recently, the combination of certain ionic conductive films and solid electrodes has
made it possible to develop the gas sensors. The application of the solid electrolytes
in this area have been extensively studied. For instance, theve have been a number of
CO2 and NOz2 gas sensors, where [ -alumina or Nasicon is used as the solid electrolyte
and Na2C0z or NaNO; as the solid electrode [93-97]. However, this type of gas
sensors has not been to practical use to date. Consequently, the development of CO2
gas sensors with high sensitivity, good selectivity, rapid response time, good long-term
stability and high accuracy is required.

In this chapter, some solid state cells prepared from the high dense and conductive
alkali-metal rare-earth silicates (potassium or lithium ionic conductor), and their
response characteristics as the potentiometric CO2 gas sensors have been

investigated.

5-2. Thermodynamic analysis of electromotive force characteristics

of the concentration cell type gas sensors [98]

According to the thermodynamics of cell reactions, the equilibrium potential
difference of an electrochemical cell can be expressed as A G =-F-E, where E is EMF
and A G isthe Gibbs free energy. When the electric charge transfered is | n | F, the
relationship is expressed as follows.

AG=-|n|F-E (5-1)
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[n the case of a general electrode reaction, aA + bB = ¢C + dD, the change in the Gibbs
free energy is given by the activity coefficent of the reacting species.

A G= A G +RTIn((actap®)/(ar*asb)) (5-2)
The electromotive force is given by E° = -A G/ n| F when the activities of the
products and reacting species are 1. [ is called the standard electromotive force.
The relationship between £ and the equilibrium constant of the electrode reaction is
given by the following equation.

| n| FE° =-A G =RTInK (5-3)
When equation (5-2) is divided by - | n | F, the following relationship is obtained.

E=E -@®D/( | n | Fln((accapi)/(ar2ash)) (5-4)
Equation (5-3) 1s the Nernst equation. (The partial pressure or concentration can be

adopted instead of the activity.)

5-3. CO2 gas sensor using the potassium ionic conductor, K20-Sm203-6Si102

Although some concentration cell type sensors using Na* and Li* ionic conductors
have been reported, sensors using the K* ionic conductor is little known.

Thus, in this section the CO2 gas sensors, in which the dense K* ionic conductors
exhibiting high conductivity are used as the solid electrolyte, were prepared and
investigated. From the following results, K20-Sm203-6S102 was used as the solid
electrolyte of the CO2 gas sensor. As described in chapter 3, sample, n=2, shows the
highest conductivity among the potassium ionic conductors, K:20-Sm203-nSi0z.
However, there are the problems with the water-stability and long-term stability.
The water-stability and densification increased with increasing SiO: content, but the
conductivity decreased. Conversely, the conductivity of the n=6 sample was relatively

high. TFurthermore, its water-stability and densification were satisfactory.

5-3-1. Experimental

The sensor is composed of the following solid state ccell.

<1
—




(-) air, Pt | K* ionic conductor | Au, K2COz CO2 Oz (+)
The sensor structure is ilustrated in IMig.5-1(a). The disc of ionic conductor

(K20-Sm203-65102) used as the solid electrolyte was prepaved according to the method

Au wire

Au electrode
K2C02 or Li2C0;
Glass cement

KzO'SIﬂzOn‘ssiO'g
or LizO‘REzO:‘?SiOz

Pt electrode

Alumina tube

Pt wire

Fig. 5-1(a) Schematic view of the CO» gas sensor.

gas inlets
ref. meas.

_ Jl

electrometer] L—»

gas outlet

1
multimeter - _
L_ |temp. controller
[ computer J

Fig.5-1(b) Schematic view of the COz gas sensor response

measurement equipment.
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described in the section 3-2-1. After coating each side of the disc with a Pt and Au
paste, the disc was baked at 800C. Then, Pt wires were connected. An aqueous
K2COz solution was applied to the Au detection electrode and dried, to prepare the
solid electrode. The sensor was fixed on one-end of an alumina pipe with a glass
cerment. (The Pt counter electrode was inside.) The response characteristics were
measured with the equipment shown in Fig.5-1(b). The standard CO2 gases (<2ppm-,
10ppm-, 100ppm-, 1000ppm- and 1%-CO2) prepared by diluting various amounts of
CO2 with synthetic air (<2ppmCO2) were purchased from Sumitomo-Seika. These
standard gases were passed through the detection electrode side of the sensors at the
flow rate of 50cm?®-min'. The electromotive force, EMF, of the sensor was measured

using a electrometer (Advantest, TR8652) at each temperature.

5-3-2. Results and discussion

As shown in [Fig.3-3 (Arrhenius plots), the temperature (reciprocal) dependence of
the conductivity for Kz0-Sm203-6SiO2 in air was linear. This solid electrolyte is not a
proton conductor, the conductivities in moist air are very close to those in dry air.

Figure 5-2 shows the dependence of the electromotive force, EMF, on the

Table 5-1 Values of slopes of EMF vs. log Pco:
and electron number, n

temp. /° C slope/mVedecade ' n
270 43 2.5
300 53 2.1
350 60 2.1
400 65 2.1
450 70 2.1
500 13 2.1
550 73 2.2
600 15 2.3
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logarithm of CO: partial pressure, logPco2. The EMF decreases with increasing
logPco2 at each temperature, and the dependence of EMF on logPcoz obeys the Nernst
equation. In the present apparatus, almost constant potentials are obtained at a
given temperature as the counter electrode is shielded from the detected gas. This
imdicates that the electron transfer number at the detection electrode can be estimated
from the slope of the straight lines shown in Fig.5-2 as the EMF change is due to the
polential change at the detection electrode. Irom Table 5-1, which summarizes the
experimentally estimated slopes and electron transfer number, n, the n values can be

approximated to 2.5 at 270°C and to 2 above 3007C.

| log(Pcog/atm)

Fig.5-2 Dependence of sensor EMF on CO. partial
pressure in air :
(-)air, Pt | K20-Sm20,-6Si02> | Au, K2C03, CO2, 0. (4).




The dependences of EMF on logPcoz at 450°C were also measured for the CO:2 gas
sensors prepared from K20-Sm3z03-25102 and K:0-Sm203-4Si02.  The results are
shown in Fig.5-3. The EMF shows a tendency to decrease with increasing Si02

content. This may be due to the lowering of K20 activity in the solid electrolyte.
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log(Pcop/atm)

Fig.5-3 Dependence of sensar EMF on CO: partisal
pressure in air at 450°C :

(@) (-)air, Pt | K;0-Sm;02-65i0> | Au. K»C0s, CO2 0z (1),
(A) (_) ai r Pt | KzO‘SIﬂzOJ‘4Si02 | Au, cho.\. COz. 0: (+),
(-) (“) ai r, Pt I KzO—SmZOR-QSiOz l AU. KZCO:{. COz. 02 (+) .

The dependences of EMF on the logarithm of Oz partial pressure, logPoz under
the CO2 partial pressure of 0.3atm are shown in Fig.5-4. The EMF values shown in
Fig.5-4 are somewhat different from those determined by the extrapolation of the plots

in Fig.5-2 because the absolute EMF values showed a significant scatter among
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Fig. 5-4 Dependence of sensor EMF on 0. partial
pressure (C0.=0. 3atm)
(<)air, Pt | Kz20-Sm;03-6Si02 | Au, XzC03, €O, 0, (+).

sensors. The EMF at each temperature increased linearly with increasing logPoz and
the dependence of EMF on logPo: obeyed the Nernst equation (as in the case of COz2).
The experimental slopes at 300, 450 and 600 TC was 29, 34 and 4lmV/decade,
respectively. The electron transfer numbey for one molecule of Oz is estimated as 3.9.
4.2 and 4.2, vrespectively. These results indicate that the two electron reaction of COz
and four electron reaction of Q2 is the method of detection above 3007C.

Figure 5-5 shows the temperature dependence of the EMF at a given COq
concentration. The EMI® values decrease linearly with increasing temperature,
though deviation from the straight line is observed below 300°C. The temperature
dependence of the potential at the detection electrode is linear above 300C and hence

the temperature dependence of the potential at the counter electrode is also expected
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to be linear, indicating that the same electrode reaction occurs at the detection

electrode above 300°C.

] ; T —T —
O_O\& |
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~0.2F \\\1\\\ -
PS Q
b
iy
~0.4f :
o
O 1% CO2 o )
i & 1000ppm CO2
O 100ppm CO2
-0.61 ® 10ppm CO2 ]
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Fig. 5~5 Tempecature dependence of sensor EMF in air :
(—)ai r, Pt | KzO‘szO:I_GSiOZ I AU, KzCOz, 002. 02 (+)

From the above results, the response mechanism of the present CO:z gas sensor
can be explained as follows. Because the counter electrode is exposed to atmosphere
(the oxygen partial pressure is always 0.2latm), the electrode reaction can be
expressed by the following equation.

2K + 1/202! + 2e- = K20 (5-5)
On the other hand, the following reaction is thought to occur at the detection electrode.

2K* 4+ CO2 + 1/202!" + 2e' = K2COg (5-6)
When the Nernst equation is applied to equations (5-5) and (5-6), the potential of the
counter electrode, B¢, and that of the detection electrode, Es, are expressed by the

following equations :
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Ee = Ec' - (RT/2F)In{akzo/ar- (Po2!)V2) (5-7)
Es = Es' - (RT/2F)In(arecos/ax+2: (Poz!1)12- Peog) (5-8)

where li¢’ and Es’ are the constants. Therefore, the electromotive force, B, is
expressed as follows :
E=Ls-EBc
=B - (RT2I)In(axecos (Po)Y2/akzo - Peoz: (Poel!)V2) (5-9)
where E' is a constant. The value of InPog! is constant because Pog! is the oxvgen
partial pressure in the atmosphere. The K* activities of K2COy and solid electrolyte
arve considered to be essentially constant during the electrode reactions. Therefore,
asswiming that the ' activities are constant regardless of the COx concentration,
equation (5-9) can be simplified as follows.
E=E"+ (RT/2F)InPcoz + (RTHEF) InPou!! (3-10)
Equation (5-10) means that the EMT agreed with the slope corresponding to the two
electrons reaction for logPco: and four for logPo:. The present results can be

explained by this equation.

-0.3F N
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_0 4 L PR 10000 . 3 B
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(
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Time/min.

Fig.5-6 Response curve, sensor EMF in air at 550°C :
(-)ai r, Pt l KzO‘SI'I‘le:"GSiOz | AU, cho:t, CO2, 0/(+)




Figure 5-6 shows the EMF response curve for changing CO2 concentration at
550°C. The EMF response was relatively rapid. When the CO2 concentration
increases, the 90% response time is approximately 4 minutes and the reproducibility is

good.

-0.2 450°C CO,=1000ppm
J_Q_ 1O . © S— —= O
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“047 " 500 CO,=100ppm
) | i I
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PH0/mmHg

Fig.5-7 Dependence of sensor EMF on H,0 partial pressure :
(—)ai r, Pt | KzO—SI'ﬂzO:(—GSiO'/. l Au, K.COa1, CO2, 02(+)-

The influence of water vapor on EMF was examined. The moist atmosphere
condition was controlled by bubbling the dry CO2 gas through deionized water. The
results are given in Fig.5-7. The observing EMFT, in a moist atmosphere at 500C, are
about 10mV lower than that in a dry atmosphere. However, the EMF's at 450C are
not influenced by the introduction of water vapor.

The stability of the KM was examined in a laboratory air for 87 days. The EMF

was measured after maintaining the device at the operating temperature, 500C, for

several hours in all cases. After the measurement, Lhe apparatus was cooled to room
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temperature and kept in a ambjient air. The results are given in Fig.5-8. The EM[
tended to decrease during the first 10 days. After that, it remained essentially
constant (especially, in 1000ppm- and 1%-COq), except the shift of +30mV by the break
of a lead wire after storage of 40 days. It is unclear that the shift after the break of a

lead wire may be attributed to the reproduction of a lead wire and the solid electrode.
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Fig.5-8 Long-term stability in a laboratory air:
(-Yair, Pt | K20-Sm>0:~6%i0, | Au, K2C03, CO», 02 (4).

5-4. COz gas sensor using the lithium jonic conductor.

Li20-RE203-25102 (RE=La,Nd,Sm)

CO:2 gas sensors prepared from the Li* ionic conductors have been investigated.
The Li* ionic conductors are dense and show high conductivity similar to the K* ionic

conductors discussed in section 3-3.
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5-4-1. Experimental

The sensors are composed of the following solid state cell.

(-) air. Pt | Li* ionic conductor | Au, LiaCOs. CO2 Oz (+)

The sensor structure is the same as that shown in Iig.5-1(a) of section 5-3-1.
Discs of the ionic conductor, LizO-RE203-25102 (RE=La.Nd.Sm), which were used as
the solid electrolyte, were prepared according to the method described in section 2-2-1.
Au or Pt electrode were prepared on each side of the discs by sputtering. Au lead
wires were used. In order to prepare the solid electrode, the agueous LizCOz solution
was applied to the Au detection electrode and dried. All other procedures were as

those detailed in section 5-3-1.

log(Pcoy/atm)

Fig. 5-9 Dependence of sensor EMF on CO: partial

pressure in air :
(—)ai r. Pt I Li,0-La.0:-2Si0: | Au, Li2CO0x. €0,. 0. (+)
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5-4-2. Results and discussion

Figure 5-9 shows the dependence of EMF on logPco2 when
Li20-Laz03-2810: is used as the solid electrolyte. The relative EMIE values are
plotted on the y-axis, since the absolute EMF values showed a significant scatter
among sensors. Although the EMF decreased with an increase in the logPcoz at each
temperature, the slope below 350°C was small compared with that above 400C. The
dependence of EMF on logPco2 is considered to obey the Nernst equation above 400°C.
Similar results were obtained for the other solid electrolytes such as LizO-Nd203-25102
and Liz0-Sm203-2Si02. Furthermore, the potential is expected to be constant at a

given temperature as the Pt counter electrode is not

Table 5-2 Values of slopes of EMF vs. log Pcoz
and electron number, n

temp. /° C slope/mVsdecade” n

air‘Pll LiaO“LGzO:'ZSiOz' Au.Li2€03,€02.0:2

250 18 5.8
300 28 4.1
350 40 3.1
400 51 2.6
450 59 2.4
470 65 2.3
500 74 2.1
550 68 2.4
air Pt | Liz0-Sm20:-2S10, | Au.Li2C04,.C0:.02
250 15 6.9
300 25 4.5
350 48 2.6
400 56 2. 4
450 67 2.1
470 65 2.3
air‘PtI LizO‘NdzO:‘ZSiOz‘ AU\Li2C03\C02\02
250 29 3.6
300 40 2.8
350 47 2.6
400 63 2.1
450 62 2.3
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exposed to the detection gas. Therefore, the electron transfer number at the Au
detection electrode can be estimated from the slope of the siraight lines shown in
Fig.5-9, as the EMF change is due to the potential change at the detection electrode.
Table 5-2 summarizes the experimental slopes and electron transfer numbers. These
results indicate that the two electron reaction of COz is the method of detection above
400C for all of the solid electrolytes .

The dependence of EMF on logPoz was examined under a constant COz partial
pressuvre of 0.2atm, to elucidate the detection electrode reactions. Results obtained
for Liz0-La203-25102 are shown in Fig.5-10. The EMT increases linearly with an
increase of the logPo2 (in the range studied) at each temperature. This relationship
obeys the Nernst equation as in the case of COz2. 'The experimental slopes at 400 and
450C was 31 and 37mV/decade, respectively. The electron transfer number for one
molecule of O is estimated as 4.3 and 3.9, respectively. These results indicate that
the two electron reaction of CO2 and four electron reaction of Oz is the method of
detection above 400°C.

From the above results, the response mechanism for the CO: gas sensor of
L120-RE203-25102 can be explained as described for K20-Sm203-6S10z in section 5-3-2,
except for the reacting ion species.

The EMF response for changing CO2 concentration at 470°C was relatively rapid.
The 90% response time was about 4 minutes and the reproducibility was good.

From the results in section 5-3-2 and this section, the working temperature of
K20-Sm3203-6Si02 sensor was found to be 100C lower thap that of Li»O-RE203-25102
(RE=La,Nd,Sm) sensor : the EMF of the former sensor obeyed the Nernst equation
above 300C whep the COz concentration is changed, whereas the EMI' of the latter
sensor obeyed above 400C. [t is unclear that the difference in electrolyte and/or solid

electrode may be responsible for the difference in working temperature.
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Fig. 5-10 Dependence of sensor EMF on 0, partial
pressure (C0.=0. 3atm)
(=)air, Pt | Li20-Laz02-25i0z | Au, Li2C0a, CO2, 02 (4).

5-5. CO:2 gas sensor using the layer type ionic conductor,

Li20-Sm203-2S102+(Zr02)0.02(Yb203)0.08

In the COz2 gas sensors examined in sections 5-3 and 5-4, the electromotive force
was modified by changing of Oz concentration because the four electron reaction of Oz
occurs at the detection electrode as well as the two electron reaction of COz. In an
attempt to improve the selectivity for Oz, one-end seal type sensors have been reported,
where the O jonic conductor is put on the counter electrode side of the alkali-metal

1onie conductor.
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A COz gas sensor was prepared from the Jayer type ionic conductor obtained by
sticking the O* ionic conductor on the counter electrode of LLi* ionic conductor, and its

properties have been investigated.

5-5-1. Experimental

The sensors are composed of the following solid state cell.

(-)COz Oz Pt | O2 ionic conductor
+ Li* ionic conductor | Au, Li2COs, COu Qa2(+)
<<Jayer type ionic conductor>>

The sensor structure is illustrated in Fig.5-11. The disc of vitterbia stabilized
zirconia, (ZrO2)0.92(Yb203)o.0s, was pressed at 100MPa and sintered at 1600C for 2 h.
The (Zr02)092(Yb203)o.0s powder of HSYD-8.0 grade, which was prepared by the co-
precipitation method. was puvchased from Daiichi Kigenso Kagaku Kogyo Co., Ltd.
The layer type ionic conductor was preparcd by sticking the greenbody of
Li120-Smn203-25i02 on the yitterbia stabilized zirconia and then by melting at 1200C
for 2 h. Au and Pt electrodes were prepared by sputtering on the Liz0-Sm203-25:10:
and (ZrOz)o92(Yb203)00s sides, respectively. Au lead wires were used. The Au
detection electrode and the Pt counter electrode were exposed to the same COz gas
atmosphere. The other procedures were the same as those described in sections 5-3-1

and 5-4-1.

5-5-2. Results and discussion

In general, the preparation of the layer type ionic conductors used in this work is
very difficult because of the difference in thermal expansion coefflicient and reaction
between the alkali-metal ionic conductor and the stabilized zivconia. Among the
alkali-metal ionic conductors developed in chapters 2 and 3, only a combination of
Li20-RE203-28102 (RE=La,Nd,Sm,Gd,Dy) and (ZrO2)0s2(YbzOz)ons was successful. It
is well known that these stabilized zirconias is highly dense and possess the high
strength and are superior as the solid electrolyte of the gas sensor. Therefore, layer

tvpe ionic conductor prepared from stabilized zirconia is expected to be good solid

85




e

Pt wire
//
&/” Li.COs

- Au electrode

LizO‘SMzO:‘ZSiOz

(Z[Oz)o sz(szO:)u.oa

Pt electrode

Pt wire

Fig.5-1f Schematic view of the COz gas sensor
using the layer type solid electrolyte.

Figure 5-12 shows the dependences of EMI on logPcoz and logPo2 for the sensor
prepared using Li20-Smz03-25102 + (ZrO2)o92(Yb20s)oog as the solid electrolyte. The
EMF decreases with an increase in the logPcoz at 450 and 500°C and the relationship
obeys the Nernst equation. The electron transfer number estimated from the
experimental slope is approximately 2. This indicates that the two electron reaction
of CO2 occurs at the detection electrode. On the other hand, the EMF was little
affected by the change of the O2 partial pressuve when the COz partial pressurve is kept
constant at 450 or 500C.

Such independence of EMF on the O2 partial pressure can be explained, based on
the response mechanism. It is plausible that the following reaction associated with
the two electron transter for COz and the four electron transfer for Oz occurs at the
dctection electrode.

2Li7 # CO2+ 17202 + 2¢ = Li2COs (5-11)
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Fig. 5-12 Dependence of sensor EMF on CO» partial pressure in air
and 0, partial pressure {€C0.=0.3atm)
(—) Co:. 0. Pt ' (ZrOz) 0. 92(sz°:) 0. ns'“.izO‘Sl'ﬂzO:n'ZSiOz | Au, LizCO:. COz. 02(+)-

Therefore, the detection electrode potential, Es, can be expressed by the following
equation :

lis = Es' - (RT/2F)In(aLizcoa/(ari2 - Peoz: Poz!%)) (5-12)
where [Es' is a constant. Here, it 1s reasonably supposed that the activity of Li* in
Li2COs and in the solid electrolyte does not change during the electrode reactions
shown in equation (5-11). This means that the activity of Lii* is constant regardless of
COz concentration, and hence equation (5-12) can be simplified as follows.

s = Es'+ (RT/2F)InPcoz + (RT/4F)InPoz (5-13)
On the other hand, the following reaction associated with the four electron transfer

should be considered at the counter electrode.

Oz + 4e- = 20* (5-14)




This indicates that the potential of the counter electrode can be expressed by the
following equation :

Ec = Ec' + (RT/4F)InPoq (5-15)
where Ec' is a constant. From equations (5-13) and (5-15), the total potential, I, can
be expressed as follows.

£=Es-Ec=E+ RT/2F)InPco:z (5-16)
This equation shows that the relationship of EMF and logPcoz is linear and also that
the slope of the straight line can be explained by the transfer of two electrons. Thus,
the experimental results are very we)l vepresented by equation (5-16).
Equation (5-16) does not contain the term InPo2 since the reaction of Oz molecules
associated with the four electron transfer takes place at both the detection and counter
electrodes.

The EMI" response was more rapid for an increase in the CO2 concentration,
compared with that for a decrease in the COgz concentration. This observation is
similar to that for the sensor described in section 5-4-2. The 90% response times for
an increase and a decrease in the CO2 concentration were about 2 and 4 minutes,

respectively.  The reproducibility was good.

5-6. Summary

Three types of potentiometric COz gas sensors have been investigated, using
K20-Sm203-65102,  Li20-RE20:-28102  (RE=La,Nd,Sm) or Li20-Sm203-25i10:
+(Zr02)0.92(Yb203)o.0s (the layer type ionic conductor) as the solid electrolyte. Results
obtained are summmarized as follows :

(1) In changing CO: concentration, the electromotive force of the sensor prepared
from the potassium ionic conductor obeyed the Nernst equation above 300C. The
sensor prepared from the lithium ionic conductor obeyed the Nernst equation above

400,

(2) The electromotive force response in a changing COz concentration was relatively

88




rapid. The 90% response time was about 4 minutes and the veproducibility was good.
(3) The two electron transfer reaction associated with the COz molecule and the four
electron transfer reaction associated with the O2 molecule were found to occur at the
detection electrode.

(4) Since the four electron transfer reaction associated with the Oz molecules occur at
both the detection and counter electrode in the layer type ionic conductor, the potential
changes of both electrodes were compensated, hence the selectivity for Oz was

excellent.
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Chapter 6

Concluding remarks

Recently. there has been considerable interest in dense ionic conductors (as the
solid electrolyte material) with high conductivity, in the application areas of solid state
batteries and chemical sensors. This is especially tried for materials containing oxo
groups, such as SiOy, POs, GeOs and ZrO:2 which can act as alkali-metal ionic
conductors having high conductivity. Tonic conductors containing rare-earths (RE)
which show high conductivity have also been examined. In this study, a series of solid
electrolytes consisting of the rare-earth silicate have been prepared and their
properties examined. Moreover, application of concentration cell type CO: gas
sensors of these solid electrolytes have been attempted. Results obtained are
summayrized as follows :

In chapter 2. the preparation of alkali-metal rare-earth sihcates,
M:20-RE2035-25102 (M=Li,Na,K,Rb.Cs RE=La.Nd,Sm,Gd,Dy,Y,Ho,Er,Yb), as the new
solid electrolytes, and their crystal structures, microstructures and electrical
properties were reported. For M:0-RE203-25102 (M=Li,K Rl¢=La,Nd.Sm,Gd,Dy and
M=Rb.Cs RE=La,Nd,Sm), the same hexagonal structure was confirmed. The major
phase in these hexagonal samples is an apatite structure of composition,
MxRE10x(8104)s0s.x (X=1-3). (Glass phases and small amount of unidentified
crystalline phases were also found as minor components. In each alkali-metal series,
the a- and c-lattice constants of M20-RIE203-2510: bearing hexagonal apatite structure

increased monotonically with an increase in the ionic radius of RE. The highest

values of lattice constant, a and ¢, were observed for K:0-RE:03-25i0z  The
hexagonal apatite structure samples, especially K:0-RE203-25102

(RE=La,Nd.Sm,Gd,Dy), show relatively high conductivities and low activation energies.
In the K20-RE20:-25102, the activation energy was found to decrease from Dy to Sm

and increase from Sm to La with increasing ionic radius of rave-earth. The lowest
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achwation a0 and the v conductivity ot 30D C was observed  for
K:O-sm-M-2, O { kd - mus and for K:0-Nd-0 O (1.51x . “em ),
respectively.  This conductivity wis compared to that of KO [fe e 1).87n0),

In chapter 3, new solid electrolytes, Kz20-RE:203-nS10:2 (RE=La,Nd,Sm,Gd,Dy
n=1-14) were prepared and their water-resistance examined. The major phase of all
samples (excepting n=1) were hexagonal before and after water-treatment. The
lattice constants, a and ¢, of the samples remained constantly before and after watev-
treatment. The halo of the XRD pattern due to the glass phase tends to grow with
increasing SiOz content, while the intensities of the XRD peaks decrease. The
amount of potassium eluted by water decreased with increasing SiO2 content and was
approximately constant in n=6. On the other hand, the amount of potassium eluted
decreased with decreasing ionic radius of rare-earth in the K:0-RE203-6Si0:
(RE=La,Nd,Sm,Gd,Dy) series. Fov the high SiO: containing samples of n>4,
crystalline grains were not recognized. A dense glass ceramics composite, where
erystal grains were surrounded by the glass phase, was found to form. The
microstructure of the sample after water-treatment became smoother and the grain
boundary of the samples of n>2 was difficult to recognize. The conductivity decreased
with increasing SiO: content except for the sample n=1. The samples n=2 and 4
exhibited a dramatic decrease in conductivity and their activation energy increased
after water-treatment. However, the electrical properties of the samples of n>4 were
not influenced by water-treatment.

In chapter 4. new solid electrolytes, the rare-earth silicates. RE10SisOg7
(RE=La,Nd.Sm,Gd,Dy,Y,Ho,Et,Yb) and NdxSigOz«15x (X=6-12)) were prepared, and
their crystal structures. microstructures, electrical properties and lonic transport
numbers were investigated. In the RE10SisO27 series, the major crystal phases of
RE=La, Nd, Sm, Gd and Dy as well as M:0-RE:03-2510: (M=Li.K,Rb,Cs
RE=La,Nd,Sm,Gd,Dy) were hexagonal, whereas those of RE=Y, Ho, Er and Yb were
monoclinic. The hexagonal rave-earth silicates, RE10SisO2; (RE=La,Nd,Sm.Gd.Dy),
prepared were found to be a mixture of an apatite phase (REq2:[1067(S101)502) as the

major phase and some crystal phases (RE:SiOs5 etc.)) as a minor phase. In the
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Nd «Sis012+15x series, the major phases of the samples X=6, X=7-11 and X=11,12 were
tetragonal, hexagonal and wmonoclinic, respectively. In the hexagonal apatite
structure group, sites surrounded by six RE 1ons exist and it is supposed that oxide
lons can migrate along the cavities of 2a-site in the ¢ axial direction. The low
activation energy and the high conductivity were estimated for the RIE10SisO2:
(RE=La,Nd.Sm,Gd.Dy). The activation energy decreased with increasing ionic radius
of rare-earth. The lowest activation energy and the highest conductivity at 300°C
was 69.0kdJ mol! and 5.54x105S - cm!, respectively. This conductivity value 1s
comparable to that of (ZrO2)o92(Ybz03)o0s. The electromoative force of the O: gas
concentration cell comprising Nd10SisO27 was in agreement with the electromotive
force calculated from the Nernst equation. The electron transfer number was close to
4 above 600C, suggesting that the response is caused by the four electron reaction of
O2 at the electrodes.

In chapter 5, a potentiometric CO: gas sensor was prepared using
K20-Sm2032-68103, LizO-RE:03-28102 (RE=La,Nd,Sm) or
Li20-Sm203-281024+(Zr02)0 92(Yb203)o0s (the layer type ionic conductor) as the solid
electrolyte and their response characteristics examined. When the potassium jonic
conductor and the lithium 1onic conductor were applied to the CO» concentration cells,
the electromotive forces induced by the change of COz concentration were found to obey
the Nernst equation above 300C and 400°C, respectively. The 90% response time of
electromotive force for the fluctuation of the COs concentration was relatively rapid
(about 4 minutes) and the reproducibility was good. At the detection electrode, four
electron transfer and two electron transfer were found to occur for Oz and COe,
respectively. In the laver type ionic conductor, the four electron transfer reaction

associated with O2 molecules were found to occur detection and counter electrode,

indicating that this ionic conductor has excellent selectivity for Os,
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