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Chapter 1

General Introduction

1.1. Significance of Cation Doping into the Oxide Materials

The physical and chemical properties of oxide materials depend significantly on the kind and
amount of cations doped in the crystal lattice. Therefore, the cation doping into the oxide materials
is very important for the development of functional materials such as semiconductors, dielectric
ceramics, superconductors, etc. For instance, the doping of small amount strontium into Ba®* sites
in BaTiO; causes the shift of Currie point to higher temperature. In contrast, Ca doping into Ba®*
sites in BaTiO; shifts the Currie point to lower temperature. That is, Currie point of this ceramics
can be easily manupilated by the doping of the other alkali earth cations. Moreover, Y** doping (< a
few mol%) into Zr** sites in the low temperature ZrO, phase (monoclinic) results in the generation
of oxygen vacancies in the lattice, which act as fast pass for oxide ion conduction, and stabilizes the
high temperature phase (cubic) with extremely high oxide ion conductivity at even the medium
temperature range.

For the conventional doping method, the doping has been carried out by heat treatment of a
mixture containing the starting and dopant materials at high temperature (> 1000 °C). This
technique is called “solid—state reaction” method. Recently, electrochemical doping in sintered
oxide ceramics has been performed using solution electrolytes [1-4]. Some studies on
electrochemical oxygen doping have been reported using anodic polarization of oxide ceramics in
an alkaline solution. Bhavaraju and co-researchers [5] has discovered the transformation of
insulator to superconductor using the same technique for copper complex oxide ceramics.
Electrochemical Li" intercalation into Bi-Sr-Ca-Cu-O superconducting ceramics has been also
performed by Fujiwara et al. in organic solvents with Li salts [6]. Ion exchange method is known as
one of most important way to introduce the different cations into the materials. The target material
is immersed into the molten salts or aqueous solutions containing dopant element, where dopant
cation is substituted for cation in the target by the concentration gradient as a driving force. This
technique is particularly used for the oxide materials with ionic conduction such as layered oxides
[7-11] or glass materials [12-16], which include the mobile cation in interlayers or amorphous glass
network, respectively. On the other hand, the ion injection technique [17-21] using gas phase ions at
low pressure (about 10 Pa) is also a useful doping method of various metal and typical elements,
and has been used for semiconductors, metals, some ceramics, etc.

1. 2. Principals of Solid Oxide Electrochemical Doping (SOED) Method

In contrast to the many routes to introduce the metal cations into oxide materials, we propose a
new electrochemical technique of cation doping in this study. This is “Solid Oxide Electrochemical
Doping (SOED) method [22]. Briefly described, the SOED method is a metal cation doping
technique by using solid electrolytes with cationic conduction, where the cation injection into the
target materials occurs at the interface of solid electrolyte and target materials under an electrical



field. Target

There are two main systems in the SOED method as M-B"-AL0; M'-87-AL,04
shown in Fig. 1.1. In general, the SOED method employs an @ @
ion-conducting M-f”-Al;0; (M = metal ion) [23-25] MY
ceramics as a cation source. SOED 1 consists of an anode / s Qm | | =
M-B”-Al,O; / target +material / M’-B”-A1293 / cathode ., .de Cathode
system, where the M"™ cation can be doped into the target
material together with substitution of a cation (Q™) in the (a) SOED | (¢lectrasubstitution)

target so that the electrical neutrality is maintained in the  M-g"-AlL04 YSZ
target. Therefore, this doping model corresponds to
“electrosubstitution” mechanism. In this case, both $”-Al,O; @ M+ o @
block the conduction of the other charge carriers such as =— 117" T U=
electrons, holes, and oxide ions. The following total reaction ¢ C
in the target will occur during the doping process together
with electrochemical reaction at the anode (oxidation of

metal into cation) and cathode (reduction of cation into

metal): Figure 1.1. Models of ion migration in the main
SOED systems.

mM™ (M-B7-Al,03) + nQ™ (target) > mM"" (target) + nQ™ (M’-p-Al,03).

0,

(b) SOED 2 (electro-bi-injection)

SOED 2 consists of an anode / M-f7-Al,03 / target / Y-stabilized ZrO; / cathode system,
where oxide ion conducting Y-stabilized zirconia (YSZ) is employed instead of M’-f”-Al,0s3 in the
SOED 1. When an electrical field applies this system, the M™" cation can be injected into the target
together with the injection of an oxide ion so that electrical neutrality is maintained. Therefore, this
doping is called “electro-bi-injection”. The following reaction will proceed in the target together
with the electrochemical reactions at the anode (oxidation of metal into cation) and cathode (O,
reduction into O%):

2M™ (M-B”-ALO;) + nO% (YSZ) + target > M,-O, (target).

As already stated, the maintenance of electrical neutrality in each parts of solid-state
electrochemical cell is very important for ion migration (doping) in the SOED method.

1. 3. Advantages of the SOED method

Judging from the doping mechanisms of the SOED method, we can find some advantages
of the present technique as follows. Table 1.1 indicates that the comparison of the characteristics of
some doping methods. Although solid-state reaction technique is useful for preparation of the
homogeneously doped materials, selective doping into the desired position of target is impossible.
Moreover, high temperature above 1000 °C is required for doping and the doping point such as
grain or grain boundary of ceramics is uniquely decided by the ionic valence and radius. In contrast,
the ion implantation technique makes selective point doping possible, it needs high energy (kV -
MV) for the ion acceleration, and the doping occurs only in the surface region of the substrate (<
10° m) [26]. The proposed technique has several merits compared with the usual method for doping.
The doping amount can be preciously controlled by the electric charge. Various oxide materials
such as single crystals, ceramics, and glass can be employed as a doping target, and many kinds of
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metal cation, which is exchanged Taple 1.1. Comparison of the techniques for cation doping.
in P7-Al;O3 structure [27-30],

Ion lon Solid State
SOED

can be used as a dopant. Implantation Exchange  Reaction
Furthermore, The SOED m.etho.d Temperature  medium room temp. medium high
allows for microarea doping if ~ 600 °C ~ 600 °C > 1000 °oC
the tip of solid electrolyte with a Atomsphere  ambient in vacuum ambicnt  ambicnt
small contact area is used during ~ high pressure

Point Doping  possible possible impossible  impossible

the electrolysis. (only surface)

1. 4. Objective and outline of the present work

The solid oxide electrochemical doping (SOED) method might become one of important
applications of solid electrolyte such as a sensor [31, 32] and SOFCs [33-35] with a proton and
oxide ion conducting solid electrolyte. In the present work, the advisability of metal cation doping
by using the SOED method is investigated in detail, and the utility of this method is experimentally
demonstrated. In particular, the investigations of the relationship between the doping condition
(current, temperature, etc.) and the distribution of dopant in the target were the central topics of the
present study, and then the ion migration mechanism was clarified. In some cases, the
functionalities of doped materials by the SOED method were evaluated.

In Chapter 2, the electrosubstitution mechanism of the SOED 1 system was studied at
temperature range 400 — 600 °C, where oxide ceramics was used as doping target. The results
indicate that SOED 1 is a very useful method for doping various cations into all of the functional
oxide ceramics independent of their conductive properties. Moreover, an improved system of SOED
1 to dope trivalent ions, which was difficult to incorporate to f”-AlO; structure [28, 36], was
developed. As a result, the Bi** was doped into the grain boundaries of the ZnO ceramics under
electrical bias.

In Chapter 3, electrochemical cation doping into the oxide ceramics has been carried out using
SOED 2 method (electro-bi-injection). The SOED 2 method consists of the Anode / M-$”-AlL,0; /
Ceramics / YSZ / Cathode electrolysis system, where the metal cation M and oxide ion are
simultaneously injected into the oxide ceramics so that electrical neutrality is maintained in the
ceramics. In general, graded doping occurred at a relatively high temperature.

In Chapter 4, the pinpoint doping, which is one of most important feature in the SOED
method, was performed by using the B”-Al,O; microelectrode. In the case of Ag-doping into the
borosilicate glass, the distribution of silver occurred in a hemispherical shape with its center at the
Ag-B”-Aly0O; / glass microcontact. The diameter of doped area in the glass strongly depended on the
applied electric charge. As a result, the pinpoint doping on a 10% um scale was accomplished using
the SOED method.

In Chapter 5, as one application of the pinpoint doping by the SOED method, electrochemical
design of metal distribution in the surface of an alkali borosilicate glass was carried out using an
ion-conducting Ag-f3”-Al,03 microelectrode. Scanning Ag-f”-Al,03 microelectrode under applying
an electric field caused the patterned Ag-distribution in the glass surface.

It seems that the doping amount is related to the electric charge during the electrolysis because
the SOED method is electrochemical technique. Hence, the quantitative analysis of metal cation
doping by the SOED method was also performed under galvanostatic doping conditions. In Ag-
doping into alkali borate glass, the measured dopant amount closely matched the theoretical value.
In contrast, current efficiencies of Na-doping into Bi;Sr,CaCu,Oy ceramics depended on the applied
constant current. While the high efficiencies of above 80 % were achieved at a low current, the
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relatively low efficiencies were obtained at a high current. These results were stated in Chapter 6.
Finally, Chapter 7 summarized the present results, and states the future view of the SOED
method.
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Chapter 2

Cation Doping into the Oxide Ceramics by the SOED 1 Method

2.1. Introduction

Many studies of doping into oxide ceramics have been made in order to improve their
properties. It is well known that Ag doping improves the superconducting properties of YBa;Cu;Oy
(YBCO) ceramics. In general, it is believed that Ag diffuses in the grain boundaries of as a metal
during thermal doping. In our laboratory, it was found that a small amount of Ag substitutes for Cu
in the YBCO bulk [1], and that Ag" conduction is relatively high in the grain boundaries in
superconducting ceramics at high temperature [2, 3]. These results suggest that a small amount of
Ag substitutes for Cu and migrates in the grain boundaries as an ion (Ag") during the doping.

In the present section, an electrochemical cation doping into high temperature
superconducting oxide ceramics (YBa;Cu;0y, Bi;Sr;CaCu,0y) was performed using the SOED 1
system, and the doping mechanism of the SOED 1 system was clarified. The doping points (the
grains or the grain boundaries) in the ceramics can be controlled by the current density during the
electrolysis. In the most cases, cation was selectively doped into the grain boundaries of oxide
ceramics, while the cation incorporation into crystal lattice was observed at high current density
dependent on the kind of dopant. In addition, an improved SOED system was proposed in order to
dope trivalent cation into oxide ceramics, and then the utility of this system was demonstrated for
Bi** doping into ZnO ceramics. We have also studied about the electrosubstitution reaction at the
solid-solid interface between metal or metal compounds anode and Na-$”-Al,O; to elucidate an
electrochemical reaction at the anode / M-f”-Al,0; interface in the SOED system.

2. 2. Various Cations doping into the YBa,Cu30, (YBCO) Ceramics by the SOED 1 system

2. 2. 1. Experimental

In the present experiment, a YBCO superconductor was used as the oxide -ceramics. Y,0s,
BaCOs, and CuO were used as the starting materials for the preparation of the YBCO powder. The
mixture was heated at 930 °C for 10 h, and then
reground, followed by reheating under the same
conditions. The pelle sample (thickness, 1.5 mm;
surface are, 1.5 cm?) of the YBCO was prepared by
pressing the powder under 1000 kg/cm? and heating
930 °C. The solid electrolytes of M-f”-Al,03 (M =
Na*, Ag*, K*, Ca®*, Sr**, and Zn*") were prepared
by the substitution of M in Na-f”-AlLO; as
previously reported [4-6]. The presence of M in
these electrolytes was confirmed by electron probe figure 2.1.  Model of the SOED 1 system for cation
microanalysis (EPMA). The electrochemical doping doping into YBCO ceramics.

M-p"-Al,03
N




by the SOED 1 system was carried out for 1 under constant current (< 1 mA) using the
experimental setup schematically shown in Fig. 2.1. During the doping, the electrochemical
oxidation Ag to Ag® occurs at the Ag anode, while the electrochemical reduction from M"™ to M
occurs at the Ag cathode. The apparent contact area in

the YBCO / M-B”-Al,0; interface was 0.25 cm” The S00 0.5
electrolysis was done at 400 — 600 °C. After the 2z 400 | €—1mA do.y
electrolysis the distribution state of the dopants in the &
. . = 300t 40.3

cross section of the YBCO ceramics was analyzed S
using EPMA. The composition and/or crystal structure 3 200r J0.2
of the doped samples were based on an analysis of their 2 100 doa

: . fa e 0.01 mA —=2» |
X-ray diffraction patterns. The resitivities of the doped < .
YBCO samples were measured by a conventional DC 00 30 60
four-probe method. using a 10 mA DC current. Their Electrolysis time / min
fA‘C susceptlb.llmes were also measured using an AC Figure 2.2. Dependencies of the applied voltage for
inductance brldge. Ag doping into YBCO cecramics on the electrolysis

time under constant currents.

2. 2. 2. Results and discussion

Figure 2.2 indicates the dependencies of the
applied voltage on the electrolysis time for Ag doping
into YBCO ceramics using Ag-p”-Al,O3 under constant
currents at 600 °C. The applied voltage increased with
an increase in the electrolysis time, and was less than a
few volts and few hundred volts for 0.01 mA and 1 mA,
respectively. EPMA elemental distribution maps of the
cross section of cathode side Ag-p’-Al,O; after Ag-
doping is shown in Fig. 2.3. Only Ba was always -
observed in the cathode B"-Al;O; electrolyte after the S)’f‘;:;é; cmEI;bi'ff‘C::Eg’d?:(ljgi‘;_%‘it_'z?ﬂgj‘;;gi
electrolysis under all conditions and was independent Ag dopingat | mA for 60 min. )
of the kind of dopants. This indicats that only Ba*” in YBCO
moves during the electrolysis. Simultaneously, it is suggested
that the bond strength of Ba?* in the YBCO structure is the
weakest of all cations in the YBCO. In principle, the
following electrochemical reactions will occur at both sides
of the M-B7-Al,0; / YBCO / M-B7-Al,0; interfaces.

xM™ + nxe” + YBa,Cu30, > YBa;M,Cu;0, (anode side)
YBa;Cu30, > (nx/2)Ba®* + nxe” + YBay.nyzCus0, (cathode
side)

The dopant M™ in the YBa,M,Cu;O, will diffuse in the
YBCO ceramics under an electric field.

-mi

omr i BE

:’;_in‘

Figure 2.4. EPMA clemental distribution
maps of the cross scction in YBCO after Ag
doping at 0.01 mA for 60 min.



After the electrolysis at a current lower than about 0.01 mA (at low applied voltage), the
dopant was uniformly distributed over the entire
sample on a macro-scale, while it exists in the grain
boundaries and the pores on a micro-scale, but not

(a) before elec glysis 0:YBCO

in the bulk. Figure 2.4 shows the typical T .
distribution maps of the element and SEM Lil km#’&ﬂ"
micrograph of the cross section of the Ag doped (b) 0.01mA / :

YBCO at 0.01 mA. The YBCO scarcely o

]

° °
° AT
o
] ® o

(¢) ImA /Sr

decomposed according to the X-zray analysis at low
current, as shown in (b) of Figure 2.5, which shows
some typical X-ray diffraction patterns of the doped

and undoped YBCO samples. This indicates that all @ s

of the dopant cations smoothly diffuse into the grain :fgﬁézv
boundaries of the YBCO ceramics together with the @ Be¥ady
substitution for Ba®" as illustrated in Figure 2.6 (a).
This phenomenon is due to the grain boundary ionic o
conduction (diffusion) that is much higher than that °L
of the bulk for the oxide ceramics. °| ,

On the other hand. two type L el
phenomena were observed during the electrolysis at
currents higher than about 0.01 mA (at high applied
voltage). One is the grain boundary diffusion of the Figure 2.5. Typical X-ray diffraction pattcrns of the
dopants together with the destruction of the YBCO, 4574 tndoped, YBCO 1 600:C. 0, (). d 0
This occurred for all dopants except Ca®*. In this doped sample at 0.01 mA. the Sr-doped sample at | mA.
case, a large amount of the dopants was observed Ca-doped sample at 1 mA, respectively.

Intensity / a.u.

(d)ImA /Ca

o o

510 20 30 40 50 60 70
20/ deg.

(a)
M-B"-ALO, M-B"-A1,0,
YBCO low current

low voltage

g N

& o ?
N~

K*, Ag*, Sr2t, Zn2t high current
high voltage

Figure 2.6. Modcls of the diffusion paths. M™* smoothly diffuses in the grain
boundaries of the YBCO ccramics under low current and/or low applied bias volt-
age (a). Under high current and/or high applied bias voltage, M (K*, Ag*, Sr*,
Zn?*) moves in the grain boundaries together with the destruction of the YBCO
(b). while Ca?* diffuses in the bulk without the same destruction(c).
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together with impurities such as M (metal for Ag), MO (for Sr and Zn), CuO (for Ag and Zn)
BaCOs, BaY,04 and BaCuO, produced by the destruction of the YBCO at the grain boundaries, as
shown in Fig. 2.5(c) for the Sr doped YBCO. These impurities will be produced by the destruction
of the YBa,MyCu;0y and YBa;.,x2Cu3Oy having large x value. This doping model is illustrated in
Fig. 2.6(b).

The second phenomenon is the bulk diffusion of
Ca®* which is very surprising. Figure 2.7 shows the
distribution maps of the element and SEM micrograph of
the cross section of the Ca doped YBCO at 1 mA. Ca
uniformly existed over the entire bulk of the YBCO.
Moreover, no destruction of YBCO occurred during the
electrolysis according to the X-ray analysis as shown in Figure 2.7. Distribution maps of the clement of
Fig. 2.5(d). That is, Ca* moves together with substitution " oo ection of the Ca-doped YBLO &t Im#.
for Ba?* in the YBCO structure whose model is illustrated 6
in Fig. 2.6(c).

The amounts of Ca doped in the samples were
analyzed by EPMA. Two areas of the samples were
analyzed in the cross section of the doped samples. One is a

(a)
grain butk

grain boundary

Ca amount / pmol
w

plane analysis to determine the amount of Ca in all of the 0 — :

parts, i.e., grain bulk and grain boundaries in the sample. é’“’ ®)

The other is a pinpoint analysis to determine mainly the H grain bulk

amount of Ca only in the grain bulk. Therefore, the £ 40

amounts of Ca in each area of the samples can be easily 22‘; grain boundary
&

calculated from the above data. Figure 2.8 shows the 5 20 m 50
amount of the Ca (a) and the doping current efficiency (b) Time / min
as a function of the electrolysis time. The doping was gysure 28. Amounts of Ca (a) in the doped
carried out at 1 mA at 600 °C. The amount of Ca saturated samples and their current efficiencies (b) as a
to a constant level at about 30 min independent of the function of the cleetrolysis time.
doping area, and therefore, the current efficiency decreases with the electrolysis time. This indicates
that the Ca?* ion moves through the YBCO ceramics into the cathodic side Ag-B"-ALOs after
saturation of the doping amount. In fact, Ca was detected in the cathodic side Ag-f"-Al,O; after
electrolysis for 30 min. It should be noted that the current efficiency in the grain boundaries is large
compared with that in the grain bulk at the initial time electrolysis (about a few minutes). That is,
initially the Ca doping occurs in the grain boundaries even at high current electrolysis, and then the
grain bulk doping occurs.

The lattice constants decreased from a = 0.381 nm, b = 0.389 nm, ¢ = 1.168 nm for the present
pure YBCO to a = 0.373 nm, b = 0.385 nm, ¢ = 1.152 nm for the Ca doped YBCO at [ mA for 1 h.
No substitution of Ca®* for Ba** occurred due to heat-treatment at 600 °C if no bias voltage is
applied. It depends on the dopants but not Ba®* as to whether or not the bulk diffusion occurs,
because Ba®* always moves independent of the kind of dopants. Ca?* will easily diffuse via the Ba®*
site to the YBCO structure, since its ionic size is relatively small and has the same coordination
number as Ba®".

Figure 2.9 shows the unit cell volume of the YBaxCaxCu30y as a function of x. In this figure,
the results reported by Zhao et al. [7] where YBa,..Ca,Cu3Oy is prepared by conventional solid state
reaction are shown. The composition and the lattice constants of the present Ca-doped samples were



analyzed by XRD and EPMA, respectively. The results for the samples doped at 0.01 mA and 1 mA
for one hour are also plotted. It should be noted that the cell volumes of the present doped samples
are much smaller than those in Ref. [7] for samples with the same x value. This is remarkable for
the sample doped at 1 mA, as shown in Fig. 2.9. The present Ca-doped samples always had small
amounts of Ba vacancies according to the EPMA. Therefore, the main cause for the decrease in the
cell volume will be based on the Ba vacancy produced during the Ca electro-substitution. The
critical temperatures (Tc) for the samples doped at
various currents were determined by the ac susceptibility
measurement. The Tc was about 92 K for all of the 0.174 | Ref. [7]

samples and was independent of the unit cell volume. O\O\-O\.o

The dependence of the resistivity on temperature o.mL
for the present YBCO ceramics, which reflects both the

(0.01 mA)

Unit cell volume / nm3

superconducting properties of the bulk and the grain 1701

boundary. The T, in the ac susceptibility measurement 016l

scarcely changed for the Ca doped (bulk) and the Ag ’

doped (grain boundary without the destruction) YBCO 0.166 ' (1o x_m\) ) )
samples. Therefore, a small shift in the resistive T, and a 0.1 0.2
decrease in the resistivity at room temperature for the Ag xin YBa, Ca Cu,0

doped YBCO due to the improvement in the grain Figure 2.9. Unit cell volume as a function of the
boundaries by Ag [1, 2]. doped x in YBa,.(Ca,Cu30,.

2. 3. Cation doping into BiSr,CaCu;0, ceramics using the SOED 1 system

The mechanism for the various cation doping into the superconducting YBa;Cu3Oy ceramics
by the SOED method has been discussed in above section. On the other hand, the Bi-based cuprate
oxide superconductor, Bi;Sr,CaCu,0y, is expected to one of the candidates with high potential for
practical applications [8]. In this section, the SOED 1 tests in the Bi,Sr,CaCu;Oy ceramics were
carried out using the various metal cation as a dopant, and the relation between the kind of the
dopant and its distribution state in the ceramics is clarified.

2. 3. 1. Experimental

In the present experiment, Bi;Sr,CaCu, Oy (BSCCO, Dowa Kogyo Co., Ltd.) was used as the
starting powder. The pellet ceramic samples (thickness: 1.5 mm, surface area: 0.8 cm?®) were
prepared by cold isostatic pressing (CIP) and heating at 830 °C for 10 h. The solid electrolytes of
M- B7-Al,0; were prepared by the substitution of M (Ag, K, Zn) using Na- $7-Al;03 (Nihon
Tokushu Togyo Co., Ltd.). The apparent contact area in M- $”-Al,O3 / BSCCO / Na- B”-ALO3
system was 0.4 cm?. The electrochemical doping was carried out for 180 min under constant current
density of 0.25 mA/cm?® at 400 °C using the experimental M-B"-AlLO3 & Na-"-A1,03

setup schematically shown in Fig. 2.10. After the 5,

electrolysis, the distribution state of the dopants and crystal + M —_—
structure in a cross section of doped BSCCO samples were ——] gl
analyzed using electron probe microanalysis (EPMA) and “ Tae : ¢
X-ray microarea diffractometer, respectively. The BSCCO Ag L~ Ag

lattice constants were calculated from XRD patterns using BO

silicon powder as a standard material. The AC

susceptibilities of the doped samples was also measured ~F'8ure 210  Model of the SOED 1 system

for cation doping into BSCCO ceramics.



using an AC inductance bridge to determine the critical temperature (7).

2. 3. 2. Results and discussion

The basic migration mechanism is illustrated in Fig. 2.10 in the present SOED method (SOED
1 type). As a result, M™ is substituted for Q™ under an electrical force in the BSCCO ceramics
analogous to cation doping into YBCO as state already. Under present condition, no cation doping
through the M- b”-Al,0; into the BSCCO occurred in the absence of bias at 400 °C.

Experimental results for doping with various cation are listed in Table 2.1. These results
demonstrate that SOED 1 method is also a very useful technique for doping various cation into
BSCCO ceramics. In general, the doping occurred only in the grain boundaries of the BSCCO,
while Zn®* was doped into the bulk of the grains (crystal lattice) as well as the grain boundaries
under same condition. The applied voltage under 0.25 mA/cm? at 400 °C increased with an increase
in the electrolysis time. The applied voltage for the case of Zn*" was somewhat larger than that for
the cases of Ag" and K*. This indicates that the doping was easier for the monovalent cation than for
divalent one because the ionic conductivity of the monovalent cation in the oxide ceramics is higher
than that of the divalent one. Only Sr was always observed in the cathode Na- §7-Al,0; electrolyte
after the electrolysis under all conditions and was independent of the kind of dopants. This indicates
that only the Sr** ion (Q™ in Fig. 2.10) in the BSCCO ceramics moves during the electrolysis.
Simultaneously, it is suggested that Sr** has a relatively weak bond strength in the BSCCO structure
as well as Ba** in YBCO. '

After the electrolysis, all of dopants such as Ag, K and Zn were uniformly distributed over the
entire BSCCO sample, according to EPMA analysis. Two types of phenomena were observed
during the electrolysis on a microscale. One is the grain boundary diffusion of Ag* and K, where
the dopants were detected in the grain boundaries and the pores of the BSCCO ceramics, but not in
the bulk. In these cases, a small amount Of Table 2.1.  Experimental results in the various cation doping into the
impurity phase such as Ag metal (for Ag™ BSCCO ceramics by the SOED method
doping) or K,CO; (for K* doping) and CuQO Doping Applied  Maindoping  Luttice constant

by

. cation ‘oltage® oin
(produced by the destruction of BSCCO at the - Yoltag point a’om _ c/om

grain boundaries) was detected in the cross ““‘K"’fd 0539 3075
. . g 500V GB 0.540  3.075
section of the doped BSCCO ceramics, K-
ding to their XRD patterns. This sovooooB o aEy e om
according 10 el P ’ Zn* 850V G, GB 0.536 3.061

indicates that the monovalent cations (Ag’ : :
. . _ a) measwred after 180 min electrolysis.

and K4) SmOOthly diffuse into the gramn b) G and GB represent grain and grain boundary, respectively.
boundaries of the BSCCO ceramics together with the substitution for Sf** as illustrated in Fig.
2.11(a). This phenomenon is due to the grain boundary ionic conduction (diffusion) that is much
higher than that of the bulk for the oxide ceramics.

The second phenomenon is the bulk
diffusion of Zn** in the BSCCO as already

BSCCO BSCCO
M-B'-AlO;  Na-B"-ALO, Zn-B"-Al,0; Na-p™-AlL0O,

stated. As shown in Fig. 2.11(b), Zn uniformly —>

existed over the entire bulk of the BSCCO. That @ @— >
is, Zn** migrates in the grain bulk together with @ - @
substitution for Sr** in the BSCCO without any S

destruction of the crystal structure whose model
is illustrated in Fig. 2.11(b). The tetragonal (@) ®)
lattice constants decreased from a = 0.539 nm, ¢ Figure 2.11. Models of the diffusion paths. Mn* (K*, Ag*)

— — diffuses in the grain boundarics of the BSCCO ceramics (a).
3.075 nm for the present pure BSCCOtoa while Zn>* diffuses in the bulk as well as grain boundaries (b).



0.536 nm, ¢ = 3.061 nm for the Zn-doped BSCCO as shown in Table 2.1. The main cause for the
decrease in the lattice constant will be based on the Sr vacancy produced during the electrolysis.
Whether or not the bulk diffusion occurs depends on the dopants, but not Sr**, because S*** always
moves independent of the kind of dopants. Zn** will easily diffuse via the S*** site to the BSCCO
structure, since Zn** has a relatively small ionic size and same valence with the Sr**. This tendency
was in harmony with the case of Ca doping into the YBa,Cu;0, (YBCO) ceramics, where Ca** has
a relatively small ionic size and same valence was substituted for Ba** site under an electrical force,
but the other cations (Na*, K*, Ag*, Sr**) were doped only in the grain boundaries of the YBCO
ceramics. The critical temperatures (7¢) for the samples doped with various cations were determined
by the AC susceptibility. The 7, was about 62 K for all of the doped sample. This result indicates
that the cation doping by the SOED method resulted in no significant effect on T, because the
amount of dopant was very small (10 mol%) under present condition.

2.4. Trivalent cation doping into oxide ceramics using a new type SOED [ system

In the SOED method, the doping of trivalent cations (M®") into the ceramics was very
difficult, although many kinds of monovalent and divalent cations (M*, M**) can be doped into all
oxide ceramics. There are two main reasons for the impossibility in M** doping. One is the
difficulty in the movement of the M** ions through the oxide [9]. The other is the difficulty in the
preparation of the pure M**-8"-Al,0; [10, 11] compared to M*, M**-8”-ALO; [4, 5, 12, 13]. The
residual Na* ion preferentially moves rather than the M** ion if the M** ion is not completely
substituted for Na* during the preparation. In this section, a new type SOED 1 method, which
consists of the Ag(s) / Ag® (Na-B”-AL03) / Bi,O3 / ZnO / Na* (Na-B”-Al,03) / Pt electrolysis
system (Fig. 2.12), has been developed and the Bi** doping into the ZnO ceramics has been
accomplished. -

2.4.1 Experimental

Figure 2.12 shows a model of the present SOED system for the Bi** doping into the ZnO
ceramics. In the present experiment, Ag and Pt plates were used as the anode and cathode,
respectively. The pure ZnO powder (Mitsui Kinzoku Kogyo Co., Ltd.) was pressed under 2000 kg
em’? using cold isostatic pressing (CIP) and heated at 1100 °C to prepare a pellet (thickness: 1.0
mm). The Bi,O; pellet sample (a-type structure, thickness: 1.0 mm) was prepared by heating

Bi(CO3)0; at 700 °C. The Na-B"-AlO3 pellet (Nihon BiLO

Tokushu Togyo Co., Ltd., thickness: 2.0 mm) was used as ——1Z10

the solid electrolyte. The electrochemical doping was Nat | Nt
carried out for 2-10 h under constant current (50 uA) at 600 Bi34

°C using the experimental setup schematically shown in & ||Ag’ 2] e
Fig. 2.12. The apparent contact area for the Bi;O3 / ZnO / Ag/ T [\
Na-B"-ALLO; system was 0.4 cm”. The good contact in the \/
ceramic/ceramic interfaces which avoids the current Na-B*-AL,0,

inhomogeneities’ has been achieved by rUbbing the Figure 2.12. Mode! of the ion migration for the
ceramics strongly each other. After the electrolysis, the new type SOED method.

distribution state of the dopants in a cross section of all the pellets (Bi,O3, ZnO, Na-B"-Al,03) was
analyzed using electron probe microanalysis (EPMA). The crystal structure of each pellet was
analyzed from X-ray diffraction (XRD) patterns. After the electrolysis, an In-Ga alloy was attached



to both sides of the Bi-doped ZnO pellet and then the current-field curve as the varistor property
was measured at room temperature.

2.4.2 Results and discussion
The following total reactions will occur during the electrolysis.
nAg -> nAg’ (Na-f"-ALO;) + ne”  (Aganode) (1)
nNa" (Na-b"-AlL,O;) > nNa' (Bi;03) (Na-fB"-Al,03 / Bi, O3 interface) )
w/3Bi** (Bi,03) > w/3Bi** (ZnO)  (Biy0;/Zn0 interface) (3)
n/2Zn** (Zn0) > n/2Zn** (Na-p"-ALO;) (ZnO

/ Na-b"-Al,0s5 interface) 4)
nNa* (Na-p"-ALO;) + ne > nNa (Pt
cathode) (5)

Na® in Na-p"-ALOs is injected into Bi,O; (Eq. (2))
under electrical force. Electrochemical Bi doping into
ZnO ceramics occurs together with the substitution
for Zn** during the electrolysis (Eqgs. (3) and (4)).

Na deposited at the Pt cathode immediately
reacts with CO; in the air to form Na,CO3; which was
detected by an XRD analysis. According to the
EPMA measurement, Ag, Na, Bi, and Zn were
detected in the Na-B"-Al,0; (anode side), Bi>03, ZnO
and Na-f"-Al,O; (cathode side) pellets after the
electrolysis, respectively. No doping occurred in any

Characteristic X—ray intensity / a. u.

of the pellets when no current flowed. Therefore, it is Bi-Ma |

concluded that the ion migrations illustrated in Fig. 0 5 10 15

2.12 and Egs. (1)-(5) occur in the present SOED Distance / um

system during the electrolysis. Figure 2.13. EPMA clemental maps (a) of the Bi

Na and Bi were um‘form]y doped over the dopcfi ZnO ceramics and thc. line analysi§ (b) from_A
. . . . to B in the map (a). The doping was carried out at 50

Bi1;0; and ZnO ceramics, respectively. Notice that WA at 600 °C for 10 h.
Bi** easily moves from Bi,O; into the ZnO in the
present SOED system. In general, it is well known that the movement of the M>* cation is difficult
[9], although Imanaka et al. have found that some M>* cations such as AI**, Y** and Sc®* ions move
in some tungstates under DC bias (> about 10 days at 900-1000 °C) [14, 15]. In principle, the easy
movement of the Bi** ion in the present SOED system is based on maintaining electrical neutrality
by cation movement (Egs. (1)-(5)) as well as the electron, e ,
hole and oxygen anion blocking [16]. Figure 2.13 (a) and (b)
show the EPMA elemental distribution maps of the grain
boundaries of the Bi-doped ZnO ceramics and the line profile
from 4 to B shown in the map (a), respectively. This figure
indicates that Bi was uniformly distributed over the entire
sample on a macro-scale, but it existed as y-Bi;O3 in the
grain boundaries on a micro-scale, according to an XRD
analysis.

Figure 2.14 shows the electric field — current density
(E-J) curves at room temperature for ZnO ceramics doped Figure 2.14.  Electric ficld - current density

. .. . . (E-J) characteristics of the ZnO doped with Bi
with Bi in the present system. Notice that the curve shiftstoa for2. 5. and 10 b

Current density, J/ mA em2

1] 50 100 130
Electric field, E/V mm-



higher electric field with the increase in the electrolysis time which reflects the increase in the
amount of doped Bi. It should also be noticed that the amount of Bi-doped calculated from the
electric charge using Faraday’s law was about 10 mol% for the electrolysis for 10 h. This value is
very small compared with the case for the conventional method (a few mol%). This is due to the
selective doping of the Bi** only into the grain boundaries of the ZnO ceramics. The selective
doping is also one of the important features of the SOED method.

Figure 2.15 shows the breakdown field and nonlinearity coefficient () of the sample as the
varistor parameters for the present Bi-doped ZnO as a function of the electrolysis time. In general,
the breakdown field can be controlled by the grain size of the ZnO ceramics [17-21]. The
breakdown field increases with the increase in the number of the grain boundaries containing Bi;O3
in the Bi-doped ZnO varistor, because the Bi,O; grain boundaries act as the electrical barrier which
then determines the varistor properties. The brakdown field is predicted to be about 10> V mm! for
about a 10 um grain size of the present ZnO ceramics, if all the grain boundaries are doped [22].
This situation will be satisfied for about a 10 h electrolysis using the present Bi-doped ZnO as
shown in Fig. 2.15. For cases of an electrolysis time shorter than 10 h, Bi will not be doped into all

of the grain boundaries in the ZnO ceramics. % 10° —— 15
The nonlinearity coefficient was 4-12 for all £ H

. . =3

the samples shown in Fig. 2.15. Although these > 107} 1o g
values are close to those reported for the binary 32 =
Bi;03-ZnO ceramic varistor prepared by the w0} {5 &
conventional doping method [23-27], these are not E g
sufficient for a’practical application. Therefore, the E P R T S 0 ‘;’

0 2 4 6 8§ 10 12

study of the SOED method for the ternary MOj-
Bi;03-Zn0 [26, 27] is still in progress for practical
use.

Electrolysis Time/ h

3+ Figure 2.15. Breakdown field and nonlinearity cocfficient
Consequently, it should be noted that Bi’", («)of the Bi-doped ZnO ceramics as a function of the elec-

which is considered difficult to move, is easily 'olsistime.

transported by the present SOED method. Moreover, it was found that the properties of the ZnO
varistor can be easily controlled by the electric charge during the electrolysis of selective Bi-doping
into the grain boundaries. The success of the Bi doping using the system show in Fig. 2.12 suggests
that all of the cations constituting the oxides or salts such as Bi;O; can be doped into functional
ceramics.

2. 5. Electrosubstitution at the metal, metal compounds / Na-B"-Al,0; interface

The anode M is the source of the doping cation M in the SOED method, and the M cation drifts
through the M-f"-Al,O; solid electrolyte, as shown in Fig. 2.16(a). Therefore, Ag metal together
with Ag- B"-Al,O; has been used as the anode when the dopant was Ag. Moreover, Ag metal has
been used as the anode even when the dopant was the cation other than Ag, where Ag is not M in
the M- B"-Al,0s. This condition is satisfied when the amount of the needed dopant M was small
and the Ag' ion did not affect the functional properties of the oxide ceramics, because the
electrochemical reaction from Ag to Ag" always occurs at the Ag / M-B"-ALO5 interface and trace
amounts of Ag" were doped into the oxide ceramics as well as the dopant M during the electrolysis.
The same metal M as the M cation in the M-B"-Al,O3 must be used as the anode if a relatively large
amount of pure M cation needs to be doped into the oxide ceramics. However, the use of a metal as



the anode will be difficult when the dopant is an alkaline, alkaline earth, or lanthanide cation. In this
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e [INa+ e e / N_a; \ e c- Na+ (3
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(metal) I
M-f*-Al;03 Na-g"-Al-03 Na-f*-Al-03 Ano (_c Na-p=-Al203
Ceramics )

(oxide, carbonate)
SOED 1 system

Figure 2.16. Electrosubstitution system. (a) SOED 1 system, where Na+ in the Na-B"-Al.Oj5 is substi-
tuted for the Qm* cation pushed by the injection of the MP* cation. (b) Electrolysis system. where metal
cation from pure metal is electrosubsituted for Na in Na-B"-Al,0;3. (¢) Direct injection system, where
Mn+ is dircetly substituted for Na+.

case, a metal salt such as carbonate or oxide may be useful as the anode.

In this section, some metal carbonates, metal oxides as well as some pure metals were used as
the anode, and their electrochemical reactions and electro-substitutions have been studied at the Na-
B"-AlyOj3 interface.

2. 5. 1. Experimental

In the present experiment, Ag and Pt plates (thickness: 0.3 mm for Ag, 0.1 mm for Pt)
were used as the metal anode. On the other hand, some carbonates (K2CO3, SrCO3) and metallic
oxides (TiO,;, Fe;03; CuO, YBa,Cu;Oy (YBCO), LagsSro2MnO; (LSMO), Bi;Sr,CaCu,0,
(BSCCO)) were used as the compound anode. The pellet samples of the carbonates and oxides
(ceramics in (a) and anode in (c) in Fig. 2.16, thickness: 1.5 mm, surface area: 0.8 cm?®) were
prepared by pressing the powder at 1000 kg/cm? and heating at 800-1250 °C. Na-B"-Al;0; (Nihon
Tokushu Togyo Co., Ltd., thickness: 2 mm) was used as the solid electrolyte and a Pt plate was used
as the cathode. The electrochemical doping was carried out under a constant current density at 400-
800 °C in air using the experimental setup schematically shown in Fig. 2.16. The appropriate doping
temperatures where no thermal diffusion occurred but rather electro-substitution at the interfaces of
the metal, metal compounds / Na- "-Al,O3, were selected for all the electro-substitution tests. The
apparent contact area in the anode / Na-$"-Al;03 was 0.10-0.19 cm’. After the electrolysis, the
distribution state of the dopants in a cross section of the Na-f"-Al,0; was analyzed using electron
probe microanalysis (EPMA).

2. 5. 2. Results and discussion
Metal / Na-B"-Al,O; interface ((b) in Fig. 2.16)
The following reactions for the electro-substitution occur at the metal anode / Na-f"-Al,O;3

and Na-B"-Al;O; / cathode interfaces in Fig. 2.16 (b).

M > M™ (Na-p"-Al;03) + ne” (anode) (1)

Na* (Na-B"-Al,03) + ¢ > Na

2Na + CO; (in air) + (1/2)0; > NayCO; (cathode) (2)
The production of Na,COj3 at the Na-f"-Al,O; / Pt (cathode) interface was detected by the X-ray
analysis. However, no reaction occurred when Pt was used as the anode.



The Ag electro-substitution for Na easily occurred AgNaB"ALOS Na"ALOYP

when using the Ag anode. The following reaction etage Inedaes
. 025
occurs at the Ag / Na-f"-Al,O; interface. F |o.1m—,m, Al
Ag > Ag" (Na-B"-ALO;) + ¢ (3) 2020 | QOB Smpen? 8 o

Figure 2.17 shows the atomic ratios of Ag / Al Soust b‘ﬁoa‘m °
and Na / Al in the Ag substituted Na-B"-Al,0; as $on|® C0°° a
function of the distance from the Ag / Na-B"- ¥ |5 o
Al O; interface which were analyzed by the S| = Dﬂj AgAl

2 < ...
EPMA. The amount of the substituted Ag is o0 - WM

relatively large on the side of the Ag / Na-g"-
AlO; interface, while that of Na is relatively o '

small on the same side. Thus, the present electro- SFL:E‘;t'i‘fufé;7ﬁa$t,.cflzllzéi“:tsﬁ)%)/ﬁ(]:a:: :I gjjﬁ‘iﬁg;tgﬁ :}i
substitution produces the concentration gradient distance from the Ag/Na-B"-Al>O5 interface. of
the substituted Ag in the Na-$"-AlO;. All the

current efficiencies of the Ag electro-substitution calculated from Eq. (3) and Faraday's law,
approximately were 100 %. This is due to the electro-substitution but not the thermal diffusion,
because no doping occurred under no bias. Thus, the electro-substitution of Ag for Na in the Na-B"-
Al,O3 was relatively easy, and demonstrates its utility as the anode source in the SOED method.

Distance / um

Metal compounds / Na-B"-Al;O; interface ((c) in Fig.
1)

1500

The following decomposition reaction probably 5-59 SrC03 (750 °C)
. 1000 -
proceeds at the alkaline metal carbonate anode / Na- g
B"-Al,O; interface in the Fig. 2.16(c) system. g
M,CO; = 2M"™ (Na-B"-ALOs) + CO; + (1/2)0; + 2¢ K203 (100 9C)
(alkaline metal carbonate anode) (4) g assmg = ® T
Figure 2.18 shows the applied voltages for the K,CO; % 20 40 60
/ Na-f"-AlO; at 400 °C and SrCO; / Na-B"-Al,0; Time fmin.
interfaces at 750 °C as a function of the electrolysis Figure 2.18. Applicd Voltages as a function of the

. . electrolysis time for the K,CO3 / Na-B"-Al,0; and
time. The appyed voltage was very large for.the. lattc?r SrCO; / Na-B"-Al,O; for a constant current density of
case, suggesting that the Sr electro-substitution i smajem? in the system in Fig. 2.16(c).

relatively difficult. In fact, no substitution occurred at

H

Applied voltage / V

400 °C for this case, but did occur at 750 °C. Figure KACOy N By Ko AL O
2.19 shows the atomic ratios of K/Al and Na/Al in ‘“‘“‘T‘ mefhee
the K substituted Na-f"-Al,O3; at 400 °C as a R =
function of the distance from the K,CO; / Na-§"- im | B | .1
AlO; interface which was analyzed by EPMA. The -f- my m .. nm

graded substitution, which is similar to the case of g 010l ogC

the Ag / Na-B"-Al,O3 (Fig. 2.17), occurred again as T o0s b g WAl

shown in Fig. 2.19.The current efficiencies for the Sr 3 Dog —_—
and K electro-substitutions calculated from Eq. (4) . w00 ro0s 1500
and Faraday's law, were about 100 %. These are Distance/ ym

again du the electro-substitution but not t .

g . ¢ FO . lectro-substitu . ot the Figure 2.19.  Atomic ratios K/Al and Na/Al in the K
chemical diffusion, because no doping occurred substituted Na-B"-Al1,0;5 for constant current of 5
under no bias at the above temperatures, although the mA/cm? at 400 °C after 60 min electrolysis as a function
chemical diffusion of K+ ions from K,CO; to Na-B"- of the distance from the K,CO;/ Na-B"-Al,0; interface.



Al,O;3 was observed under no bias at 750 °C according to the EPMA analysis. In conclusion, some
metal carbonates can act as the anode source material for the electrosubstitution.

Some oxides were also tested as the anode for the electro-substitution in Fig. 2.16(c) system.
In this case, the following reaction will occur at the oxide anode.

MO, > xM™ (Na-B"-Al;0;) + xme  + MO (5)
The reaction (5) will be followed by the decomposition reaction (6), if the cation vacancy, m, is
large.

Ml-mon - Ml-mon-m + (m/2)02 (6)
To dope with Cu or Fe, CuO or Fe;O; anodes were used, but no doping (< 0.1 atm%) occurred for
the these electrode even at 800 °C. The complex oxides such as YBCO, LSMO, and BSCCO were
also tested as anodes. Ba or Sr were mainly doped by using the YBCO or BSCCO and LSMO,
respectively. However, their current efficiencies were less than 10 %. Thus. the electro-substitution
using an oxide anode was difficult. Consequently, the oxide may not be suitable as an anode
material.

There will be two important factors, which affect the electro-substitution process. One is the
cation migration in the Na-B"-Al;O; which occurs after the electrochemical reaction at the anode /
Na-B"-Al,O; interface. Ag” and K have a higher conductivity compared to the other cations in B"-
AL O; [5, 13]. As a result, the electrosubstitution is easier for these cations. On the other hand, the
electro-substitution by Pt or Ti does not occur, because these metals do not readily transport in the
Na-f"-Al,0s3. The other important factor is the activation energy necessary for the decomposition
represented by Egs. (4) and (6). In general, metal carbonates more easily decompose compared with
oxides. Therefore, some metal carbonates will satisfactorily act as the anode, but not oxides as
already stated.

2. 6. Conclusions

In this chapter, we have examined the cation doping by using the SOED 1 system and clarified
the doping mechanism. In general, the SOED 1 method is very useful for the doping into only grain
boundaries of oxide ceramics using a selective cation, if the doping is carried out under low current
or low voltage. Moreover, significant cation doping into the bulk will sometimes occur for the Ca
doping into YBCO or Zn doping into BSCCO ceramics under high current density, which will
simultaneously reflect the degree of the bond strength of the constituting cation in the structure. In
addition, the new type of the SOED 1 system was proposed, and the trivalent Bi** doping into ZnO
ceramics was achieved. Bi-doped ZnO ceramics showed a performance as a varistor and its
property was simply controlled by the doping time. Finally, the anodic reaction at the metal or metal
compounds / Na-$”-Al,O; interface was investigated. Since metal cation eliminated from M or
MCO; was injected into f”- Al,O; structure, we could demonstrate that some metals and metal
carbonates are valuable as anode in the SOED method.
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Chapter 3

Mechanism of Cation Doping by the SOED 2 Method

3.1.Introduction

Electrochemical cation doping (M™) into oxide ceramics at relatively low temperature (400 -
600 °C) was investigated using the SOED 1 system (anode / M-f”-Al,O3 / Oxide Ceramics / M-f”-
AL, O; / cathode) in chapter 2, [1-4] where a M™" conductor blocks electron and oxide ion migration
in the system. The SOED 1 method is very useful for the doping into only grain boundaries of oxide
ceramics using a selective cation, if the doping is carried out under low current or low voltage.
Moreover, significant cation doping into the bulk will sometimes occur for other oxide ceramics
using the SOED 1 method [2, 5]. On the other hand, the SOED 2 method is one of main system in
the present technique, where metal cation and oxide ion are simultaneously injected into the target
materials [6]. Therefore, the purpose in this section is to evaluate the SOED 2 system for cation
doping into three kinds of oxide ceramics with different conductive properties, and to draw a
distinction of the characteristics between the SOED 1 and 2.

3. 2. Experimental

Experiments were carried out using oxides including the superconductor YBa,Cu3;0y (YBCO,
Dowa Kogyo Co.), the semiconductor Fe;O3 (Nacalai Tesque Co.) and the insulator BaTiO; (Fuji
Titanium Co.) as the doping target. The sintered pellet samples (thickness: 1.5 mm, surface area: 0.6
cm®) of each of these oxides were prepared by pressing the powders under 1000 kg/cm?® and heating
at 930 - 1300 °C. The cation conductors, M-B"-Al,O; (M = Na, Ag, Sr, and Ca), were prepared by
substitution of M for Na in Na-p"-Al,O3, where the Na-pB"-Al,O; (Nihon Tokushu Togyo Co.)

(©)

Ag deposition
Agt
[
- [ % = =1
\
AB C B A A B é E

SOED | (electrosubstitution) SOED 2 (electro-bi-injection)

(©
O, generation

E C BE E C DE

Figure 3.1. Models of the ion migration for various SOED methods. A, Ag; B, Ag-"-Al,04; C, ceramics; D, YSZ: E, Pt.



polycrystal pellet was immersed in the appropriate molten salt consisting of M as previously noted
[6-8]. Y-stabilized ZrO; (YSZ, 8 mol%Y,03-ZrO,, Nikkato Co.) was used as an oxide ion
conductor in the SOED 2 system. The apparent contact area in the M-f"-Al,Os/ceramics was 0.2
em?. The good contact in the ceramic/ceramic interfaces which avoids the current inhomogeneities,
has been achieved by rubbing the ceramics strongly each other. The electrolysis was carried out for
three hours under a constant current density at 400 or 600 °C. No cation doping occurred in the
absence of bias at these temperatures. After the electrolysis, the elemental distribution of the dopant
in a cross section of the doped ceramics was measured using electron probe microanalysis (EPMA).
The crystal structure of the samples was analyzed from the X-ray diffraction (XRD) patterns.

3. 3. Results and discussion

The basic migration mechanism in the present SOED 2 system for the Ag* doping into YBCO
is illustrated in Fig. 3.1 (b). Ag is electrochemically oxidized to Ag” at the interface of Ag/Ag-p"-
Al,03, and then Ag” in the Ag-B"-AL,O; is injected into the oxide ceramics. Oxygen in the air is
electrochemically reduced to O at the YSZ/Pt interface, and O% is injected into the oxide ceramics.
Therefore, this doping scheme corresponds to "electro-bi-injection”. The following overall reaction
in the SOED 2 system will occur in the ceramics together with the electrochemical reactions at the
anode (oxidation of metal into cation) and cathode (O, reduction into O%):

2M™ (M-B"-Al;03) + nO* (YSZ) + ceramics 2 M;-O, (ceramics)

Experimental results for the doping with various cations by the SOED 2 system are listed in
Table 3.1. Two doping types, A and B, are represented in this table. Type A corresponds to a graded
doping at the anode side of the ceramic sample while type B corresponds to uniform doping over
the entire ceramic sample. A third type (type C) corresponds to no doping but metal or oxide was

Table 3.1. Experimental results in the SOED 2 method.

. Current density Doping Electrolysis

Ceramics (mA/cmz) cation temperature (C) a)’ b)Doping type

YBa,Cu,0, 5 Ag’ 400 A

600 A

0.5 Na* 400 B

600 B

0.5 St 400 C

600 A

0.5 ca** 400 c

600 A

BaTiO, 0.5 Ag* 400 C

600 A

0.5 Sr¥* 400 o

600 A

Fe,0, 0.5 Ag® 400 A

600 A

0.5 sr* 400 C

600 A

a) Main doping point of the all dopants is the grain boundaries in the ceramics.
b)Doping types A, B and C correspond to the graded doping at the anode side of the ceramics,

doping over the entire sample and metal or oxide deposition at the anode side interface
of M-B"-Al,O3/ceramics, respectively.



deposited at the anode side interface of the
M-B"-Al,O3 / ceramics. The results in this
table indicate that various cations can be
doped into the oxide ceramics at high
temperature and that facile doping is
observed for monovalent cations (Ag’,
Na") compared with the divalent cations
(Sr**, Ca?"), because monovalent cations
were doped at relative low temperature as
listed in Table 3.1. These results
demonstrate that the SOED 2 system is
very useful for the doping into all of the
oxide ceramics, i.e., YBCO, BaTiO; and
Fe;O;, independent of their conductive
properties, but dependent on the
electrolysis temperature. . .

Figure 3.2 shows typical EPMA | '
distribution line scans of the elements in a f f
cross section of the YBCO sample doped Ag-B"-Al,O;/YBCO YBCO/YSZ
with Ag" under 5 mA/cm? at 600 °C using
the SOED 2 system. The Ag dopant was
distributed on the anode side of the YBCO
ceramics (type A doping). Thus, the graded doping was a general characteristic of the SOED 2
system. Ag was uniformly doped over the entire YBCO sample when the doping was carried out
using the SOED 1 system under the same electrolysis condition as previously reported in chapter 2
[1]. In this case, only Ba was detected in the cathode side Ag-B"-Al,O; according to the EPMA
analysis. This indicates that only Ba?* ion is released from the YBCO ceramics under an electrical
force so that the electrical neutrality is maintained in the ceramics as shown in Fig. 3.1 (a). On the
other hand, no Ag doping into the YBCO occurred but Ag metal was deposited at the Ag-f"-Al,0; /
YBCO interface, when the system (c) in

Characteristic X-ray intensity / a. u.

Figure 3.2. EPMA elemental distribution line scans in the cross section
of the YBCO doped with an Ag sample at 600 °C by the SOED 2 systern.

Fig. 3.1 was used. The oxide ion will not 16 @
be doped into the YBCO using the /,/
electrolysis system (e) but O, will be 102 b @ /

generated at the YBCO/YSZ interface
(see (e)) as stated below. From these
results, it was judged that the
electrochemical cation doping did not
occur when electrical neutrality was not
maintained in the ceramics. Thus, the
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Applied Voltage /V

injection of the oxide ion is very
important for the cation doping in the
SOED 2 system.

Figure 3.3 shows the dependence
of the applied voltage on the electrolysis
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-
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0
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Electrolysis time / min.

180

time for a constant current density (5 Figure 3.3. Dependence of the applied voltage on the electrolysis ime

mA/cm?) at 600 °C. (a), (b), (c), (d) and under 5 maA/emé. (a)-(e) corresponds to those for the electrolysis systems
givenin Fig. 3.1, respectively.

(e) in this figure correspond to the
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Figure 3.4. EPMA clemental line scans for the BaTiO; ceramics doped with Sr by the SOED 2 system.

electrolysis systems shown in (a), (b), (c), (d) and (e) in Fig. 3.1, respectively. The applied voltage
in (b) was lower than that in (a) during the initial stage of the electrolysis, but abruptly increased
with the electrolysis time at 90 min. In the SOED 1 system (a), a large voltage will be mainly based
on the applied voltage for the Ba®* migration through the YBCO ceramics. The large applied
voltage for the electrolysis system (d) indicates that the direct injection of Ba®* from the YBCO into
Ag-B"-Al;0; is difficult. For the electrolysis systems (c) and (e), their applied voltages were small
compared with those of the other systems, and were close to the voltages calculated from both ionic
conductivities of Ag* and O% in Ag-B"-AL,O3 and YSZ, respectively. This indicates that no doping
of these ions into the YBCO ceramics occurs. Consequently, the following phenomena will occur in
the SOED 2 system. Initially, both Ag* and O% ions are smoothly injected into the YBCO ceramics
until the amount of the Ag" doped into the anode side of the YBCO saturates (< 90 min in (b)). The
applied voltage is not so large in this stage. After the saturation, the Ag® will be difficult to migrate
in the ceramics where the applied voltage increases with the electrolysis time (> 90 min in (b)). In
fact, both distribution states of the Ag dopant (graded doping) after 90 and 180 min electrolysis
were similar to each other, according to the EPMA analysis.

An X-ray qualitative analysis was carried out in some sections of the YBCO sample doped
with Ag at 600 °C by the SOED 2 system. Two micropoints were analyzed in the cross section of
the doped sample. One is the area analysis which corresponds to all parts of the doped sample, i.e.,
grain bulk and grain boundaries in the sample. The other is a pinpoint analysis to detect the
elements only in the grain bulk. The peak
attributed to Ag was observed only in the area -8
analysis. This indicates that Ag was
selectively doped only in the grain boundaries.
Thus, both Ag and oxygen migrate more
smoothly in the grain boundaries than in the
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bulk. Other cations such as Na*, S* and Ca®* S

were also doped into the grain boundaries. 24 iz

Thus, the SOED 2 method is very useful for 28  Swpc | dpe

selective doping in the grain boundaries. 08 ! 12 b 18 8
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Composition and lattice parameters of
both contact surfaces in the Ag-doped YBCO Figure 3.5. Arrhenius plots of oxide ion and metal cations in
YBCOQ ceramics [9-12].
sample prepared by the SOED 2 system were



analyzed from XRD patterns. Only a small amount of impurities such as BaCO3, CuO and Ag metal
were detected on the anode side surface, while no change was observed on the cathode side surface.
In principle, the cation doping using the SOED 2 system will proceed without any destruction of the
crystal, since the doping occurs only in the grain boundaries without cation exchange. In fact, no
change in the lattice parameters of the doped YBCO was observed. Therefore, the SOED 2 system
may be more useful than the SOED 1 system (electrosubstitution), when the substitution of the
dopant cation is difficult in the ceramics.

The electrolysis temperature is very important for the doping using the SOED 2 system.
Figure 3.4 shows two EPMA distribution line scans of the elements in the Sr-doped BaTiO;
ceramics under 0.5 mA/cm? at 400 °C and 600 °C. Sr was not doped into the BaTiO; but deposited
at the B"-Al,O; / BaTiO; anode interface as SrO at 400 °C. On the other hand, Sr was doped into the
BaTiO; ceramics at 600 °C as the figure shows (graded doping). The same phenomena were also
observed for the cases of the Sr and Ca-doping into the YBCO, the Ag-doping into the BaTiO; and
the Sr-doping into the Fe,Os3, as listed in Table 3.1. In these cases, Ag, Sr and Ca were deposited as
a metal or oxide at the anode side interfaces at 400 °C analogous to Fig. 3.4 (400 °C). In the SOED
2 system, the doping will be determined by the degree of the migration rates of the cation dopant
and the oxygen anion in the grain boundaries. Figure 3.5. shows the Arrhenius plots of the self-
diffusion coefficient of oxide ion and metal cations in YBCO structure [9-12]. It is well-known that
the diffusion rate of the oxygen anion through the oxide ceramics is much larger than that of the
metal cation. Therefore, cation doping will be generally difficult at low temperature. Both migration

rates of the cation dopant and the oxygen 1000

anion will come close each other at high
temperature, because the activation energy
of the cation diffusion through the oxide
ceramics is larger than that of the oxygen
anion. For example, activation energies of
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the Ag" and oxygen anion diffusion 1r i

through the YBCO ceramics are 2.2 and

1.5 eV, respectively [10, 13]. 0'10 ‘;0 1120 180
Consequently, the cation doping into the Electrolysis time / min.

oxide ceramics occurs easily at relatively ) )
. Figure 3.6. Dependency of the applied voltage on the electrolysis
high temperatures for the SOED 2 system.  ime under 0.5mA/cm? af 600 °C in SOED 2 system.

The doping by the SOED 2 system
also depends on the valence of the dopant cation as already stated. For the Ag and Sr-doping into
the Fe,03, the monovalent cation (Ag") can be easily doped into the Fe;O3 at both 400 and 600 °C,
while the divalent cation (Sr**) can be doped at 600 °C but not at 400 °C (Table 3.1). Figure 3.6
shows the dependence of the applied voltage on the electrolysis time under 0.5 mA/cm? for the Ag
and Sr doping into the Fe;0; at 600 °C. The applied voltage can somewhat reflect the degree of the
migration rate, and will be small when the migration rate is large. The applied voltage for the case
of Sr** was about three orders of magnitude larger than that for the case of Ag®, and reached about
10° V after 180 min. In general, the ionic conductivity of the metal cation in the oxide ceramics
depends on its valence. For example, the ionic conductivity of the monovalent cation in the M-f"-
Al,Os is higher than that of the divalent one, because the divalent cation is more significantly
affected than the monovalent cation by electrostatic interaction from the oxygen lattice of the spinel
structure in the M-B"-Al,03. The Na doping into the YBCO is very easy compared with the case of
the Ag doping, since the former doping corresponds to type B but the latter corresponds to type A
(Table 3.1). This difference can also be explained from the degree in the migration rate. The ionic



conductivity is higher for Na* than Ag” in the M-B"-Al,0; [14], although it seems to depend on the
structure of the oxide ceramics to be doped.

The SOED 2 system gave an important possibility of the preparation for the graded materials
in application. The graded state of the dopant can be easily controlled by the electrolysis
temperature, electrolysis time, and electrolysis current density. For example, an improvement of
some thermoelectric materials can be achieved by the graded doping using the SOED 2 method.

3. 4. Conclusions

Electrochemical cation doping into various oxide ceramics together with the injection of the
oxygen anion was carried out using the SOED 2 method. The following important information was
obtained and a doping mechanism was proposed.

1. The cation doping easily occurred together with the oxide ion injection so that electrical
neutrality was maintained in the ceramics.

2. Various cations were easily doped into the grain boundaries of the oxide ceramics at relatively
high temperature. This will be based on the higher activation energy for the cation migration
than for the oxygen anion migration in the grain boundaries of the oxide ceramics.

3. The graded doping at the anode side of the oxide ceramics generally occurred for the SOED 2
system. This will be based on the faster migration for the oxide ion than for the dopant cation.

4. The doping was easier for the monovalent cation than for the divalent cation. This tendency
was in harmony with the degree of the cation migration rate in the M-"-AL;O;.
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Chapter 4

Pinpoint Doping Using a p”-AL,O3; Microelectrode

4, 1. Introduction

Ion conducting microcontacts (microelectrodes) have been widely used in the research
field on solid state ionics. Concretely. microelectrodes play a significant role in the measurements
of local conductivities in ceramic materials [1], transference numbers in mixed conductors [2, 3],
and in the determination of redox potentials in metal oxides [4, 5]. The use of a microelectrode
allows a better control of electrochemical parameters and contact areas at the interface compared to
a conventional planar electrode, which often shows time-dependent changes of the contact area
because of its inhomogeneous interface [6, 7].

The SOED method will be very useful for pinpoint doping into the desired position of
samples if the contact area between B”-Al;O3 and the doping target remains small during the
electrolysis. In this chapter, the pinpoint cation doping into a selected area of the doping target has
been carried out using a M-B”-Al;03 microelectrode to develop a new field of applications of the
SOED method. In our knowledge, ion conducting microelectrodes have never been applied to a
doping study. This section reports in detail the relationship between the distribution state of the
dopant and the conditions of pinpoint doping using the SOED method.

4. 2. Experimental

Electrochemical pinpoint doping was carried out using the two types of experimental setup
shown in Fig. 4.1, where the M-$"-Al,0; and Y-stabilized zirconia (YSZ) were used as a cation and
oxide ion conductor. A M-B"-Al,O03 (M = Ag, Li, K, Pb, Sr and Ca) microelectrode was prepared by
the substitution of M for Na in Na-B"-AlL,O;. A Na-B"-Al,0; polycrystalline pellet (Nihon Tokusyu
Togyo Co.: thickness: 2 mm, diameter: 7 mm) was immersed in molten salts at an appropriate
temperature [8-10]. That the Na was completely exchanged, it was confirmed by an electron probe
micro analysis (EPMA) in the cross section of B"-Al;Os. The obtained M-B"-Al,0; was polished

Na-g"-AlO3 YSZ
— —
M-B"-AlLO3 M-B"-ALO; 05
) — ) /
n+ -, T
e Lo+ A
c- e-
Na*
Doping target. ___JAg Doping target| jre-pd
() SOED 1 (b) SOED 2

Figure 4.1.  Models of ion migration for the pinpoint doping by the SOED method, where (a) and (b)
show the SOED 1 "electrosubstitution” SOED 2 "¢lectro-bi-injection” mechanism, respectively.



with emery paper to form a quadrangular pyramid-like
microelectrode as shown in Fig. 4.2. Assuming a hemispherical
microcontact between M-f”-Al;0; and a doping target, a typical
value of the contact radius was about 10 pm. A borosilicate glass
plate (Matsunami Glass Ind.; thickness: 0.15 mm) and
Bi,Sr;CaCu,0y ceramics (BSCCO, Dowa Kogyo Co. Ltd.;
thickness: 0.7 mm) were used as doping targets. Cation doping was
performed at a constant current with a regulated DC power supply ) .

at 300 — 600 °C in air. No doping occurred in the absence of the féﬁﬁmzmgf ﬁualqsozf:cﬁe of the
electric field. After doping, the distribution state of the dopant in

the anodic surface and the cross section of the doping target was analyzed by EPMA. The crystal
structure of a doped sample was also analyzed by X-ray diffraction (XRD) measurements.

200 um

4. 3. Results and discussion

Figure 4.1 illustrates the basic cation migration mechanism in the present SOED system for
pinpoint doping, where two different electrolysis systems were employed (SOED 1 and 2). Na-f”-
Al,O;3 and YSZ are used at the cathodic side interface in the SOED 1 (a) and SOED 2 (b),
respectively.

Figure 4.3 shows typical EPMA elemental distribution maps of the anodic surface of
pinpoint Ag-doped alkali borosilicate glass using SOED 1 system. Ag was distributed in the manner
of a circle drawn with its center at the Ag-B"-Al,O3 / glass microcontact. The characteristic X-ray
intensity of Na decreased at the area where silver was detected. Na was detected in the cathode side
B"-Al;03 when Ag-p"-Al,O; was used instead of Na-B"-Al,O;. These results indicate that Ag’ is
electrochemically substituted for Na® in the glass and that the cation migrations as illustrated in Fig.
4.1(b) proceeded during the electrolysis. The SOED 2, however will be not suitable for doping into
the glass since oxide ion conductivity in the glass is extremely small.

The diameter of the Ag-doped area on the anodic surface strongly depended on the applied electric
charge which reflects the amount of Ag doping. That R A e
is, the Ag distribution diameter increased with
increasing applied constant current (Fig. 4.4(a))
and/or electrolysis time. On the other hand, the
distribution of silver was independent of the doping
temperature, where the doping areas of Ag at 300,
400 and 500 °C were similar according to the SEM
observation (Fig. 4.4(b)). These facts suggest that the
rate of electrosubstitution in the glass can be
controlled by electrical parameters such as the electric
field or the current density rather than the doping
temperature.

200 pm

Figure 4.3. EPMA elemental maps of the anodic surface
of Ag-doped glass. The doping was carried out at 10 pA
for 60 min at 400 °C usitn the SOED 1 system.



The elemental distribution in the cross
section of doped glass was also analyzed using
EPMA. Figure 4.5 shows the time dependence on
the distribution state of the dopant after 10 pA
electrolysis at 400 °C. Notice that silver has already
reached the glass / Na-f"-Al;O; interface after 10
min electrolysis. Therefore, silver doping by the
SOED method is a rapid process compared with the
ion exchange method using a molten salt. Judging
from Figs. 4.3 and 4.5, the distribution of silver
occurs in a hemispherical shape in the glass. The
distribution state of the dopant may be dominated
by the potential distribution around the point
contact electrode. The equipotential surface
between the microelectrode and planar electrode
will be constructed in a hemispherical configuration
with its center at the microcontact [11-14].
Therefore, it is seen that Ag® radially diffused from
the Ag-B”-Al,O; / glass microcontact during the
doping. As a result, hemispherical distribution of
silver was obtained by this method. =

To investigate the effect of the contact area 120 min
at the cathodic side on the distribution of the dopant, Fgigure 4.5. EPMA elemental distribution maps of the

the Ag doping into the glass was performed using a 3@5 section of Ag-doped glass under 10 pA for various
oping famnes.
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Figure 4.4. SEMs of the anodic surface of Ag-doped glass under various doping conditions. (a) Constant cur-
rent dependence and (b) doping temperature dependence. Depression seen in the center of these images shows
the Ag-f3"-Al,O4 / glass microcontact.



Na-f3-Al,O3 microelectrode at the cathode side
instead of a pellet sample in the SOED 1 system
(Fig. 4.1(a)). Figure 4.6 shows the EPMA
elemental distribution maps in the cross section
of the Ag-doped borosilicate glass after
applying 1 uA at 400 °C for 300 min. Replacing
the planar cathode by a microelectrode reduces
the diameter of the Ag distribution (about 140
um), although a larger amount of electric charge
was used. This result indicates that Ag"
diffusion toward the parallel direction to the
sample surface was suppressed by the cathodic
side microcontact. Consequently, the
distribution of dopant can be controlled by the
contact area between B”-Al,O3 and the doping

target as well as the current density or the
doping time. Figure 4.6. EPMA elemental distribution maps of Ag-doped

glass after applying | pA for 300 min at 400 °C, where an Na-B™-
Al, O, microelectrode was used at the cathode side.
The pinpoint doping by the SOED
method also depends on the valence of the dopant cation. Monovalent cations such as Ag”, K and
Li" can be easily doped into the glass under an electric field. However, divalent cations such as Pb**,
Ca®" and S can not be doped, since these dopants were deposited at the M-B-Al,03 / glass
interface as its oxide or carbonate, or injected only into the surface region (< a few um) [15]. The
applied voltage under 1 pA at 400 °C for Pb** doping was about two orders of magnitude larger
than that for the case of Ag*, and reached about 10* V after 60 min. The applied voltage can
somewhat reflect the degree of the migration rate in the glass, and will be small when the migration
rate is large. The ionic conductivity of the monovalent cation in the glass is, for example, higher
than that of the divalent one [16], because the divalent cation is more significantly affected than the
monovalent cation by electrostatic interaction with the oxide ion in the glass.

Pinpoint doping into the BSCCO

ceramics was carried out using a Na-f7-Al,0; 10° T T T T
microelectrode. Figure 4.7 shows the applied 5

voltage on the electrolysis time under constant ~ 02 L (2): SOED1
current of 100 A at 600 °C. (a) and (b) in this 8¢

figure correspond to the cases of two SOED %

systems shown in Fig. 4.1, respectively. The = 101 | -
applied voltage in the SOED 2 (b) was lower E

than that in the SOED 1 (a) during the &

electrolysis. A large voltage in the SOED 1 < 100 E (b): SOED 2
system (a) will be mainly based on the applied

voltage for migration of Q™" (in Fig. 4.1 (a)) 10 . . . :

in the BSCCO ceramics. The 0 2 4 6 8 10
electrosubsitution of dopant for Q™ in the
BSCCO ceramics is difficult because this
ceramics shows pure electron conduction but  Figure4.7. Dependence of the applied voltage on the electrol-
no significant ionic conduction. in contrast to ~ Y*s time for pinpoint Na doping the BSCCO ceramics.

Electrolysis Time / min



the glass containing an alkali metal. On the contrary,
the applied voltage in (b) shows the very small and
constant value (about 1 V) suggests that the Na
doping into BSCCO ceramics together with the
injection of oxide ions from the YSZ proceed
smoothly. In this case, Na* and O* migrate through
the defects of ceramics (pore surfaces, grain
boundaries etc.) [17]. This may be based on the
higher ionic mobility in the grain boundaries than
that of the grain bulk even though the total ionic
conductivity is small. In principle, the cation doping
using the SOED 2 (b) will proceed without any
destruction of the crystal, since the doping occurs
without cation substitution. Therefore, the SOED 2
(electro-bi-injection) may be more useful than the
SOED 1 (electrosubstitution), when the substitution
of the dopant cation in the doping target is difficult.
Figure 4.8 shows the EPMA elemental distribution Figure 4.8. EPMA elemental maps of the cross section of
maps in the cross section of Na-doped BSCCO Na-doped BSCCO ceramics using the SOED 2 system. The
ceramics using the SOED 2 system after applying doping was carried out at 100 pA for 60 in at 600 °C.

100 pA for 60 min at 600 °C. This figure shows that the distribution of Na occurs in a hemispherical
shape in the same manner as the silver doping into glass. According to the XRD patterns and EPMA
elemental micromaps of doped ceramics, Na® was doped only into the grain boundaries as noted
above.
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4. 4. Conclusions

It should be noted that the pinpoint doping into the selected area of the borosilicate glass
and BSCCO ceramics on a 10> um scale was accomplished using the SOED method. The
advisability of pinpoint doping was determined by the electrical property of the doping target and/or
the valence of dopant. Thus, submicron ~ nanoscale doping may be possible if the contact radius of
microelectrode and/or the electric charge are small. For practical purposes, the preparation of a
photowaveguide in the glass matrix would be done by scanning the f7-Al;O; anodic microelectrode
during the doping. Hence, the pinpoint doping with a cation conducting microelectrode using the
SOED method might become an important application with respect to solid electrolyte.
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Chapter 5

Electrochemical Design of Metal Distribution in the Glass Using the SOED Method

5. 1. Introduction

Functional modification of glass surfaces is an effective method of imparting new
characteristics to the original glass. [1] Well-established techniques include the deposition of films
on the surface and the introduction of different elements into the surface region. For instance. silver
or titanium coatings on the glass surfaces have already been used for IR-reflection or UV-cut glass.
[2] The latter application corresponds to the ion-injection technique using gas phase ions at low
pressure or ion-exchange using molten salts. Intended for use in conjunction with these methods,
we recently proposed a new solid-state electrochemical route for introducing metal cations into
glass using ion-conductors.[ 3] In this electrochemical approach, upon application of an electric
field to the solid-solid interface between cation-conducting M-B7-Al,O; and alkali metal ion
containing glass, the metal cations (M") are injected into the glass concurrently with the
substitution for alkali metal cation in the glass. A significant advantage of this technique is that it
enables pinpoint doping into the desired position in the glass with the aid of a fB”-ALOs
microelectrode, owing to which the contact radius of the solid-solid interface is typically about
10 um. Indeed, we have already achieved pinpoint doping into alkali borosilicate glass and/or
Bi;Sr;CaCu,0y superconducting ceramics on a 10 um scale using a B”-Al,O3 microelectrode as
stated in Chpter 4. [4]

There have been recent reports on the application of the microelectrode technique to
solid-state fabrication of metal micro- or nanostructures. Fleig et al. have reported on
electromechanical writing of Ag microstructures (lines and letters) on the surface of a Ag'-
conducting AgCl single crystal, where cathodic deposition of Ag occurred selectively along the
mechanical tracks scratched by a tungsten needle in advance.[5] Terabe et al. have prepared silver
nanowires between a Ag,S microanode and Pt cathode, set 1 nm apart from each other, by a
cathodic solid-state electrochemical reaction where the Ag" ions arriving at the cathodic surface of
Ag,S react with the tunneling electrons generated from the Pt cathode under an electrical bias.[6]
They mention that the fabricated Ag nanowires can easily dissociate by applying the reverse field,
and that the formation-dissociation reactions can occur at a rapid field frequency of above 1 kHz.
[liescu et al. reported that silver-sweeping of a-quartz causes the growth of silver microwires inside
the quartz crystals by electrodiffusion from the anodic AgNO; layer using tungsten microcathodes.
[7] Our method would conceivably enable micropatterning of dopants in glass if the f”-ALO;
microelectrode were to be moved along the glass surface during doping. The technique could be
used to prepare optical devices, such as photowaveguides and microlenses, since pinpoint or
patterned doping induces selective refractive index profiles in glass. In the present contribution, we
have devised an electrochemical method for achieving metal cation distribution in the surface and

interior of alkali silicate glass by manipulating a Ag-p”-Al,O; microelectrode under an electric
field.



5. 2. Experimental

Electrochemical cation doping was undertaken using the experimental setup schematized
in Fig. 5.1(a). Ag-p"-Al,O; was used as a Ag" conductor. The Ag-B"-Al,O; microelectrode was
prepared by the substitution of Ag for Na in Na-f"-Al;0;. A Na-$"-Al;O;3 polycrystalline pellet
(Nihon Tokushu Togyo Co.; thickness: 2 mm, diameter: 7 mm) was immersed in AgNO; molten salt
for over 24 h. Electron probe microanalysis (EPMA) performed on the cross section of B"-Al,O;
revealed that the Na was completely exchanged. The resultant Ag-f"-Al;O; was polished with
emery paper to form a quadrangular pyramid-like microelectrode. Assuming a hemispherical
microcontact between Ag-f”-Al,O3 and the doping target, the contact radius would typically be
about 10 um. An alkali silicate glass plate (12 Na,O-1 K;0-5 MgO-9 CaO-1 Al,03-72 SiO; in
mol%) was used as a doping target. Cation doping was performed at a constant current or voltage
with a regulated DC power supply at 100 — 450°C
in air, where the Ag-B”-Al,O3 microelectrode was E XYZ stage
scanned using a PC-operated, automated XYZ ; :
microstage (scan rate: 0 (fixed) ~ 1 mm/s). The 9'35§ !
change in applied voltage during electrolysis was > A\ . ; n
monitored using a digital multimeter. It was
checked that no doping occurred in the absence of

an

the electric field at these temperatures. After \ ALl
. . . . \
doping, the distribution state of the dopant in the hot plate  Ag-f"-A1203

anodic surface and the cross section of the doping Umicroelectrode
target was analyzed by EPMA. (2)

Ag-p”-Al203
3.3. Results and Discussion

The basic cation migration mechanism
in the present system for pinpoint Ag doping into
glass is illustrated in Fig. 5.1(b). Ag was
electrochemically oxidized to Ag®' at the Ag glassﬁ Ag
(anode) / Ag-B"-Al,O; interface, and then injected (b)
into the glass. Na" migrated from the glass to the
cathode side for maintenance of electrical
neutrality in the glass. Na was deposited at the
glass / Ag (cathode) interface and immediately
reacted with the O, and CO, in air to form
Na,CO;. [8] Hence, Ag* was substituted for Na* in
the glass under an electrical field. [9] Thus. this
doping scheme corresponds to an
“electrosubstitution” mechanism.

Fig. S5.1(c) shows the optical _, ) ,

} ) Figure S.1. a) Experimental setup. b) the cation
micrographs of the anodic surface and the cross migration model of Ag doping using a Ag-p"-Al,O5
section of the glass (1 mm’ cube) that was Ag- microelectrode, c) optical micrographs of the anodic
doped under a constant voltage of 30 V for 60 surface and cross section of the glass after pinpoint

min at 400°C, where the Ag-B"-ALO, ?g (d(;)pipg under constant voltage of 30 V at 400°C
or 60 min.

anodic surface cross section

microelectrode was fixed onto the glass surface



during electrolysis (i.e., scan rate = 0 mm/s). It is 35

believed that silver is present only in the concentrated Scan
areas in these micrographs, in the form of thermally 30 |- 0.1mm/sec @ ]

I 1 |

produced Ag nanoparticles in the glass.[10] From our % o5 @ AL X ° -
previous studies, [4] we know that the silver doping @ °o® ® .‘
results in a hemispherical dopant distribution centered § 20 _~' -
on the microcontact between B"-Al,O; and the glass. In 3 [ ]
addition, the distribution diameter of the dopant on the Zé: ™

anodic surface depended on the current density and/or 10 L ﬁ-.- 0 mm/sec |

the doping time, which reflect the amount of Ag niE Emgg .
i

doping.[11] The distribution state of the dopant may be 5 1 I
dominated by the potential distribution around the point 0 0.5 1 1.5 2
contact electrode. The equipotential surfaces between Doping time / min

the microelectrode and the planar electrode exhibit a Figure 5.2. Time evolution of the applied voltage

hemispherical shape with their center at the uqdcr a constant curren: of 10 uA at 200 ¢C with and
. witout tracing tch Ag-3"-A1,0; microelectrode.

microcontact. [12]| Thus, it can be concluded that Ag® o

diffused radially from the Ag-f’-Al,O; / glass microcontact during doping. As a result. a

hemispherical distribution of silver was obtained by this method. We have confirmed that various

monovalent cations (K*, Li*, Cs") besides Ag* can be doped according to the same mechanism.

Fig. 5.2 shows the time evolution of applied voltage under a constant current of 10 nA at
200°C with and without tracing the Ag-B"-Al,O; microelectrode along the glass surface. When the
microelectrode was fixed on the glass surface, the applied voltage decreased rapidly during the
initial stage of electrolysis (< 0.5 min) and remained at a nearly steady state after 0.5 min,
corresponding to the slight voltage reduction. The effect of the cathodic Na,CO, deposition.
mentioned above in the description of the doping mechanism. on the total applied voltage can be
neglected in the present method because the current density at the glass / Ag (cathode) interface
would be negligible compared with that at the microcontact. Others have reported that the voltage
response in the ion-conducting microelectrode technique depends on ionic conductivity only in the
small region near the microcontact. [13] Taking into account the much larger ionic conductivity in
Ag-B’-Al,O; compared to that in the alkali glass, the voltage drop occurs mainly within the glass.
Thus, the decrease in voltage under constant current suggests that the ionic conductivity in the glass
around the microcontact increased with the substitution of Ag* for Na* in the silicate glass during
the initial stage of electrolysis. This is mainly due to the higher ionic conductivity of Ag’ in the
amorphous glass network as compared to that of Na*. [9. 14] By contrast, when the Ag-B"-Al,O;
was scanned during electrolysis, the applied voltage remained almost constant throughout the
duration of electrolysis, except for some variations that may have been due to the temperature
changes in the hot-plate set in ambient atmosphere. In this case, the Ag* injection always proceeded
from the original glass surface, which contained only Na* as a charge carrier. That is, the chemical
composition reflected by the ionic conductivity near the microcontact remained constant during
doping.

EPMA elemental distribution maps of the anodic surface of Ag-doped glass with scanning
an Ag-B"-Al,0; microelectrode in a single direction at 130°C are shown in Fig. 5.3(a). The scan
rates of the microelectrode were | mm/s (upper line) and 0.1 mm/s (lower line). These results
indicate that Ag was dispersed in a line along the path of the microcontact, and that the line width
was easily controlled by the electric charge per unit area, i.e., scan rate and/or current. According to
the elemental distribution map of the cross section of the Ag-line drawn on glass, a semicircular Ag
dispersion was observed. as in the case of the fixed microelectrode. Since the Ag-f8"-Al,O,



microelectrode is attached to the automated XYZ
stage (Fig. 5.1(a)). we can draw various silver
patterns in the glass surface, not only simple
structures (points and lines) but also more
complicated forms (Fig. 5.3(b)). The lowest
patterned Ag line width achieved to date is about
10 um. However, the use of a microelectrode with
a smaller contact radius and/or lower constant
current (applied voltage) may enable the
fabrication of finer and/or more complex patterns
at the nanometer scale.

Expanding the present technique, we
can control the glass composition not only in the
surface region. but also in the bulk glass. In other
words, the electrochemical design of glass
composition is also possible in three dimensions.
More specifically, following Ag patterning in the
glass  surface. Na* generated by the
electrochemical decomposition of the Na,CQO,
planar anode is re-injected into the Ag-doped
glass in a direction that is parallel to the anodic
surface as schematized in Fig. 5.3(c). EPMA
elemental maps of the cross section of the
rectangular glass (1 x 1 x 10 mm?) containing the
Ag distribution are shown in Fig. 5.3(d). In this
case, first. Ag was doped using a fixed Ag-f"-
Al,O; microelectrode under 1 pA, for 60 min at
300°C. This was followed by Na* doping at | mA
for 15 h at 400°C. Thanks to this two-step doping
process, the Ag distribution is encapsulated within
the glass sample by the Na" doping, during which
it retains its hemispherical shape. It was found
that the Ag concentration increased toward the
direction of ion migration. Again, this is due to
the larger ionic conductivity of Ag* in the glass
compared with that of Na®. As expected, the
penetration depth of the Ag distribution depended
on the electric charge of Na® doping in the second
step. It was also confirmed that the line patterned
Ag dispersion could exist only within the glass.
Qiu et al. have substantiated the possibility of
selectively inducing a change of valence state of
metal ions on a micrometer scale inside a glass

1 mm/sec

0.1 mm/see

Lattice

/~ Patterned glass

)

Metal
distribution

Cation migration o

—

Figure §.3. a) EPMA elemental distribution maps of the
anodic surface Ag-doped glass with scanning the Ag-p"-
Al>Oz microclectrode in a single direction 130 ©C (scan rate:

I mmis (upper line and 0.1 mnys (lower line)). b) More
complex Ag patterns sketched in the glass surface. ¢) Sche-

ma of of a method for encapsulating the Ag-distribution
inside the glass. d) Ag mapping after Na* re-injection at |

mA and 400 °C for 15 h following pinpoint Ag doping at |

A and 300 °C tor 60 min.

sample by the use of a focused pulsed laser.[15] By contrast, our electrochemical technique can
cause a space-selective change of chemical composition inside the glass.



5. 4. Conclusions

In this communication, we have investigated the possibility of the electrochemical design
of metal distribution in alkali silicate glass using a f”-Al,O; microelectrode. Various patterns of Ag
distribution were constructed near the surface or in the bulk. The size and shape of these patterns
could be easily controlled by adjusting electrolysis conditions. The patterning of a metal distribution
in the glass surface can also be achieved by ion-exchange in molten metal salts, a most effective and
convenient method. However, multiple steps (masking to write a pattern, ion-exchange, washing,
and etching of mask) have to be performed to obtain the desired structure.[16] Although the ion
injection technique makes selective patterning possible by focusing the ion beam, it requires high
energy (10°-10° eV) for ion acceleration in a vacuum system, and the doping occurs only in the
surface region of the substrate (<10°® m). [17] By contrast, the present technique allows single step
fabrication of patterned glass since various forms can be drawn directly via the solid-solid interface
between B”-Al,O; and glass under ambient atmosphere at a low-medium temperature range below
the glass transition point. Furthermore, encapsulation of the metal distribution within the glass is
one of the important features of the present electrochemical method. A variety of metal ion
conducting solid electrolytes have been developed to date. Thus, this method can be employed to
introduce many different kinds of metal ions into glass to impart it with new functions. The
technique is expected provide a new and simple route for fabricating photowaveguides and/or
microlens arrays; the optical characteristics of such optical devices built by this technique would
help evaluate the effectiveness of the technique.
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Chapter 6

Quantitative Assessment of the SOED Method

6. 1. Introduction

Functional improvements in various oxide ceramics have been accomplished using SOED.
For example, in superconducting YBa;Cu3Oy ceramics, selective silver doping only into the grain
boundaries raises the critical temperature even for extremely small amount of doping (< 0.1 wt%)
(1, 2]. Moreover, SOED is useful for pinpoint doping into the desired position within a material,
provided the contact area between ”-Al;0;3 and the doping target remains small during electrolysis
[3, 4]. In particular, doped areas can be precisely controlled by passing a current through p-Al;O;
microelectrodes, since the microcontact yields a homogeneous solid-solid interface.

The fact that the amount of dopant can be easily controlled by the total electric charge
during electrolysis is regarded as another advantage of the SOED method. In the present study, the
current efficiencies of cation doping by SOED were estimated based on the relationship between the
dopant amount and the applied electric charge during electrolysis using Faraday’s law. This allowed
a quantitative assessment of cation doping by SOED. In this section, we have demonstrated that
SOED is effective in controlling the dopant amount on a pmol-scale with high accuracy.

6. 2. Experimental

Electrochemical doping was carried out using the two types of setup shown in Fig. 4.1,
where the M-f"-Al,03 and Y-stabilized zirconia (YSZ) were used as cation and oxide ion conductor,
respectively. We have used a M-B"-Al;0; (M = Ag, Na) microelectrode as cationic source in order
to avoid any inhomogeneous current flow at the interface between $"-Al,0; and doping target. The
Ag-pB"-Al;O; microelectrode was prepared by the substitution of Ag for Na in Na-$"-Al,0; [5-7]. A
Na-f"-AlL, O3 polycrystalline pellet (Nihon Tokusyu Togyo Co.; thickness: 2 mm, diameter: 7 mm)
was immersed in AgNO; molten salt at 553 K for longer than 24 h. The resultant B"-Al,O3 was
polished with emery paper to form a quadrangular, pyramid-like microelectrode. A sodium borate
glass (28 mol% Na,O — 72 mol% B,0;; thickness: 0.7 mm), which was prepared by the
conventional melt-quench method [8], and Bi,Sr,CaCu,0y ceramics (BSCCO, Dowa Kogyo Co.
Ltd.; thickness: 0.7 mm) were used as doping targets. The SOED 1 (Fig. 4.1(a)) and SOED 4.2 (Fig.
1(b)) systems were employed for cation doping into the glass and the BSCCO ceramics,
respectively. Cation doping was performed at a constant current with a regulated DC power supply
at 400 — 600 °C in air. No doping occurred in the absence of the electric field at these temperatures.
After doping, the distribution of the dopant and the crystal structure of the doped sample were
analyzed by EPMA (JEOL, JXA-8900) and XRD (using Cu-K, radiation, Rigaku RINT-2500V),
respectively. The doping amount of metal cation was estimated with an induced coupling plasma
spectrometer (ICP, Nippon Jarrell Ash, IRIS Advantage) after dissolving the doped glass and
BSCCO ceramics in aqueous HNOj solution.



6. 3. Results and discussion

Cation doping using B"-Al,O3 microelectrodes has been known to result in a hemispherical

dopant distribution centered around the microcontact between B"-Al,O; and the doping target,
regardless of the electrolysis system (SOED 1 and 300 ' ,

2) and the kind of the target materials (glass, cl,

200 -

ceramics, etc.) used [4]. Figure 6.1 shows the
doping time dependence of the distribution radius
of silver in Ag-doped sodium borate glass at a
constant current of 10 pnA at 400 °C, estimated
based on the EPMA elemental distribution maps
of the anodic surface of doped glass. The radius
of the hemisphere was independent of doping
temperature [3], but rather depended on the
applied electric charge, which reflects the
electrolysis time under galvanostatic conditions.
That the radius of dopant distribution can be Figure 6.1. Time dependence of distribution radius (R) of Ag
controlled by the electric charge suggests the ;nj::f';:‘;El?itgn(;i:nu_ﬁ)ﬁofi:lomﬁﬁi400 °C. Inset shows
doping amount may also be controllable by

SOED.
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6. 3. 1. Ag doping into sodium borate glass

We first evaluated the current efficiencies of Ag-doping into sodium borate glass. Figure
6.2 shows the typical change observed in applied voltage (a) and the amount of Ag doping into
sodium borate glass (b) as a function of doping time 103
at 10 pA and 400 °C. The solid line indicates the
theoretical amount of Ag doping calculated based
on Faraday’s law. The applied voltage decreased
sharply during the initial stage of electrolysis (< 10
min) and remained roughly constant after 10 min.
Others have reported that the voltage response in
the ion-conducting microelectrode technique
depends on ionic conductivity only in the small
region near the microcontact [9-11]. Therefore, the
voltage change shows that the ionic conductivity
around the microcontact increased with the
substitution of Ag" for Na* in the borate glass
during the initial stage of electrolysis. This is "o 40 80 120
mainly due to the higher ionic conductivity of Ag" Doping tme / min
in the amorphous glass netw?rk as comPared to N_a+ Figure 6.2. Doping time dependence of the applied volt-
(12]. That the Ag amount increases linearly with age (a) and the amount of Ag dopant (b) during Ag
doping time indicates that electrolysis time is an doping into alkali borate glass at a constant current of 10
important factor for the control of dopant amount wA 21400 %C.
under galvanostatic conditions.
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Table 6.1 lists the
quantitative analysis results for
Ag-doped glass and Faraday
efficiencies of Ag-doping at a

Table 6.1. Quantitative analysis of Ag-doped glass and Faraday efficiency of Ag-
doping at a constant current of 10 A at 400 °C.

Doping time Measured Ag Calc. Ag amount® Current efficiency

(min) amount (gumol) (pnmol) (%)
constant current of 10 pA at 400 o
o : L <0.001 0
C for various doping times. The
fFici ies for Ag dopi 30 0.174 0.187 93.0
current efficiencies for Ag doping, 60 0.376 0.373 101
calculated from the electric charge 120 0715 0,746 95.8

and the amount of Ag using
F day’ 1 b 90 % “Calculated amount using Faraday's law.

araday s law, were above 0. &This glass was anncaled at 673 K for 120 min while in contact with the Ag-B"-Al,05
This means that the amount of Ag microelectrode under no electrical bias.
doping can be easily controlled on a umol scale by the electric charge during electrolysis. The high
Faraday efficiencies in Ag-doping are due to the pure alkali cation conduction in the alkali borate
glass because the alkali metal cations are easily substituted by Ag” during electrolysis [13].

6. 3. 2. Na doping into superconducting BSCCO ceramics

We have also investigated the quantitative aspects of Na-doping into BSCCO ceramics
using Na-B”-AlO; microelectrodes. The SOED 2 system (electro-bi-injection) was employed
because the electrosubstitution of cations was difficult in an electron conducting ceramics. Figure
6.3 shows the typical applied voltage (a) and the amount of Na doping into BSCCO ceramics (b) as
a function of doping time at 10 pA and 100 pA at 600 °C. The solid lines indicate the theoretical
amount of Na doping calculated from Faraday's law. At a constant current of 10 uA, the Na dopant
amount increased linearly with doping time, in a similar fashion to Ag-doping into glass. However,
the amount of Na detected at 100 mA was in excess of the theoretical value. XRD analysis of the
anodic surface of Na-doped BSCCO ceramics (100 pA, 30 min) revealed deposition of Na,COs at
the interface between the Na-$7-AlL0; 12
microelectrode and the ceramics. w10

Table 6.2 lists the quantitative analysis
results for Na-doped BSCCO ceramics and the
corresponding Faraday efficiencies at a constant
current of 10 pA and 100 pA at 600 °C for various
doping times. Although Faraday efficiencies of Na- c " = =
doping into BSCCO at 10 pA were lower compared Doping time / min
with Ag-doping into glass, relatively high efficiencies 3.0
of above 80 % were obtained. In Na-doping into
BSCCO ceramics using SOED 2, Na' exists as
Na,COj3 [4, 14], and can be doped only into structural
defects (grain boundaries and/or pore surfaces)
because these defects provide the fastest diffusion
path for the mobile ions [15, 16]. Thus, the current

(a)

Applicd voltage /v

10 pA

Amaunt of sadiam / pmaol

A ; . o 20 40 60
efficiencies of Na-doping were reduced since the Doping time / min

grain boundaries with limited volume became
saturated with Na,COs. This phenomena is reflected
in the gradual increase in the applied voltage during (b)in the case of Na-doping into the BSCCO ceramics

Figure 6.3. Doping time dependence on the typical
applied voltage (a) and the doping amount of sodium

the initial stage of doping as shown in Fig. 6.3(a), In 2 &econstant currentof 10 uA or 100 uA at 600 °C



this case, the leakage current may Table 6.2. Results of quantitative analysis of Na-doped BSCCO ceramics

be due to the electron conduction and Faraday efficiency of Na-doping at a constant current of 10 pA or 100
through  the  superconducting wAat600°C.

ceramics. Doping Measured Na  Calc. Na amount? Current efficiency
! On the other hand, Na condition amount (pmol) (umol) (%)
excess in BSCCO ceramics at 100 10 pA, 30 min 0.149 0.187 79.7

uwA will primarily originate in the 10pA, 60min 0345 0.373 92.5
Na,CO; deposits on the ceramics 100#A, 10min 1529 0.622 246

as stated above. Under the '00#A 30mn 2545 1.865 158

experimental conditions, the “Calculated amount using Faraday’s law.

current density through the microcontact is extremely large (> 10 Acm™), because the contact radius
between the B”-Al,O; microelectrode and the ceramics is about 10 um. Changes (compositional
and/or crystal structural) in the electrolyte may occur near the point contact electrode because the
local electric field may attain a relatively high value [17]. Therefore, the temperature around the
microcontact is expected to increase with the current-induced Joule heat. The increase in
temperature may cause the thermal diffusion of Na from Na-B”-Al,O3 to the BSCCO ceramics,
where the Na* will be deposited at the anodic interface. In conclusion, current efficiencies of Na-
doping into BSCCO ceramics depend on the current density during electrolysis. More specifically,
Na-doping quantitatively proceeds at low current densities, while an excess Na is detected on the
anodic surface at high current densities.

6. 4. Conclusions

A quantitative analysis of cation doping by SOED was performed. For Ag-doping into
alkali borate glass, the measured doping amount almost exactly matched the theoretical value
calculated from Faraday’s law. That high current efficiency values of above 90 % were obtained
suggests that the dopant amount can be precisely controlled on a pmol scale by adjusting the
electric charge during electrolysis. Current efficiencies of Na-doping into BSCCO ceramics
depended on the applied constant current. We achieved efficiencies of above 80 % at a constant
current of 10 nA. These relatively low efficiencies were attributed to the saturation of BSCCO grain
boundaries with the Na dopant. Excess Na was detected on the anodic surface of the BSCCO at a
constant current of 100 pA because of the thermal diffusion of Na due to the current-induced Joule
heat.

Conventional techniques for the introduction of metal cations into glass surfaces are (i)
ion-exchange using molten salts and (ii) ion-injection using gas phase ions at low pressure. It is
difficult to control the amount of metallic dopant by these methods. One major advantage of the
SOED method is that it enables the precise control of dopant amount using ion-conducting -
Al O; microelectrodes. Furthermore, the doped area on the glass surface could be micropatterned
by scanning the B”-Al,O; anodic microelectrode during doping. Thus, the proposed SOED
technique may be utilized for fabricating photowaveguides in glass matrices. Hence, SOED may
well become one of most important applications with respect to solid electrolytes.
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Chapter 7

General Conclusions

In this thesis, we have proposed a new electrochemical doping method using solid electrolytes,
1.e., Solid Oxide Electrochemical Doping (SOED), and elucidated the doping mechanism of the
SOED method in detail. As a result, the following important information was obtained. »

Some experimental results of SOED 1 are shown in Chapter 2. The results indicate that SOED
1 is a very useful method for doping various cations into all of the functional oxide ceramics
independent of their conductive properties. In general, the doping occurred only in the grain
boundaries at a small current density or low applied voltage, while the doping sometimes occurred
in the bulk of the grains (crystal lattice) at a high current density or high applied voltage. As a
matter of course, the doping point strongly depends on the kind of ceramics (crystal structure, grain
size, etc.) and the dopant (ionic size, valence, etc.). Moreover, an improved system of SOED 1 to
dope trivalent ions, which was difficult to incorporate to f’-Al,O3 structure, was demonstrated. Bi-
doped ZnO ceramics prepared by this technique shows the significant varistor characteristics, and
its properties were simply controlled by the doping condition. According to the study about the
anodic reaction of metal or metal compound / Na-f”-Al,O; interface, it was proved that some metal
or metal carbonate is appropriate as an anode in the SOED system.

Electrochemical cation doping into oxide ceramics has been studied using the SOED 2
(electro-bi-injection) in Chapter 3. In the SOED 2, the metal cation M and oxide ion are
simultaneously injected into the oxide ceramics so that electrical neutrality is maintained in the
ceramics. In general, graded doping occurred independent of the conductivity type of the oxide
ceramics at relatively high temperature, because the migration rate of the oxygen anions is close to
that of the metal cation in the grain boundaries of the ceramics at high temperature. As a result, the
metal cation was graded on the anode side of the oxide ceramics. However, doping is too difficult at
low temperature because the migration of oxygen anions is much faster than that of the cations at
low temperature. As expected, doping results depended on the valence of the doped cation.

In Chapter 4, pinpoint metal cation doping was carried out using the SOED method, where a
microelectrode of M-B"-Al,03 as the solid electrolyte was used as a cationic source. Two different
electrolysis systems (SOED 1 and 2) were employed. The pinpoint doping strongly depends on the
conductive properties of the doping target and the valence of the dopant cation. Therefore, the
cation doping into the alkali borosilicate glass occurs using only the SOED 1 system, because the
glass shows a pure cationic conduction. In contrast, a cation can be doped into the superconducting
Bi;Sr;CaCu,0y ceramics using only the SOED 2 system because the electrosubstituion of a cation
was difficult in an electron conducting ceramics. In this case, the migration of the metal cations and
the oxide ions primarily proceeds through the defects of ceramics (pore surfaces, grain boundaries
etc.). The fact, that the pinpoint distribution of the dopant can be controlled by the contact area
between the microelectrode and the doping target, indicates the migration of dopant was dominated
by the potential distribution in the target materials under an electric field. As a result, we have
achieved pinpoint doping on a 107 um scale using the SOED method.



In Chapter 5, electrochemical design of metal distribution on the alkali borosilicate glass was
carried out using an jon-conducting microelectrode. When the Ag-B”-Al;O; microelectrode was
fixed onto the glass surface, the distribution of silver occurred in a hemispherical shape with its
center at the Ag-B"-Al,O; / glass microcontact. The diameter of the Ag-doped area strongly
depended on the applied electric charge which reflects the amount of Ag doping. On the other hand,
scanning Ag-f”-Al,0; microelectrode under applying an electric field caused the patterned Ag-
distribution in the glass surface so that the contact radius between Ag-B”-Al,O3 and glass was
extremely small (< 10 um).

Quantitative analysis of metal cation doping by the SOED has also been performed under
galvanostatic doping conditions. A M-f”-Al,0; (M= Ag, Na) microelectrode was used as cation
source in order to attain a homogeneous solid-solid contact between the $”-Al,O;3 and doping target.
In Ag-doping into alkali borate glass, the measured dopant amount closely matched the theoretical
value. High Faraday efficiencies of above 90% were obtained. This suggests that the dopant amount
can be precisely controlled on a mmol scale by the electric charge during electrolysis. On the other
hand, current efficiencies of Na-doping into Bi,Sr;CaCu;Oy (BSCCO) ceramics depended on the
applied constant current. Efficiencies of above 80 % were achieved at a constant current of 10 uA.
The relatively low efficiencies for Ag-doping into glass were explained by the saturation of BSCCO
grain boundaries with Na. By contrast, excess Na was detected on the anodic surface of ceramics at
a constant current of 100 pA as a result of the thermal diffusion of Na due to the current-induced
Joule heat. In the present study, we demonstrate that SOED enables pmol-scale control over dopant
amount. These results were noted in Chapter 6.

Consequently, the SOED method. especially SOED 1 and 2, allow for a micro-area doping in
the ceramics, if the contact area between solid electrolyte and doping target is small. Moreover, the
graded materials in the dopants (for example. optical glass, etc.) may be made with the SOED
methods, when the doping time is very short (for example. by a pulse electrolysis technique). These
techniques are very important for the development of the electroceramics used in microelectronics,
and are impossible by the previously stated conventional doping method. The SOED method is
expected as an important application with respect to solid electrolytes in the near future.
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