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Abstract In order to evaluate the applicability of con-
centration cells for the ion transference number mea-
surements with external load, the cell response was
simulated with variable transport properties of the cell
material, external load resistance, geometrical factors
such as ion-conducting membrane thickness, and elec-
trode kinetics. This technique is expected to be pertinent
when gF/RT<0.2, except possibly for conditions when
the electrode kinetics is dependent on a relatively small
limiting current density. In each particular case, the
method validity can be verified by testing if the over-
potential sum grows faster than current on decreasing
the external load resistance. A pyrochlore-type material
Gd1.9Ca0.1Ti2O7-d with dominant oxygen ionic conduc-
tivity is used as a study case to demonstrate the criteria
proposed to assess the applicability of emf measure-
ments under short-circuit conditions.

Keywords Transference number Æ Emf measurements Æ
Mixed conductor Æ External load Æ Exchange current
density

Introduction

Minor electronic conductivity affects the applicability of
ionic conductors as solid electrolytes for fuel cells,
potentiometric oxygen sensors, electrolysers or oxygen
pumps and other electrochemical applications. Though
major electronic contributions are often evaluated from
the dependence of total conductivity on the partial
pressure of oxygen, other methods are needed to

determine minor contributions, such as the measure-
ments of oxygen permeability, emf of concentration
cells, Faradaic efficiency, isotopic exchange, or conduc-
tivity relaxation [1–12]. However, most of such tech-
niques may still be affected by significant errors, and
some authors [1, 2, 10, 11] thus proposed modified
methods which take into account overpotential contri-
butions. These methods are based on a modification of
the equivalent circuit proposed by Patterson [13], with
inclusion of the overpotential term g and with an
external load resistance Rext (Fig. 1). On assuming a
nearly linear dependence of overpotential on ionic cur-
rent (I), one can also express the effects of electrode
overpotentials in terms of a polarisation resistance (Rg):

Rg ¼
dg
dI

ð1Þ

The equivalent circuit then yields:

Eo

E
� 1 ¼ ½t�1I þ ðr=LÞ � ARg�½te þ L=ðArRextÞ�

¼ bþ a� L
ðArRextÞ

; ð2Þ

where L is the cell thickness, A is the electrode area,
r=rI+re is the total conductivity equal to the sum of
ionic (rI) and electronic (re) contributions, te=re/r is
the electronic transport number, tI=(1-te) is the ion
transport number, E is the measured emf, a and b are
constants. In this equation, Eo is the Nernst potential
generated by a chemical potential gradient in the cell.
For an oxygen ion-conducting membrane placed under
an oxygen chemical potential gradient:

Eo ¼
RT
4F
� ln

pO2;ref

pO2

; ð3Þ

where R is the ideal gas constant, T is absolute temper-
ature, F is the Faraday constant, pO2 and pO2,ref

are the oxygen partial pressures at the cell elec-
trodes. Equation 2 thus predicts a linear dependence
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(Eo/E)-1=b+aL/(Ar Rext); the electronic transport
number can be obtained on combining the values of the
matching parameters, a and b, with the total conductivity
of cell material, which can be determined, for example,
by impedance spectroscopy. This technique was pro-
posed by Gorelov [1] and later successfully used for
the study of numerous mixed-conducting materials (e.g.
[10, 12]).

The applicability of Eq. 2 may fail for highly polar-
isable electrodes, or when g vs. I deviates from the as-
sumed linear relation. In this case, the polarisation
resistance is not necessarily constant (Rg „ g/I), and the
cell response should be re-written as:

Eo

E
� 1 ¼ ½t�1I þ ðr=LÞðg=iÞ�½te þ L=ðArRextÞ�; ð4Þ

where i=I/A is the current density. One thus expects
arguments against the applicability of this method based
on emf measurements under external load conditions
[14]. The main objective of the present work was to re-
examine conditions when the assumptions of linear
behaviour are nearly true, and to obtain criteria to val-
idate applicability of this method.

Formulation of the problem

One may simulate the dependence of overpotential ver-
sus current density for typical electrode kinetics to
evaluate its effects on the emf reading and to identify
conditions when Eq. 2 fails. From the equivalent circuit
shown in Fig. 1 one obtains:

E ¼ Eo �
iL
rI
� g: ð5Þ

On computing values of g and E, for given values of
exchange current density, one can assess the applicabil-
ity of Gorelov’s method. The dependence of overpo-
tential contributions on current density can be described
by suitable kinetic relations such as the Buttler–Volmer
equation, which describes charge transfer control. In this

case, the current density versus overpotential relations
for oxygen reduction and oxygen evolution are:

jij ¼ ioc exp½acjgcjncF =RT �
� ioaexp½�ð1� acÞjgcjncF =RT � ð6Þ

and

i ¼ioa exp½ð1� aaÞganaF =RT �
� iocexp½�aaganaF =RT �; ð7Þ

where the subscripts ‘‘c’’ and ‘‘a’’ correspond to cathode
and anode processes, respectively, ioc and ioa are the
exchange current density values for oxygen reduction at
the feed side and oxygen evolution at the permeate side,
ac and aa are the exchange coefficients, nc and na rep-
resent the number of electrons participating in the elec-
trode reactions.

The effect of current limitations is also widely known
(e.g. [15, 16]), although the actual mechanisms for oxy-
gen reduction are somewhat unclear, thus leading to
differences in the models proposed by different authors.
For control by diffusion of adsorbed oxygen atoms,
Kenjo et al. [16] proposed:

jij ¼ iofð1� ji=iLcjÞ1=2exp½2acjgcjF =RT �
� exp½�2ð1� acÞjgcjF =RT �g; ð8Þ

where iL is the limiting current density. Wang and No-
wick [15] suggested another solution on assuming con-
trol by dissociative adsorption O2+2Vad fi 2Oad:

jij ¼ iofð1� ji=iLcjÞexp½acjgcjncF =RT �
� exp½�ð1� acÞjgcjncF =RT �g: ð9Þ

A similar relation may be assumed to include current
limitations in the permeate side, i.e. for the reaction of
oxygen evolution. For the case of diffusion limitations,
one thus assumes:

i ¼ iofð1� i=iLaÞ1=2exp½ð1� aaÞganaF =RT �
� exp½�aaganaF =RT �g: ð10Þ

In fact, one may anticipate strict limitations in elec-
trode kinetics for cases when the atmosphere is very
diluted, i.e., with low oxygen contents, as revealed by the
failure of potentiometric oxygen sensors under such
conditions [17]. This might be ascribed to a combination
of decrease in exchange current density [15] and proba-
bly an even more drastic decrease in limiting current
density with reducing oxygen partial pressure [17, 18].
Exchange current density results for ceria-based mate-
rials suggest a power law dependence,

io / ðpO2Þ1=4; ð11Þ

at least for temperatures above 600 �C [19]. Cathodic
overpotential corresponds to a drop in oxygen partial
pressure on the feed side gc=(RT/F) ln (pO2/pO2,feed)

1/4,
(with gc<0) and thus

Fig. 1 Representation of the equivalent circuit. Ri and Re are the
partial ionic and electronic resistances
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io ¼ ðio;refÞ � exp½gcF =RT �; ð12Þ

where io,feed is the exchange current density at feed side
conditions pO2,feed.

Very low values of pO2 also imply limitations of
mass transport in the gas phase, with oxygen flux
jO2=[D/(RT)](pO2/d) and a limiting current density
iL=4FjO2. The latter quantity can be estimated
considering typical values of the diffusion coefficient in
the gas phase (D, about �10�4 m2/s), a boundary layer
thickness (d, probably close to 10�3 m), and an oxy-
gen partial pressure given by pO2= (pO2,ref) ·
exp[-4F(Eo�|gc|�ga)/RT)]. At T= 1,023 K and pO2,r-

ef= 21 kPa, one expects iL values in the order of 103, 11,
0.12, and 1.2·10�3 A/m2 for (Eo �|gc|� ga)= 0.1, 0.2,
0.3 and 0.4 V, respectively. These limitations are
probably critical at least for values of Nernst potential
higher than about 0.2 V.

Equations 8 and 10 were used to obtain numerical
solutions of ga, and |gc|, for given values of current
density, with characteristic values of aa, ga, iLa, ac, gc
and iLc. The values of i and g=ga+|gc| were then
calculated and used to obtain the corresponding emf
values (E), and to evaluate the effects of transport
properties of the cell material and external load
resistance Rext, Eq. 4.

Criteria to validate emf measurements

Linearity of Eo/E�1 versus 1/Rext can be taken as a first
criterion to confirm the applicability of emf measure-
ments under short-circuit conditions. However, this can
raise doubts due to scattering of experimental data,
especially for cases when the ranges of 1/Rext are rela-
tively narrow. One should thus seek alternative criteria
to assess the applicability of this method. For example,
one may establish a criterion to verify the linearity of
overpotential versus current. This approximation can be
based on the expected linearisation of the exponential
terms, i.e., e±x � 1±x, which is nearly true for suffi-
ciently small values of x. Typically, one may use this
condition for x<0.1 with errors below approximately
5%, or x<0.2 with errors up to 10%. On selecting a
condition x< 0.1 and assuming that the electrode ki-
netics is controlled by charge transfer, Eqs. 6 and 7, one
obtains aa ga na(F/RT)< 0.1 and ac|gc|nc(F/RT)< 0.1,
or ga na(F/RT) < 0.2 and |gc| nc(F/RT)< 0.2 for typical
values of charge transfer coefficients aa� ac � 0.5.
Actually, it is usually difficult to test these criteria be-
cause the only information available in most cases is
total overpotential sum g rather than the individual
contributions ga and |gc|. One must thus rely on a single
criterion based on the overall overpotential g=ga+|gc|.
Taking into account that typical values of n are often
close to 2, the criterion is formulated as:

gF
RT

\0:2: ð13Þ

For example, one may express the overpotential as a
function of emf readings, as given by the equivalent
circuit of Fig. 1:

g ¼ Eo � E½1þ ðRI=ReÞ þ ðRI=RextÞ�
¼ Eo � E½1þ ðre=rIÞ þ ðL=AÞðrIRextÞ�1�: ð14Þ

In this case the criterion Eq. 13 becomes:

fEo � ðE=tIÞ½1þ 1=ðrRextA=LÞ�gF =ðRT Þ\0:2: ð15Þ

The partial electronic resistance Re=L/Are, which
can be extracted by matching of (Eo/E)-1 vs. 1/Rext

dependencies, may thus be combined with the experi-
mental data of E vs. Rext, to verify if the actual range of
conditions fulfil the criterion of the nearly linear
approximation (Eq. 15), thus validating the emf mea-
surements under short-circuit conditions. One can easily
recognize that this criterion is likely to be met for cells
with nearly reversible electrodes, and re-write the
applicability criterion in terms of exchange current
density values for both electrodes. This can be obtained
by inserting the linear approximation in Eqs. 6 and 7,
resulting in:

g � i½ðiocncÞ�1 þ ðioanaÞ�1�RT=F ð16Þ

and

gF =RT � i½ðioanaÞ�1 þ ðioanaÞ�1�\0:2: ð17Þ

The actual values of ionic leakage current depend on
the ionic and electronic conductivities of the cell material
and increase with decreasing external resistance. Hence,
one should avoid excessively low values of external
resistance to avoid undue increase in current density. A
second advantage of using only large values of external
resistance is to narrow the range of current values, and
the corresponding changes in polarisation resistance,
even for cases when the previous validity criterion
(Eq. 13 or 15) might fail. For example, Eqs. 6 and 7
might still tend to Tafel-like approximations, i �
ioaexp[(1-aa)nagaF/RT] � iocexp(ac|gc|ncF/RT), for rela-
tively large overpotential contributions, and one can use
these Tafel dependences to obtain the dependence of
polarisation resistance on current density:

Rg ¼ dg=di ¼ i�1ðRT=F Þf½ð1� aaÞna��1 þ ðacncÞ�1g:
ð18Þ

This dependence is weak for conditions when the
relative changes in current are small. Therefore, one may
still assume a nearly constant polarisation resistance
when the selected values of external resistance yield
current densities in a relatively narrow range. However,
the values of 1/Rext must be sufficiently large to ensure
good correlation for the plots of Eo/E�1 versus 1/Rext,
providing meaningful fitting parameters and a correct
determination of Re.
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The values of current I=E(Re
�1+Rext

�1) (see Fig. 1)
can be evaluated after obtaining the value of Re from the
plot of Eo/E�1 versus 1/Rext. Alternatively, one can
obtain the current density values on combining the
conductivity, electronic transport number and external
resistance:

i ¼ ðE=LÞ½rte þ L=ðARextÞ� ð19Þ

The lowest current density value imin = EmaxL/(r te)
is obtained for open-circuit conditions, and the maxi-
mum current is for the lowest emf reading. i.e.: im-

ax=Emin[Re
�1+(Rext,min)

�1]. This yields a relative change

Di=imin ¼ ðEmin=EmaxÞ½1þ L=ðrteARext;minÞ� � 1: ð20Þ

Current limitations constitute additional reasons for
concern about the applicability of emf measurements
under short-circuit conditions. In this case, the overpo-
tential rises sharply with relatively small increase in
current values, invalidating the assumption of nearly
constant polarisation resistance. One should thus
examine the dependence of overpotential (Eq. 14) on
current density (Eq. 19) to detect cases when a sharp
increase in overpotential might indicate strict current
limitations.

Simulations

A numerical method was used to calculate the values of
ga, and |gc|, for a set of values of current density; the
values of current and overpotential g=ga+|gc| were
then used to calculate the corresponding emf values, for
given Eo, cell geometric parameters (thickness and area),
transport properties of the cell material, and external
resistance. Typical examples are shown in Figs. 2, 3, 4, 5.

The example shown in Fig. 2 was computed for the
conditions given in Table 1. The open-circuit emf value
computed for those conditions was E/Eo=0.902, thus
giving a very overestimated value of the electronic

transport number te
*=1�E/Eo=0.098. However, the

dependence of Eo/E�1 vs 1/Rext is nearly linear and the
values of the slope/ intercept ratio give quite correct
estimates of the electronic transport number, as illus-
trated in Fig. 2. This can be explained by taking into
account that the values of gF/RT remain lower than 0.2,
thus validating the assumed nearly linear dependence of
overpotential on current.

The open-circuit emf reading yields crude estimates of
electronic transport number even for higher values of
exchange current density (e.g. 1�E/Eo=0.044 for the
case when te=0.01 and ioc=ioa=102 A/m2). Again, the
corresponding results obtained from the slope/intercept
ratio of Eo/E�1 vs 1/Rext recover the correct values of
electronic transport number in the whole range of te
variations. Typical examples are shown in Fig. 3.

Fig. 2 Predictions of emf measurements under short-circuit condi-
tions and for the conditions listed in Table 1

Fig. 3 Predictions of emf measurements under short-circuit condi-
tions for different values of electronic transport number (te=0.01,
0.1, 0.2 and 0.5). Other conditions are listed in Table 1

Fig. 4 Predictions for emf measurements under external load
conditions with current density limitations iLa=10 A/m2, and
other conditions listed in Table 1
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The effects of relatively strict current limitations are
illustrated in Fig. 4. Though the values of dimensionless
overpotential gF/RT still remain lower than 0.2, the
overpotential and the corresponding polarisation resis-
tance values rise rapidly on approaching the limiting
current density. The polarisation resistance is thus
underestimated if assuming the linear approximation;
this yields overestimated values of ionic transport
number and underestimated te values. This may be
shown by decreasing the external load resistance down
to values lower than the overall resistance of the cell
material when the internal leakage is determined mainly
by the ionic conductivity. As shown in Fig. 4 low values
of limiting current density and thus predominant current
limitations tend to yield a curve of Eo/E�1 vs 1/Rext

which bends upwards, as opposed to the trend expected
for a charge transfer mechanism.

When the emf results are affected by strict current
limitations, one should also seek conditions when cur-
rent limitations are less likely to occur. For example,
decreasing temperatures may cause a greater decrease in
ionic and electronic conductivities of the cell material
than in the limiting current, especially when the latter is
controlled by diffusion in a diluted gas phase. In this
case, one increases the relative gap between the actual

values of current and the limiting current. This type of
effects has been illustrated by simulating the behaviour
expected for different conductivities without changes in
the limiting current (Fig. 5). The predictions show that
such changes minimize the errors associated with rela-
tively low current limits.

Figure 5 also shows that one should restrict the range
of L/(ARext), which corresponds to establishing a lower
limit for the values of external load resistance. A pos-
sible criterion to assess such a lower limit might be de-
rived by imposing a typical condition of a narrow range
of current density values, Di/imin<<1, to validate the
applicability of the actual method, as discussed above.
This should also correspond to a narrow range of values
of E, and on combining with Eq. 20, we obtain a typical
criterion for the lowest external load resistance:

Rext >> L=ðrteAÞ: ð21Þ

The load resistance must thus be sufficiently higher
than the electronic resistance of the sample, as illustrated
in Fig. 5. We therefore require estimates of the order of
magnitude of the electronic resistance to select a suitable
range of values of Rext. Otherwise, we may assume a
typical range of electronic transport number of the order
of 0.01 for materials with predominantly ionic conduc-
tivity, thus obtaining a typical range suggested by the
examples shown in Fig. 5, i.e.:

Rext >> 100L=ðrAÞ: ð22Þ

Study Case

The material selected to illustrate the applicability of
emf measurements under external load conditions was
pyrochlore-type Gd1.9Ca0.1Ti2O7-d. Its preparation,
characterization of transport properties and assessment
as a potential electrolyte for solid oxide fuel cells have
been reported elsewhere [11]. The emf results are now re-
examined to assess if they fulfil the applicability criteria
proposed in the present work. In fact, the linearity of Eo/
E�1 versus 1/Rext is a first indication of the applicability
of the method proposed to measure the transport
numbers by emf measurements obtained under short-
circuit conditions (Fig. 6). Transport numbers are
shown in Fig. 7 (closed symbols) and differ clearly from
the corresponding values obtained by open-circuit emf
measurements (open symbols). These results correspond
to average ionic transport number for values of oxygen
partial pressure in the range of about 0.05–0.21 atm.
The data obtained under normal used conditions of
open circuit measurements are clearly underestimated,
due to internal leakage through the mixed conductor
and non-negligible electrode polarization. The errors
increase with decreasing temperature, indicating that the
temperature dependence of the exchange current density
is stronger than for the actual leakage current results, as
expected.

Table 1 Characteristic parameters used for simulations illustrated
by Figs. 2, 3, 4, 5

Parameter Fig. 2 Fig. 3 Fig. 4 Fig. 5

Eo (mV) 50 50 100 100
ioc (A/m2) 10 102 103 103

ioa (A/m2) 10 102 103 103

iLc (A/m2) ¥ ¥ ¥ ¥
iLa (A/m2) ¥ ¥ 10 10
r (S/m) 2 2 1 1, 0.1, 0.01
te 0.01 0.01–0.5 0.01 0.01

Other typical values were assumed for the remaining parameters,
i.e.: L=2 mm, ac=aa=0.5, and nc=na = 2

Fig. 5 Predictions for emf measurements under external load
conditions with current density limitations iLa=10 A/m2, total
conductivity of 0.01, 0.1, 1.0 (shown in the figure), and other
conditions listed in Table 1
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The correctness of the measurements under external
load conditions is indicated by the range of values of
dimensionless overpotential gF/RT<0.2 (Fig. 8), and
also confirmed by the nearly linear dependence of
overpotential on current density (Fig. 9), obtained as
described by Eq. 9, with experimental results of Eo, E,
and Rext. The electronic and ionic resistance values were
previously evaluated on combining results of total con-
ductivity and the intercept to slope ratio of Eo/E�1 vs 1/
Rext (Eq. 2). Figure 9 thus validates the assumption that

the polarisation resistance remains nearly constant for
the actual working conditions, i.e., with the actual range
of external load resistance.

Since the values of dimensionless overpotential (gF/
RT<0.2) correspond to a nearly linear dependence of
overpotential on current density, Eq. 16 yields ARg�
[(ioa na)

�1 +(ioc nc)
�1]RT/F hence:

½ðioanaÞ�1 þ ðiocncÞ�1��1 � RT =ðFRgAÞ; ð23Þ

Fig. 7 The values of ionic transport number of Gd1.9Ca0.1Ti2O7-d
obtained by emf measurements under open-circuit conditions (open
symbols) and under short-circuit conditions (closed symbols)

Fig. 8 Overpotential values extracted from emf measurements
under external load conditions for Gd1.9Ca0.1Ti2O7-d with porous
Pt electrodes at 1,023, 1,073, 1,123, 1,173 and 1,223 K (from top to
bottom).

Fig. 6 The emf measurements obtained under external load
conditions for Gd1.9Ca0.1Ti2O7-d at 1,023, 1,073, 1,123, 1,173 and
1,223 K (from top to bottom)

Fig. 9 Overpotential versus current dependencies extracted from
emf measurements under short-circuit conditions for Gd1.9Ca0.1-
Ti2O7- d with porous Pt electrodes at 1,023, 1,073, 1,123, 1,173 and
1,223 K (from top to bottom)
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where the combination of both exchange current density
values (ioa or ioc) represents an overall kinetic parameter.

The actual experiments were obtained for relatively
low values of Eo when similar electrode kinetics can be
expected at both sides of the concentration cell, except
possibly for small differences in exchange current den-
sity, due to differences in oxygen chemical potential. We
thus assumed the type of dependence reported for ceria-
based materials, Eqs. 11 and 12. Note that both
Gd1.9Ca0.1Ti2O7-d [11] and ceria solid electrolytes [19, 20]
possess a minor p-type conductivity contribution which
decreases with decreasing pO2. Under those conditions
and for typical values na=nc=2, Eq. 23 yields

i0o ¼ 0:5f1þ exp½ðEo � gÞF =RT �gRT=ðFRgAÞ: ð24Þ

This gives a typical range of exchange current density
results under reference conditions (i.e. in air), and the
results shown in Fig. 10 were computed for the values of
overpotential under open circuit conditions, i.e. g= Eo�
E[1+(RI/Re)]. The exchange current density of the
controlling electrode drops from about 3·102 A/m2 at
1,223 K to about 12 A/m2 at 1,023 K; this is still within
the range of exchange current values which are sufficient
to ensure the applicability of emf measurements under
external load conditions, as shown by the simulated
cases in Figs. 2 and 3.

The estimated range of exchange current values can
also be used to assess the validity of the open-circuit emf
estimates of the ionic transport number. Such mea-
surements require reversible electrode kinetics, which
implies that the exchange current density should be
several orders of magnitude higher than the range of
leakage current across the cell material. Its lowest value
corresponds to open circuit conditions, i.e:

imin ¼ E=ðAReÞ ð25Þ

The values of imin and ratio imin/io¢ are thus also
shown in Fig. 10, to show that the assumption of

reversible electrodes is arguable, thus explaining the
differences between the corrected values of transport
number obtained by emf measurements with external
loading, and the corresponding open-circuit emf mea-
surements (Fig. 7). The results shown in Fig. 10 also
explain the increasing differences with decrease in tem-
perature, based on the stronger temperature dependence
of the exchange current density results. The ratio imin/io¢
thus increases with decreasing temperature, indicating
increasing deviations from reversible electrode kinetics.
The actual conditions in Fig. 10 should correspond to
values of oxygen partial pressure of about 0.05 atm, at
the working electrode. We may assume faster kinetics at
the reference electrode, which operates under more ox-
idising conditions (� 0.21 atm).

Conclusions

Simulations of emf measurements under short-circuit
conditions show that this method yields correct esti-
mates of ionic transport number even for cases where the
corresponding open-circuit measurements yield poor
estimates of transport numbers. A criterion proposed to
verify the applicability of emf results obtained under
external load conditions is based on the values of
dimensionless overpotential Fg/RT. Nearly constant
polarisation resistance Rg=g/I can be expected when the
values of Fg/RT remain smaller than approximately 0.2.
Otherwise, we should only use sufficiently high values of
external resistance to ensure that relative changes in
current remain small. The most adverse conditions for
the applicability of the emf measurements with external
load conditions are for cases when the electrode kinetics
is hindered by a relatively small limiting current density.
We should thus avoid such conditions, and verify if the
overpotential increases faster than current on varying
the external load resistance. A study case is also pre-
sented to illustrate the applicability conditions for this
method, and to explain the differences between the
estimates of ionic transport number obtained by emf
measurements under short-circuit and open-circuit con-
ditions.
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