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ABSTRACT

There is currently a great deal of interest in solid electrolytes and
mixed conductors due to their potential use in high performance batte-
ry or fuel cell systems and also because they can be employed in

solid electrochemical transducers for a variety of scientific and
technological purposes.

Due to the unusual range of behaviour of these materials and the
special requirements related to their use, particular attention must
be given to the problem of appropriate measurement and evaluation
methods. One of the most useful characterization techniques for these
"fast ioniec conductors'" is the dc measurement of their electrical
conductivity. The concepts behind this approach and the de measurement
techniques of the total conductivity, the ionic conductivity and the
electronic conductivity are given in this talk together with examples
of its use employing solid electrolyte and mixed conductor samples

which have a wider applicability in the area of materials research.

INTRODUCTION

So0lid state ionic conductors are a relatively newly developed class of
compounds which exhibit high ionic conductivities at fairly low temper-—
atures below their mélting points.

In the early stages of solid state ionies, high ionic conductivity was
feasible only at high temperatures. This is the case of the stabilized
zirconias, thorias and cerias which are well known as typical oxide
ion conductors. Recently, however, the first outcome of development
efforts was the discovery of Agasi which has a high silver ionic con-
ductivity at low temperature. Other solid electrolytes having high
ionic conductivity at normal temperatures have been discovered, which
include silver, copper, lithium, hydrogen, oxygen and sodium ionic
conductors (1).

The main applications of these substances are in ion selective e-—

lectrodes, chemical sensors, ion pumps, batteries and electrochemical
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cells such as Fuel cells, solid timers, potential memory cells, vari-
able, resistors and display devices. Table I shows some ionic & mixed
conductors and their functional properties and uses. Consider for

example the case of an oxygen ion conductor being used as an ion pump

to separate oxygen from a mixture of oxygen and nitrogen:

o, 0
?o?qogg of %0 C¢-oxygen
e——— "9o, 0% O-nitrogen

volts i\I\\\\\\\\\:\:q ELECTROLYTE
— eo_ 0 '.o.'

Fig. 1 Principle of a solid state ionic pump,

Due to the unusual range of behaviour of these materials and the special
requirements related to their use, particular attention must be given
to the problem of appropriate measurement and evaluation methods. It
is unrealistic to expect that the approaches commonly used on more con-
ventional materials can be casually employed on solid electrolytes and
related materials with success.

One of the most useful characterization techniques for these "fast
ionie econductors" is the direct measurement of their electrical con-
ductivity. A particular problem arises with these materials in that on
the application of a dc bias via two standard metal electrodes polar-
ization occurs at the electrodes due to the inability of the mobile
ions to cross the electrolyte/electrode interface and the ionic

current falls to zero. In principle this problem may be solved in a
variety of ways including the use of dc techniques with either a four
electrode configuration or a cell configuration in which the sample is
bounded by fully reversible/blocking interfaces which will allow ionic/
electronic transport from electrolyte to electrode. However, in the

two "reversible" electrode situation each type of electrode will only
be applicable to one ionic species, may be difficult to identify and
handle (e.g. molten alkali metals/salts for alkali ion battery electro—
lytes) and will probably not allow totally unhindered ionic motion

across the interface. Four point methods are not always compatible with

TABLE I
IONIC AND MIXED CONDUCTORS

ELECTRODES

COMPOUND MOBILE ION | SOME FUNCTIONAL PROPERTIES AND USES

Rb Bi F, F- lon pumps for separation of fluorine.
Fluoride ion selective elecirodes

laCoO;, , o Cathode materials in high temperature

Pr Co O;, solid electrolyle fuel cells

Nd Co O; _

La, Co, Op o* Oxygen electrochemical reduction atalyst.

Lags Sips Co 0; 0P Oxygen electrode calalysts in oqueous

Nd,, S, Co0; alkaline solution batteries operating

Nq,‘sSrclj Co0, at ambient temperature.

' Cathode materials in high temperature

solid electrolyte fuel cells.
Oxygen sensor electrodes

(Bi,Oshay (Y205)0p o* Sensors under high oxygen partial
pressures. Oxygen pumps.

(Zr0; 503 (Yo Og)oen o Electrolyte material in fuel cells, sensors
and ion pumps.

(ZOo kY Ol Y0, O, O High temperature fuel and electrolysis
cells

(Ce0, e Gz Os)gar o Sensors in atmospheres of intermediate
oxygen partial pressure

Sr Yby s CegesO; H High temperature fuel cell electrolyte
material

HUO, PO, 4H,0 H Electrolyte for hydrogen fuel cells or
water electrolyzers.

RbAg, ls Ag’ Electrolyte in long life secondary
solid state batleries.

Agl-Ag, P; O; Ag Electrochemical timing cells

Agg [, WO, Ag’ Electrochemical potential memory cells.
Solid: state batteries for low rate
discharge use,

Rb, Cuyg [, Cly; cu’ Solid state batteries.

Na, Sc, P; Op; Na Solid state balteries.
lon selective elegtrodes.

Na, Zr, Si, PO, Na” Advanced batleries

Lyl L Cardiac pacemaker cells.

Lil-Al,0,

L

LiCo0,

Electrodes n lithium batteries
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specimen geometry and, unlike a.c. methods, only provide information
about overall specimen properties. Although the dc methods present
these difficulties, they are very successful under particular circum-
stances for a variety of purposes concerning bulk transport processes
in both ionic and mixed conductors containing unusually mobile ionic
species. The concepts behind this approach and the dc measurement
techniques of the total conductivity, the ionic conductivity and the
electronic conductivity are given in this talk together with examples
of its use employing solid electrolyte and mixed conductor samples

which have a wider applicability in the area of materials research.

DC MEASUREMENT OF THE TOTAL CONDUCTIVITY

When an electric field, E, is applied across a crystal, a force is
exerted on all the charged particles. If an ion or a defect has a

charge a the force Fi is given by
F, =q, E /1/

This force causes a directional tramsport of the charged particles
in addition to their random thermal motion. For long enough fields

the resulting current demsity is given by

= @ E
J; i E f2/

where G} is the conductivity of particles of type i. If a crystal
contains different types of charged carriers, the total current

density J is given by

J=0FE 13/
where @ represents the total electrical conductivity, and is given
by

o= E a, /4]

Also 0& is related to ¢ through

LA 15/
where £ is called the transference or transport number of the
species i. In a solid state ionic compound the total electrical
conductivity is given by the sum of the electronic and ionic con-

ductivities,

o= 0, o, = .
ion ¥ el U‘{tlﬂﬂ * teI) £6¢

where tion and tel represent the transference numbers of ions and e-

lectrons respectively.

Total conductivity values of an ionic solid MX can be obtained by a
simple measurement of the relationship between the steady state charge
flux and a steady applied electric potential difference between a pair

of properly chosen electrodes in cell arrangements as follows:

M| Mx | u (a)
M. M| Mx | MM (b)
M. Mx| MX | M. Mx (e)

M| omx | M (d)
X. M| MX | M!X (e)

which can be represented by the simple equivalent circuit shown in
Fig. 2.

POTENTIAL
PROBES

N R

CURRENT ELECTRODES

Fig. 2 Equivalent circuit representation of a two-point conductivity

cell.

The electrodes in cell (b) and (e) are arranged to minimize the contact
resistance between the electrode and the electrolyte (ionic solid)
where M.M' means an alloy such as an amalgam. In order to minimize
grain boundary effects of the electrolyte, the electrolyte must be
pressure molded under several kbar. Cell (d) is used often when M is
the alkali metal. In this case, Pt, Au or graphite is recommended as
M'. Cell (e) is used when X 1is the mobile ion. In this case, X.M'

(or M'.X) means a gas electrode made of porous metal imert to the ionic
solid and gas.

Assuming that the electrodes maintain a constant composition across

the sample and allow all common electrochemical species to cross the

interface very rapidly, the total conductivity of the MX sample is



given by

L L
Q. =k = /7!

where I and V are the current and voltage, and L and A are the length
and constant cross sectional area. This two-point technique can be
employed when one can neglect the sample-electrode interfacial impedance
and the impedance of the electrode system itself relative to the
impedance of the sample. The absence of concentration polarization and
electrochemical effects at the sample-electrode interface must also

be assumed. As a result, this method is only appropriate for inter-—
esting solid electrolytes when electrodes are used that are reversible
both kinetically and thermodynamically for the mobile ionic species

(2).

A variant on this technique, the four-point method, can sometimes be
used when the sample-electrode interfacial impedance cannot be neg-
lected. Steady state conditions are still assumed, so that the inter-
facial impedance must be time-independent. This technique is common-—

ly used for measurements on solid conductors with predominant electromic
conductivity (semiconductors), often employing a linear arrangement

of four contacts. The outer two acting as current electrodes, and the
inner pair for potential measurements.

A four-probe configuration is shown in Fig. 3a. The equivalent circuit

representation is shown in Fig. 3b. Electrodes 1 and 4 are the active

Lisicon: Liy, Zn (GeQ),
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Fig. 3 Four-point conductivity cell and equivalent circuit representation(3).

(current carrying) electrodes at the ends of the sample. Electrodes 2 &

3 are equally spaced between the active electrodes and serve as potential
electrodes. A small ( ~ 10p A) de current is applied and maintained
through the active electrodes and the potential difference V23 measured
with a high impedance electrometer and recorded as a function of time.
Under steady state conditions, the conductivity of a homogeneous sample

with a flat surface is given by

1k I
P 5 1!

where d is the distance between contacts. If the spacing between

contacts is not uniform, O becomes

1 1 1 1 1
(f-—__[_.q.—— = J 19/
2nv d1 d3 d1 + d2 dz + d3
where dl’ d2 and d3 are the spacing values, d2 being the distance

between the two central potential probes.

Unless special attention is given to the establishment of proper con-
ditions at the outer two contacts, this four-point dec method may not
be useful for determining the total conductivity of materials in which
ionic transport is appreciable. This is due to the requisite as-
sumption that the sample-electrode impedance can be modeled as a
simple time-independent and potential-independent resistance. In order
for this to be true, the interfaces must act reversibly for both ionic
and electronic species (3).

Two further statements should be made concerning the four-point tech—
nique. Potential measurements are made at points upon the surface,

and may not be representative of the bulk if the sample is not homo-
geneous or if special phenomena occur at the surface that are not
characteristic of the interior. Likewise, the method assumes that
there is pood communication between the surface and the inside. In
materials with anisotropiec crystal structures containing layers or
tunnels, as is common among solid electrolytes, this assumption may
not be obeyed, particularly in the case of single crystals.

In order to see how this is the case, consider a material with
resistivities pL and pT parallel and perpendicular to the di-

rection of current flow. By utilization of appropriate geometric
factors, these values can be converted into longitudinal and trans-
verse resistances RL and RT' and the measurement system represented

by.the equivalent circuit shown in Fig. 4. This figure neglects any
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Fig. 4 Equivalent circuit of a

measurement system contain-

ing an anisotropic sample.

interfacial impedances at the
current electrodes.

This is a simple parallel circuit.
For an applied voltage V, the
current through the interior leg,

Iint' is given by

I = /10/

The current in the leg that in-
cludes communication between the
interior and the surface through

the transverse resistances, [

ext
is

s /11/

I
ext RL + ZBT
The ratio of these currents I __/
ext
I, is equal to the ratio of the
int
potential difference measured

between the potential probes on the surface and the actual potential

difference across the interior portion of the sample:

1ext RL

Iin: RL * 2RT

/12/

If the sample is very anisotropic, so that RT'$ RL' this simplifies

to
bIext = RL
Iint 2RT

/13/

It is therefore quite evident that the actual longitudinal resistivity

of a sample can be much greater than that inferred by the measurement

of the potential difference between a pair of external probes in the

four-point technique.

Similar difficulties may be encountered if the surface resistivity is

a great deal lower than the bulk resistivity. This is an important

consideration in the case of some semiconductors and dielectrics, but

is often not important for solid electrolytes, due to their lower

bulk resistivities (1-3).

In the investigation of the conductivity of new materials an important
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parameter to be determined is the activation energy for conduction.
Measurements of the sample conductivity at different temperatures are,
therefore, necessary. The conductivity usually follows an Arrhenius
equation and a plot of logogT versus 1/T then leads to a straight line
whose slope is simply related to the activation energy. The shape of
the Arrhenius plot can also be used to determine phase transitions in
ionic solids. This is a pertinent aspect, since a material is a solid
electrolyte only when it is in a phase that possesses a structure con-

ducive to ionic mobility.

The application of the above dc techniques is largely referred in the
literature (4-12). Fig. 5 shows an apparatus used by Hooper (9) for dc
conductivity measurements on high-density polycrystalline samples of
Nazirpsio ceramic (Na3Zr PSi, 0._.) in the range 120°-360 °C. The

2 Z 12
Nazirpsio pellet has a conductivity at 300 °c (Fig. 6) comparable to

that of sodium |3-alumina and is therefore a possible altermative electro-

lyte in Na/S cells, for example.
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Fig. 5 Apparatus for dec con- Fig. 6 Arrhenius plot for a

ductivity measurements(?) Nazirpsio pellet(9)

Conduction characteristics of some LiI—A1203 solid materials are

shown in Fig. 7. At an A1203 content ranging between 35 and 45 m/o,
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the conductivity of this system
can reach 10‘5 ohrn_1 cm_l at
room temperature (10). The ap-
parent activation energy of the
conduction process for the Lil-

-A1203 samples in the temper-

y ature range -40°-100°C was found

to be 10kcal/mole (Fig. 8).
Therefore, the LiI-40m/o &1203
electrolyte is suitable for
high-energy solid-state battery
systems using lithium anodes
(10).

The temperature dependence of

the electrical conductivities

cuntent{la)for samples in the C_H, N, 2RX-

6122
g5 Cpllgs X=
Cl, Br, I) has been determined

-CuX system (R=H, CH

by Takahashi and Yamamoto (l1).
The results shown in Fig. 9 for
17CuCl.3C,H,,N,2HC]l and 7CuBr.

61272
C6H12N22H3r exhibit an in-—
creasing activation energy at
low temperature, which suggests
that phase transitions occur

near 65°C for 17CuCl.3C.H, N

& 61272
2HC1 and 50 C for }'CuBr.CGleN2
2HBr. However ?CuBr.CﬁﬂlzNzﬁHBr

is conductive at room temper-—
ature and has a low activation
energy of 3.3kcal/mole at 20°C.
On the other hand, 17CuCl.
3C6H12N22HC1 has a high activ-
ation energy of 13.5 kcal/mole
at ZOOC, and it indicates that
the conductive phase transfers
to a nonconductive phase below

65°C
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Fig. 10 Variation of conductivity with

reciprocal absolute temperature

for doped EEO2
with data for €SZ.(12)

and comparison

j42-wyo) 0

Data (12) for the variation
of de conductivity with
temperature at P(OZJ=1_3tm
is shown in Fig. 10 for
ceria doped with divalent
and trivalent cations. Good
straight lines are obtained
in the logo'T vs. 1/T plot
for the range between 400%¢
and 1000°C. Also shown, for
comparison, in Fig. 10 are
data for calcia-stabilized
zirconia (CSZ), the con-
ductivity of which is at
least a decade lower than
for the two doped ceria
samples in the range T <
900°¢. For (Ce0,)y g5
(Y203)U.05’ because of its
smaller activation energy,
that factor increases to
nearly 100 at 600°¢C and,
accordingly, the question
of whether doped CeO2 can
be useful as a solid oxide
electrolyte for fuel cells
and other applications at
temperatures below those at
which CSZ is useful then
centers on whether polar-
ization for C602 is absent
to lower temperatures.

AC measurements have also
been used to measure the
conductivity of most of
these systems and the re-
sults obtained by the ac/dc

methods were nearly identical.
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IONIC CONDUCTIVITY OF THE SOLID MATERIAL

The charge flux transported by ionic species across an ionic material
can be measured by cell arrangements where a purely ionic conductor is
introduced between the sample and electrodes. Examples are the cells
(13, 14):

Ag | Agl | ag,s | agt | ag

0., Pt [ 2r0,(Ca0) | (3.A1,0, | zro,(Ca0) | Pt, 0

2!
where the-Ag| Agl and O

2

Pt |Zr02(CaO) systems act as elecfronically

2’
blocking electrodes, thus suppressing the electronic conductivity of
the sample.
The ionic conductivity, 0%, , is measured using a two-probe or four-

ion
-probe dc method, as described for the total conductivity measurement.

Special attention must be given to the establishment of proper con-
ditions at the potential probes which, in the case of the four-probe
technique, are located on the purely ionic conductor. Another de
method for the indirect measurement of the ionic conductivity utilizes
the knowledge of the total conductivity of the sample and ionic trans-
port number determinations, as discussed by the author in a recent

publication (15). It is obvious from /5/ that
o, =t. @ [14/

Fig. 11 shows the ionic conductivities of stabilized zirconias, thorias

” Zr0, V0, and cerias against the percentage of
f' Ce0,Y0;5 anionic vacancies at 1000°C (16).
) The thoria conductor shows p-type
‘E g £r03Ca0 semiconduction at a high partial
% pressure of oxygen, and the ceria
§ -1 ThO,.Y0; 5 conductor exhibits n-type semicon-
; 1000 °c duction at a low partial pressure
*‘_2 -——-ﬁgﬁggase of oxygen, suggesting that these
conductors may be used as electrode
matérials for oxygen or hydrogen
-3

0 2 ;. 5 3 m ;.2 14 electrodes.
% Anion vacancies

Fig. 11 Log (ionic conductivity) versus

percentage anionic vacancies for

selected fluorite solid solutions (16)

ELECTRONIC CONDUCTIVITY OF THE IONIC SOLID

The electronic conductivity of a solid material can be measured by a
cell arrangement in which the sample itself is used as an electrolyte,
bounded by two inert foreign metal electrodes acting as ionically
blocking electrodes, e.g., Pt [agzs |Pt (17), if the applied potential
difference is less than the decomposition potential of the electrolyte.
This arrangement, however, has the disadvantage that the chemical po-
tentials of the components are not fixed.

A more satisfactory method that is particularly suitable for the de-
termination of very low electronic conductivities is the Wagner a-
symmetric polarization cell method. Here the electrolyte sample MX

(M+ is a mobile ion) is contacted on one side by a parent metal e-
lectrode. This acts as a reversible electrode with known metal
chemical potential. The second electrode consist of an inert metal like
platinum which blocks the ionic flow. If an external dc potential E

is applied in the direction indicated in Fig.12, the mobile ions in MX

tend to move to the left, but

since no metal can be replenished

from the platinum electrode and

X mobility is assumed negli-
gible, this ionie current is

soon blocked. In this station-—
ary polarized state the iomic

current is zero as long as the

55 (§ {EE} applied potential is lower than
Eappl I
—

Fig. 12 Electronic conductivity

the decomposition potential of
MX. The residual current indi-
cated by the measuring instru-

asur t with a polar— : : i
Hedsuremnsn P ment is then carried entirely by

yuEren call, electrons and/or electron holes
through the sample and is a measure of the electronic conductivity.

According to Wagner (18), this current is given by

~ _ RTA
i=L ¥ %" 9

{cr: [1 - exp (-EF/RT) | + rrl‘: [exp (EF/RT) - 1]} /15/

where T and I, represent the currents due to electrons and holes re-
e

h
spectively; A and L are the cross—section area and the length of MX
respectively; R is the gas constant; F, the Faraday constant; and T,

the absolute temperature. The electronic conductivity due to electromns
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and holes in MX in equilibrium with M are denoted by ui and cﬁ re- Wagner cell, whereas the reverse applies to -
spectively. Liang, Joshi and Hamilton (19) have proposed, based on their investi-
Under the conditions that the applied potential E is sufficiently gation of the solid state storage battery systems, that the leakage
high so that EF »RT and that one electronic carrier dominates, equation current should be measured directly at the voltage of the electro-
/15/ may be simplified to chemical cell under invistigaiion.llt was found that U;Bn of Lii dii;
1- I, = —%%é— Uz when Gz = Gg /16/ pefied in AiZOB was 10  ohm = ecm af room tem?efature and l? ohm
em © at 300°C (Fig. 13). The electronic conductivity of the L11(31203)
1= Ih - _%%é* T; exp (FE/RT) when ”ﬁ =5 UE 111/ electrolyte was found to be due to hole carriers & the U: values were
less than 10_40 ohmnl cm_l and 5x10-2? ohmpl cm-l at room temperature
According to equations /16/ and /17/ the polarization current, I, is and 300°C respectively. However, at the voltage of the solid state
independent of the applied potential in case of electron conduction storage cells such as Li-SifLiI(Alzo3}fTi52v LiiLiI(A1203)IT852 and
while log I is a linear function of E in case of hole conduction. Li-SifLiI(A1203)fTi52a szsg’ Bi which is about 2.5V, the leakage
When the electrolytic species is an anion, a plot of Inl as a function current (Fig. 14) due to the electron holes was found to be
of E should have a gradient of F/RT and an intercept of RTA O/LF for TEMPERATURE °C TEMPERATURE °C
F 300200 00 S50 10 -025 -50 300 200 100 50
electron conduction; for hole conduction, I should be independent of E. == e TS ST ' ' '
For many ionic solids, both electrons and holes act as carriers, in ot (IRl l=E 1050 CT | «I07F 7
which case a plot of (LFI/RTA)[&xp(FE!RT)-l]_l against exp(-FE/RT) will ! | §
have ci as the gradient and Uﬁ as the intercept for a mobile cation Tﬂ-z- d Egﬂﬁ' |
system and the reverse for a mobile anion system. E_j_ : i [%urﬂ*?- J
It should be noted that the value of Uﬁ obtained from the polarization «E | 3
experiment is that at zero applied potential. In other words, the T TRNE R - 1 Eﬁa‘ i
leakage current calculated based on the Uﬁ value would be that of a E? ah (0) E
cell whose open circuit voltage is zero such as M |MX |M. In actual -3 T = 0% i
electrochemical cells, the open cirecuit voltage is not zero. Therefore, 10 |
the actual leakage current is higher than that calculated from Gﬁ -6 i =T
(19, 20) inasmuch &s the concentration of hole carriers increases 5 5535 30 3f5 70 i5 o8 22 26 30 3%
exponentially with the electrode potential. 100017 (oK) 10007 (°k )7
In view of the cell voltage effect on the electronic conductivity due Fig. 13 TIonic conduectivity of Fig. 14 Electronic leakage
to electron holes, the electronic conductivity must be considered in LiI(AIZDB} as a function current of a 0.05 em
relation to the cell voltage in the selection of ionic solids. For of temperature.(19) thick LiI(A1203)
example, PbF, is a hole conductor and its Uﬁ value is extremely low solid electrolyte
(410_20 atis - cmhl) in comparison with the ionic conductivity layer at 2.5V.[19)
(10 6 _ 10 8 e cm”l); so0, one would expect PbFz to be a suitable significantly higher than that calculated from the cﬁ values. Non—

solid electrolyte material. However, Kennedy (20) has concluded that etheless, the leakage current was still low enough to be considered
PhF2 is suitable as a solid electrolyte only if the cell voltage is negligible in comparison with the current capability of the solid
less than 1.5V. The same author (20) has also pointed out that the state storage cells. Accordingly, it was concluded that LiI(A1203)
transport number of electrons, L is lower in a battery than in the is a practical solid electrolyte material.
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The electronic conduectivity
of the C6H12N22RX—CuX system
was measured by Wagner's po-
larization method (Fig. 15).
The current vs. cell voltage
curves for the cell, Cu/sam-
ple/graphite, showed a quasi-
-exponential increase of
current in the temperature
range of 100°c-200°C for all
samples investigated. There-
fore, according to Wagner's
theory, the hole conduction
may be assumed to be dominant
under this experimental con-

dition (11).

The results obtained by Bonino
and Lazzari (8) at 281.5°C by
forcing a current I through a
Cu/KCuﬁISKPt cell (Pt being
the positive) and measuring
the steady state voltage E

are reported in Fig. 16. The
experimental points follow
satisfactorily (Fig. 17) the

equation:

log I = log Ug (ART/LF) +

+ log [exp (EF/RT) -1] /19/

from where a value of leﬂ-?

=] =] 4
ohm “em for Gi 1s calculated
at 281.5 °c.
Measurements of the partial
conductivities of electronic

carriers in Cu, Rb,C1l and

164 13I?

1218 carried out with the aid of asymmetric de polarization

cells of the type:

graphite, were dealt
with by Chaney et al.
(21). Values of the

hole conductivity were

v determined from the

slope of exp(EF/RT)-1

-
ol Cu, CuCl, CuI]CuleﬂbA
<
a L eaCla0-(hun) IPE OF
ey
/
g
10F
o" 1 " A
15 20 25 30 35 L0
mg[apﬁﬁ—?]

Fig. 17 Log I vs. log [exp (EF/RT) —1] for a
pellet (L/A = 0.184 cm'l) at

KCUQISO
281.5 “c¢.(8)
5
5
< 4
w0
SR
x
—
2-
" T=74°C
5 35

5 25
exp EFIRT x 107

Fig. 18 Current vs. exp EF/RT for
6“16Rh4C11218 with Pt 102
blocking electrode at 74 C

working electrodes, e.g., MI MX |M.

vs. I plots, in prefer
ence to determining
values from the in-
tercepts, because
greater accuracy could be achieved

(see Fig. 18).

Vlagner's method has been much used
to study 0;, but pulse techniques
are now coming onto prominence. A
technique based on the fact that
electronic carriers can respond
more rapidly than ionic carriers
to fluctuations in the applied
potential has been suggested by
Yakoto (22) in which a dc voltage
is applied across an electrolytic
cell incorporating two similar

The current—-time characteristics

are monitored as a rapid voltage pulse is superimposed. If electronic

conductivity is insignificant, then the slow response time of the ions

will cause a smooth rise to the new current plateau corresponding to

the higher voltage level and a similar smooth decline when the voltage

pulse is removed. If on the other hand there is an electronic contri-

bution, the smooth rises and falls will be preceded by abrupt jumps.

This method has been recently developed (23), and transient currents

arising from the redistribution of electronic carriers and the motion

of ioms in Cul have been studied.

Lack of space does not allow a further analysis of this subject. Never-
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theless, most of the concepts and problems associated with the de

conductivity measurements in solid state ionic conductors have been

discussed, as

of materials research has been highlighted.
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