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Electronic and silver ionic conductivities in some silver-containing oxides with perovskite and related 
structures, such as AgNbO, (perovskite), AgSbO, (pyrochlore-related structure), and Ag-doped 
Bi-(Pb)-Sr-Ca-Cu-O-system superconductor, were measured by four-probe techniques using Pt 
electrodes and Ag-/I”-A120, electrodes with silver ionic conduction, respectively. Both AgNbOr and 
AgSbOr were n-type semiconductors and their electronic conductivities increased with an increase in 
the silver content. The electronic conductivity of AgSbO, was higher than that of AgNbO, , due to the 
presence of a large amount of oxygen vacancies. Sb4+ and/or Sb3+ in AgSbO, , and Nb4+ in AgNb03 
will act as a donor. Silver ionic conductivities were always lower than the electronic conductivities 
brought about by the above donors for both AgNbO, and AgSb03 ceramics. The activation energies 
of silver ionic conductivity were in the ranges of 1.01-l .58,0.78-0.90, and 0.94-I. 12 eV for AgNb03, 
AgSb03, and Ag-doped Bi-system superconductors, respectively. The silver ion was assumed to move 
via the Ag sites in the bulk for AgNbO,, but to move in the grain boundaries for AgSbO, and the Bi- 
system superconductor. The mechanisms of the electronic and silver ionic conductions are discussed 
for the present oxide ceramics. 0 1992 Academic Press, 1~. 

Introduction 

Perovskite and related oxides have many 
useful applications such as superconduc- 
tors, dielectrics, catalysts and electrocata- 
lysts, etc. The electrical properties of these 
oxides if they contain transition metals are 
dominated by the interaction between tran- 
sition-metal ions and oxygen ions in the lat- 
tice (1). On the other hand, ionic conduc- 
tion, especially oxygen anion conduction, 
will be controlled by the amount of oxygen 
vacancies, because oxygen ions will move 
via oxygen vacancies existing in the oxygen 
ion sites in the lattice (2). However, cationic 
conduction has been scarcely measured for 
these type oxides. 
0022-4596/92 $5.00 336 
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Ag+ ion is well known as a mobile catior 
in various halide compounds. It was fount 
that Ag+ ion can move easily even in tht 
Y-Ba-Cu-O-system superconductor ce. 
ramics which has a perovskite-like strut 
ture, although its ionic conductivity was loa 
because of the low concentration of Ag+ ior 
in the lattice (3). In this oxide, Ag’ iom 
were considered to move via Cu sites ir 
the grain boundaries. However, Ag+ ionic 
conductivity and its mechanism are un 
known for the silver perovskite and relate< 
oxides. In the present paper, Ag+ ionic con 
ductivities in the perovskite and relate< 
oxides, such as AgNbO,, AgSbO,, am 
Ag-doped Bi-(Pb)-Sr-Ca-Cu-0-systen 
superconductor ceramics, were measurec 
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Simple 
(A) 

(6) 
FIG. 1. Electrode setup for electronic (A) and Ag+ 

ionic (B) conductivities. 

by using a four-probe dc technique, and 
their mechanisms are discussed together 
with the electronic conduction mechanism. 

Experimental 

The Ag’ ion conductivity and the elec- 
tronic conductivities were measured by a 
four-probe dc technique with the experi- 
mental setup shown schematically in Fig. 1. 
Pt was used as the electrodes for the mea- 
surement of electronic conductivity (A), 
while Ag-/3”-A&O3 was used as the elec- 
trodes for the measurement of Ag+ ion con- 
ductivity (B). The electrode of Ag-p”-A&O, 
was prepared by the same method as re- 
ported earlier (4,5). A constant current was 
applied between the current electrodes and 
the corresponding voltage drop was mea- 
sured for both directions of the current flow. 

Sb,O,, Nb,O,, and Ag,O were used as 
the starting materials in the preparations of 
AgNbO, and AgSbO, . The stoichiometrical 
mixtures were mixed and then calcined for 
10 hr at 700°C. The powders were pressed 
into a tablet and then sintered at 700-1000°C 
for 24 hr. According to an X-ray diffrac- 
tion analysis, small amounts of Ag metal 

were always present in both the AgNbO, 
perovskite (6) and the AgSbO, pyrochlore- 
related structure (7, 8). PbO, B&O,, 
CaCO, , SrCO, , CuO, and Ag,O were used 
as the starting materials in the preparation 
of the Ag-doped Bi-(Pb)-Sr-Ca-Cu-O- 
system superconductor. Four different mix- 
tures with cationic compositions of 
Bit,,Ag,.3Pb,,3Sr,Ca,Cu3 y J%.J%dr~.&~.3 
Ca,Cu, , Bii,,Pb,,,Sr,Ca,,,Ag,,,Cu, , and 
Bi,,,Pb,,,Sr,Ca,Cu,,~Ag0,3 were heated at 
800°C in air for 10 hr. The powders were 
then pressed into tablets, followed by sin- 
tering at 830°C for 10 hr in air. All the sam- 
ples were mixtures consisted of 2212 and 
2223 phases, except for the sample substi- 
tuted nominally for Ca by Ag, which was a 
single phase of 2223. All the samples had a 
small amount of Ag metal. 

Results and Discussion 

Table I lists the particle size and the com- 
position of bulk which was analyzed by elec- 
tron probe microanalysis (EPMA), being 
compared with the nominal composition. 
The amount of Ag ion in the bulk (analytical 
composition) was always lower than that in 
the nominal composition for all the samples 
because of the production of free Ag metal, 
although analytical composition was close 
to the nominal composition for the samples 
heated at low temperatures (700°C for Ag 
SbO, and 800°C for AgNbO,). The values 
of x in Ag,-,SbO, and Ag,-,NbO, of the 
analytical compositions were about 0.03 ex- 
cept for the samples heated at low tempera- 
tures, if the nominal compositions are repre- 
sented as Ag,SbO, and Ag,NbO,. This 
indicates that the amounts of free Ag metal 
are always constant for all the samples 
heated at high temperatures. The amount of 
oxygen (y-value in Table I) was calculated 
from the weight loss during the productions 
of AgNbO, and AgSbO, from the starting 
materials in a thermal gravimetrical analysis 
(TG) and from the EPMA analysis. AgSbO, 
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TABLE I 

ANALYTICAL COMPOSITIONS AND PARTICLE SIZES OF AgSbO, AND AgNbO, 

Nominal composition 

kodbO3 
AgSb03 
AgSb03 

Ag,.o&Q 
Ag,.toSbO3 

&dJW 
AgNbO, 

AgNb03 
&.o,N’-G 
Ag,.,oNbO3 

Heat-treatment 
temp. (“C) 

900 
700 
900 

900 
900 

1000 
800 

1000 
1000 
1000 

Analytical composition 

Ago.dbO, 
&,.ooSbO, 
&o&JO, 

AgmsbO, 
Agl.o7SbOy 

&o.,WO, 
Ago.wNbO, 

&.+JbO, 
Ag,.ozNbO, 
Ag I .o,Nboy 

y-value 

2.6 2 0.3 

2.95 f 0.05 

Particle size (pm) 

0.9 
0.9 
1.3 

0.9 
1.3 

6.8 
0.7 

6.7 
3.7 
3.9 

had a much large amount of oxygen vacan- 
cies, compared with AgNbO, , although the 
absolute values were not accurate for Ag 
SbO, . The oxygen release from the bulk was 
scarecely observed for the both samples in 
temperature region from 50 to 650°C in the 
measurement of TG. In the case of AgNbO, , 
the particle size increased by the heat-treat- 
ment at high temperature, as is shown in 
Table I. 

Figures 2 and 3 show the electronic con- 
ductivities of AgSbO, and AgNbO, as a 
function of temperature; the measurements 
were performed by a four-probe technique 
using the apparatus (A) in Fig. 1. All the 
samples of AgNbO, and AgSbO, proved to 
be n-type semiconductors from the mea- 
surement of Seebeck coefficient. It was 
found that the electronic conductivities in- 
creased with an increase of the Ag content 
for both samples, as shown in these figures. 
Therefore, some cations with lower valence 
than Sb5+ or Nb5+ in the cases of stoichio- 
metric compounds will exist in the bulk and 
will act as a donor. 

There are two parts in the conductivity 
of AgSbO, as shown in Fig. 2. One is the 
intrinsic conduction at temperature range 

higher than about 450°C and the other is 
the impurity conduction due to the donor at 
temperature range lower than 450°C. Both 
the conductions increase with an increase 
of the Ag content and saturate at n = 1.0 in 

0 1.0 2.0 3.f 
T-'(K-l. 1O-3) 

FIG. 2. Electronic conductivities of the AgSb03 sys- 
tem as a function of temperature (A) AgSb03 heated at 
900°C; (B) AgSb03 heated at 700°C; (C) Ag,,,Sb03; (D) 
Agl.loSb03; and (El A&db03. 
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FIG. 3. Electronic conductivities of the AgNbO, sys- 
tem as a function of temperature: (A) AgNbO, heated 
at 1000°C; (B) AgNbO, heated at 800°C; (C) Ag,,,,NbO,; 
and CD) Agdb03. 

Ag,SbO,. The bandgap which was calcu- 
lated from the activation energy in the intrin- 
sic conduction (Table II), decreased from 
1.76 eV (n = 0.95) to 1.14 k 0.02 eV (n = 
1.0, 1.05, 1.10). The increase of the elec- 
tronic impurity conduction with an increase 

of the Ag content will be based on the in- 
crease of Sb4+ and/or Sb3+ as a donor. The 
electron as a carrier will be produced by the 
following reactions: 

Sb4+ --f Sb5+ + e- (1) 

Sb3+ + Sb’+ + 2ee. (2) 

Therefore, the saturation of electronic im- 
purity conductivity will be based on a satu- 
ration in the total concentration of above 
donors due to the increase in the oxygen 
vacancy as well as Ag+ ion in the lattice, 
although the measurement of the accurate 
amount of oxygen was impossible with the 
present methods. Figure 4 shows the con- 
ductivities of AgSbO, and AgNbO, at 500°C 
as a function of the analytical Ag content 
(n - x). 

The intrinsic electronic conductivity of 
AgNbO, also increased with an increase in 
the Ag content, but did not saturate as 
shown in Figs. 3 and 4. The conductivity 
of Ag,,,,NbO, was too low to be measured 
(< IO-‘R-’ cm-‘). Thus, the electronic con- 
ductivity of AgNbO, strongly depends on 
the Ag content. Their bandgaps calculated 
from the activation energy (Table II) were 

TABLE II 

ACTIVATION ENERGIES OF ELECTRONIC AND SILVER IONIC CONDUCTIVITIES 

Nominal composition 
Heat-treatment 

temp. (“C) 

Activation energy Activation energy 
of electrical of silver ionic 

conductivity (eV) conductivity (eV) 

Ago.,&Q 900 
AgSbOj 700 
AgSbO, 900 
Ag,.oWh 900 
Ag,.,oSbO3 900 
AgNb03 800 
AgNb03 1000 
Ag,.o,NbO, 1000 
-%.,oNbO3 1000 
Bi,.4A~.3Pbo,3Sr2Ca2CU30, 830 
B1~.7Pbo.3Srl.7A~.3CaZCU30y 830 
Bi,.7Pbo.3Sr2Cal.7Ag.3Cu30~ 830 
B1,.7Pbo.3Sr2Ca2Cu2.7Ag0.30y 830 

0.88 (>45o”C) 
0.77 (>55o”C) 
0.58 (>55o”C) 
0.56 (>5Oo”C) 
0.57 (>5WC) 
1.03 
1.10 
1.11 
1.34 

0.89 
0.88 
0.78 
0.83 
0.90 
1.01 
1.15 
1.35 
1.58 
0.94 
1.12 
1.07 
1.04 
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FIG. 4. Electronic (A, B, E, F) and Ag+ ionic conduc- 
tivities (C, D, G, H) at 500°C as a function of the 
analytical Ag content (n - x): (A, C) AgSbO, system 
heated at 900°C; (B, D) AgSbOs heated at 700°C; (E, G) 
AgNb03 system heated at 1000°C; and (F, H) AgNbO, 
heated at 800°C. 

in the range from 2.06 to 2.68 eV. Probably, 
the amount of oxygen vacancy will be inde- 
pendent of the Ag content, and the concen- 
tration of Nb4+ as a donor will increase only 
with an increase in the Ag content. How- 
ever, the concentration of the donor in Ag 
NbO, is very small compared with AgSbO, , 
leading to low conductivity and no dominant 
impurity conduction, since the bandgap of 
AgNbO, is larger than that of AgSbO, and 
the amount of oxygen vacancy in AgNbO, 
is very small (about 0.05 as listed in Table 
I), compared with AgSbO, (about 0.4 as 
listed in Table I). 

Figures 5 and 6 show the Ag+ ionic con- 
ductivities in AgSbO, and AgNbO, as a 
function of temperature, respectively. The 
Ag+ ionic conductivities are lower than 
their electronic conductivities for both sam- 
ples, as shown in Fig. 4. The Ag+ ionic 
conductivity of Ag,,,,NbO, was too low to 
be measured (~10~~ R-’ cm-‘). The Ag+ 
ionic conductivities of AgSbO, system were 

much higher than those of AgNbO,, and 
increased with an increase in the Ag con- 
tent. Thus, the amount of Ag+ ion in the 
oxide strongly relates to the Ag+ ionic con- 
ductivity. AgSbO, has a pyrochlore-related 
structure (7) which is a distorted perovskite 
structure and there is a large amount of oxy- 
gen vacancies in the samples we have used. 
It is now supposed that distortion in the 
structure in the cause that the Ag+ ionic 
conductivity of AgSbO, is higher than that 
of AgNbO, . 

The Ag+ ionic conductivity in Fig. 6 is 
not strongly dependent on the grain size for 
AgNbO, which follows from a comparison 
of the samples heated at 800°C (0.7 pm) and 
1000°C (6.7 pm), as listed in Table I. This 
indicates that the Ag+ ionic conduction in 
AgNbO, occurs in the bulk, and not in the 
grain boundaries, because the ionic conduc- 
tivity depends on the particle size if the ionic 
conduction occurs in the grain boundaries 
(9). The activation energy of the Ag+ ionic 
conductivity increases with an increase in 
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FIG. 5. Ag+ ionic conductivities of the AgSb03 sys- 
tem as a function of temperature: (A) AgSbO, heated 
at 900°C; (B) AgSb03 heated at 700°C; (C) Ag,,,,SbO,; 
(D) AgdbO,; and (El A&.dbO,. 



ELECTRONIC AND SILVER ION CONDUCTION IN OXIDES 341 

0, 

g -1.0. 
1 

g 
; -2.0. 
E 
.iF 

-3.0. 

-4O0L 
T-'( K-'.1O-3) 

FIG. 6. Ag+ ionic conductivities of the AgNbOl sys- 
tem as a function of temperature: (A) AgNb03 heated 
at 1000°C; (B) AgNb03 heated at 800°C; (C) Ag,,,5Nb0,; 
and (D) &s&03. 

the Ag content, as shown in Fig. 6 and Table 
II. This suggests that for AgNbO, , the Ag+ 
ion will move easily via the Ag sites in the 
bulk containing some Ag vacancies. 

On the other hand, it is not clear whether 
the Ag+ ion moves in the bulk or grain 
boundaries for the AgSbO, sample, because 
the dependence of the conductivity on the 
particle size cannot be measured due to the 
independence of the particle size on the 
heat-treatment temperature (Table I). How- 
ever, the independence of activation energy 
on the Ag content, as shown in Fig. 5 and 
Table II, may suggest that Ag+ ions will 
move in the grain boundaries in the present 
AgSbO, samples. In this case, the Ag+ ion 
will not move via regular crystallographic 
Ag sites, but via the disordered grain bound- 
aries. The strong dependence of the Ag+ 
ionic conductivity on the Ag content suggest 
that the amount of Ag+ ions as carriers ex- 
isting in the grain boundaries increases with 
an increase in the Ag content. 

Figure 7 shows the Ag+ ionic conductiv- 
ity as a function of temperature in nominaly 

Ag-substituted Bi-(Pb)-Sr-Ca-Cu-O- 
system superconductors. According to an 
EPMA analysis, about 0.03 Ag ion (nominal 
content = 0.3 Ag) was doped in all the sam- 
ples. Thus, the Ag+ content was indepen- 
dent of the substituted elements. The activa- 
tion energy was also independent of the 
substituted element and was always higher 
than those in YBa,Cu,O,,-system ceramics 
(3). The Ag+ ionic conductivity was highest 
for the sample nominally substituted for Cu. 
Probably, the Ag+ ion will also move via the 
Cu site in the grain boundaries in these Bi 
system ceramics similar to the case of the 
YBa,Cu,O, system. The higher activation 
energies of Ag+ ionic conductivity for the 
Bi-system ceramics than for YBa,Cu,O,- 
system ceramics indicates that the mobility 
of Ag+ ion is lower for the Bi system than 
for YBa,Cu,O, system. Probably, this will 
be based on the shorter distance between 
the Cu-0 planes for the Bi system than for 
YBa,Cu,O, system, which hampers the Ag- 
diffusion. The weak Ag-doped effect on the 
superconduction in the Bi-system supercon- 
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FIG. 7. Ag+ ionic conductivities of B&system super- 
conductors: (A) Bi,,4A~,,Pb,,3Sr2Ca,CU30y; (B) 
Bil.,Pbo.3Srl.7A~.3Ca,Cu,O,; (Cl Bil.7Pbo.3Sr~Cal.7Ag,3 
Cu30,; and (D) Bi,,7Pbo.3SrzCa2Cu2.7Ag,,30Y. 
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ductor (IO), compared with the case of YBa, 
Cu,O, system (II), will be based on the low 
mobility of the Ag+ ion in its grain bound- 
aries. 

Summary 

Electronic conductivities and silver ionic 
conductivities of AgSbO, , AgNbO, , and the 
Ag-doped Bi-(Pb)-Sr-Ca-Cu-0 super- 
conductor system were measured by a four- 
probe dc technique using Pt and Ag-p-A&O, 
electrodes, respectively. Both AgSbO, and 
AgNbO, were n-type semiconductors, and 
their electronic conductivities increased 
with an increase of the Ag content. Sb4+ 
and/or Sb3+ for AgSbO, , and Nb4+ for Ag 
NbO, are supposed to act as a donor. The 
higher conductivity of AgSbO, than Ag 
NbO, is based on its smaller bandgap and 
the presence of large amount of oxygen va- 
cancies which will produce high carrier den- 
sity in AgSbO, . Bandgaps were in the range 
from 1.76 to 1.14 eV for AgSbO, , and from 
2.68 to 2.08 eV for AgNbO,. The silver ionic 
conductivity was also higher for AgSbO, 
than AgNb03, because of the distortion in 
structure for AgSbO, . The silver ionic con- 
duction is assumed to occur in the grains for 
AgNbO,, and to occur in the grain bound- 

aries for AgSbO, and the Bi superconductor 
system. The activation energies for the sil- 
ver ionic conduction were 0.78-0.90 eV for 
AgSbO,, 1.01-1.58 eV for AgNbO,, and 
0.94-1.12 eV for the Bi system. The higher 
activation energies for the Bi-system super- 
conductor than for the YBa,Cu30, super- 
conductor indicates that the mobility of the 
silver ion is lower for the Bi system than for 
YBa,Cu,O, . 
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