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ABSTRACT

Application of a generalized equivalent circuit including the electrode condition for the Hebb-Wagner polarization in the frequency

domain proposed by Jamnik and Maier can provide a consistent set of material parameters, such as the geometric capacitance,

partial conductivities, chemical capacitance or diffusivity, as well as electrode characteristics. Generalization of the shunt capacitors

for the chemical capacitance by the constant phase elements (CPEs) was applied to a model mixed conducting system, Ag
2
S, with

electron-blocking AgI electrodes and ion-blocking Pt electrodes. While little difference resulted for the electron-blocking cell with

almost ideal Warburg behavior, severely non-ideal behavior in the case of Pt electrodes not only necessitates a generalized trans-

mission line model with shunt CPEs but also requires modelling of the leakage in the cell approximately proportional to the cell

conductance, which then leads to partial conductivity values consistent with the electron-blocking case. Chemical capacitance was

found to be closer to the true material property in the electron-blocking cell while excessively high chemical capacitance without

expected silver activity dependence resulted in the electron-blocking cell. A chemical storage effect at internal boundaries is suggested

to explain the anomalies in the respective blocking configurations.
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1 Introduction

ixed ionic-electronic conduction plays critical functional

roles in solid state electrochemical devices such as fuel

cells, batteries, electrochemical sensors, and electrochromic

devices. For the electrode materials in these electrochemical

devices, high ionic transport as well as electronic transport

is beneficial and often necessary. The mixed conducting oxides

can also be applied to gas permeation membranes.1) For all

solid state electrochemical devices,the electronic conductivity

must be minimized to prevent losses from leakage currents.

Mixed ionic-electronic conduction is also a critical issue in

state-of-the-art electronics employing various nonmetallic

ionic crystals. Ionic conduction in dielectric materials and

oxide semiconductors is mostly undesirable.It is responsible

for the degradationof the electronic components and devices

such as multi-layer capacitors, varistors, and oxide transis-

tors under a high operating dc field. The degradation of

ceramic electronic components such as multilayer ceramic

capacitors (MLCC) can also be ascribed to mixed conduction.2)

Theoretical background and experimental demonstrations

of impedance spectroscopy as a tool for chemical and electro-

chemical analyses of mixed conductors have been reported3-7),

which is no other than the frequency domain representation

of the non-steady state Hebb-Wagner polarization/relaxation

in mixed conductors using electrodes that selectively block

electrons or ions8-14) Stoichiometry polarization is induced

across the specimen by the blocked charge species, and transport

of the non-blocked species in the material is thus accom-

plished by chemical diffusion under the activity gradient

(rather than by conduction driven by the electric field). The

dc steady state behavior for the conduction of the unblocked

minority charge carriers8-10,12) can be measured. In addition,

it is possible to monitor the time-dependence of polarization

or depolarization, which provides the chemical diffusion

coefficient Dchem from the relaxation behavior and possibly

the total bulk conductivity from the IR drop.13) The polarization

behavior in the time domain can be equivalently represented in

the frequency domain by a Fourier-Laplace transformation.15-17)

In contrast to the piecewise evaluation of the time-domain

response, the generalized equivalent circuit shown in Fig. 1(a)

describes the overall frequency response and all the material

and additional cell parameters can be systematically and

self-consistently obtained by a single-step analysis.3-7)

Although the idealized equivalent circuit in Fig. 1(a) has

been successfully demonstrated for Ag2S with electron-blocking

AgI|Ag electrodes7) and Sm-doped ceria (SDC) with ion-blocking

Pt electrodes,6) general applications are expected to be quite

limited, since it is rather the exception than the rule that

the real systems can be described by an ideal resistor and

capacitor elements. The Jamnik-Maier model and the gen-

eralization of the capacitors to the constant phase elements

(CPEs) of a complex capacitance A(iw)α-1 have recently been

implemented in the commercial analysis program Zview

M
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(Scribner Ass.)18)upon request by one of the present authors

(J.-S. Lee). In the present work, facilitated by such advances,

the previous report on the impedance behavior of Ag2S with

AgI electrodes7) is reassessed. Furthermore, the analysis is

further extended to an ion-blocking Pt|Ag2S|Pt symmetri-

cal cell.

2. Background

The full derivation of the analytical expression of the

impedance of the circuit of Fig. 1(a) has been previously

reported.3-6) If we omit the contribution of Cdielec for the purpose

of clarity, define the interfacial impedances, 

, and express the product (Rion +Reon)

Cchem by Dchem, the impedance can then be expressed as:

(1)

The high and low frequency impedances,  and Z0, are

defined as:

(2)

and

(3)

It is necessary to point out that the Warburg diffusion

impedance is represented by an RC transmission line model,

since the governing equations for the matter diffusion in a

medium and the electrical signal propagation in the trans-

mission line are mathematically analogous, viz. the electri-

cal signal transmission equation 

(4)

versus Fick’s 2nd law of diffusion 

(5)

The impedance of the two rail transmission line model shown

in Fig. 1(a) with one ideally blocking terminal condition

( ) without interfacial charging represented by 

and the other short-circuited ( ) thus becomes a half

tear-drop shape response represented by

(6)

where Rdc is the resistance of the minority charge carriers

allowed to pass through the cell (either Rion or Reon) and Rbulk

corresponds to ( + )-1.

The establishment of a stoichiometry gradient in the Hebb-

Wagner polarization can be described by the transport along

the transmission line by charging of the capacitors in the

transverse direction. The transverse capacitors thus represent

the chemical capacitance, which, in the case of dilute con-

centration of charge carriers, can be represented as

(7)

and related with the chemical diffusion coefficient as 

(8)
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Fig. 1. Generalized equivalent circuit used for an electron-
blocking symmetrical cell Ag|AgI|Ag

2
S|AgI|Ag that

can be generally applied to a mixed conductor with
thickness much greater than the Debye length λ. The
quantities, R

ion
, R

eon
, and C

chem
, which all refer to the

overall sample, are weighted by 1/n, with n being the
number of transmission line unit cells.3) (b) Shunt
capacitors for C

chem
 replaced by CPEs or Q elements

can represent the generalized Warburg behavior with
the electrode effects included. (c) Strongly non-ideal
behavior of the ion-blocking symmetrical cell Pt|Ag

2
S|Pt

was successfully described by modelling a leakage across
the cell Q

leak
 with α ≈ 0 and non-zero electrode resis-

tance for electronic flow .R
eon

⊥ 10Ω≈
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where S and L represent the area and length of the sample.

In contrast to the electrostatic capacitances, Cchem is propor-

tional to the sample volume.

It should be also noted that the resistance and capacitance

of the electrodes,  and , are of a functional

origin with respect to the mixed conductor, not the property

of the electrode materials. For an ideally reversible and

blocking electrode,  is 0 and ∞, respectively. It
should be noted that the interfacial impedances,

, become zero for

ideally reversible electrodes with =0 but are purely

capacitive for an ideally blocking electrode with infinite

 with electrostatic double layer capacitance ,

given as follows:

(9)

As emphasized previously,7) the presence of the electro-

static capacitance due to the blocking condition may be con-

sidered a “key signature” that distinguishes electrochemical

Hebb-Wagner polarization from purely chemically induced

relaxation. Since , when comparable to Cchem, can

substantially affect the Warburg impedance, caution should

be taken with the use of the high frequency part of the War-

burg impedance (or equivalently short-time dc relaxation)

in evaluation of the diffusion parameters based on a formu-

lation by Fick’s law only. This aspect has been neglected in

the earlier work.15-17)

For the conductive systems where the resistance effects

are of the main interest, the non-ideal behavior is attributed

to the capacitance effects, which are thus described by so-

called constant phase elements (CPEs) or Q according to

Boukamp’s convention.20) The spectrum of a Q element

exhibits a constant phase of απ/2 in the Z' vs. −Z'' impedance

plane

(10)

and (1 − α)π/2 in the complex capacitance plane C' vs. C'' of

C* = (iωZ*)−1= C' − iC'', 

(11)

With CPEs generalized from the ideal capacitors with α = 1

semicircular impedance response of RC parallel circuit

becomes a depressed circle or an arc shape response of the

RQ circuit.It should be noted that the element was origi-

nally introduced for the non-ideal resistor elements for the

non-Debye dielectric response, where α deviates from the

ideal zero value for the resistors.19) The RC transmission

line for the ideal Warburg response becomes the so-called

‘generalized’ Warburg response with Warburg exponent

n = α/2 < 0.5 when the shunt capacitors are replaced by
CPEs with α < 1. Neglecting the interfacial capacitance for

clarity, the impedance response can be written as 

(12)

The effective chemical capacitance or Qchem and Dchem may be

estimated from τWα
, 

(13)

Then the generalized Warburg impedance corresponds to

the fractional or anomalous diffusion processes with 

(14)

where α represents the fractional derivatives. The origin of
the generalized Warburg impedance or of the CPE-like

shunt capacitors in the present formalism may be thus

found in the origin of the anomalous diffusion phenomena

observed in many different types of materials and systems.

The distribution of the relaxation times due to the inhomo-

geneities of various types in the real system often leads to

CPE behavior as well as the generalized Warburg behavior

for the limited frequency range.

For the ideal model shown in Fig. 1(a), a Fortran program

originally coded by Jamnik has been applied for the ideal

circuit in analysis of the experimental impedance.7,21) Fitting

was performed by the nonlinear least squares minimization

but the program was not fully developed to provide the

errors of the individual fit parameters, since it is not neces-

sary for the theoretical investigation of the impedance mod-

els.3-5,22) It was belatedly learned when the analysis of Ag2S

with AgI electrodes was ready for publication in 2009 that

the ‘Jamnik-Maier’ model (DX-15) had been implemented in

a commercial analysis program, Zview, for W. Lai and used

for the analysis of Sm-doped ceria with Pt electrodes

reported in 2005.6) In the publication by Lai, however, the

errors associated with fit parameters were still not pro-

vided.

The Jamnik-Maier model in the Zview program recently

has been further expanded by Derek Johnson upon request

by one of the authors of the present work (J.-S. Lee) as the

Jamnik-Maier-Lai-Lee model (DX-19), in which all the

capacitor elements in the equivalent circuit can be now gen-

eralized to CPEs.18) Although the generalized Warburg

impedance model in the functional form represented by Eq.

12 with three fit parameters, i.e. ZGW = RGWtanh(iωτGW)
α/2/

(iωτGW)
α/2, has been available, the modelling for the full cir-

cuit, as shown in Fig. 1, including the electrode impedance,

as represented in Eq. 1 for the ideal case, has not been pre-

viously reported. Using the circuit elements of R, C or Q as

input fit parameters, is also often more advantageous for

obtaining direct and concrete information than the often

employed parameters such as the relaxation times τ and
prefactors. The generalized transmission model, DX-19,

recently has been successfully applied for the analysis of a

percolating carbon network in a dielectric matrix where the
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fit parameters could be directly related to the transmission

line parameters of R and C or Q for non-ideal behavior.23,24)

The ac response of the carbon network is not related with

diffusion phenomena but from the real transmission-line

like network behavior.

3. Experimentals

An electron-blocking symmetric cell Ag|AgI|Ag2S|AgI|Ag

was constructedas described elsewhere.7) In addition, an

ion-blocking symmetric cell Pt|Ag2S|Pt was also prepared.

The dimensions of the Ag2S specimens for the electronically

and ion-blocking polarization cells were 0.165 × 0.185 ×

1.5 cm3 and 0.305×0.085×1.5 cm3, respectively. The impedance

was measured at 160oC in the frequency range from 107 to

~10−3Hz using a Solartron 1260 (UK, Schlumberger). A galvanic

cell Pt|Ag2S|AgI|Ag using Pt wire wound around an Ag2S

specimen controlled the silver activity (aAg) by applying the

potential EMF = −(RT/F)lnaAg with respect to Ag using a
constant voltage source (Keithley 228) before each imped-

ance measurement long enough for equilibration.

4 Results and Discussion

4.1. Ag|AgI|Ag
2
S|AgI|Ag electron-blocking cell

Fig. 2 shows the spectra of the cell Ag|AgI|Ag2S|AgI|Ag

Fig. 2. Impedance spectra of Ag|AgI|Ag2S|AgI|Ag with EMF of the galvanic cell of 10, 30, 50, 70, 120, and 140 mV. The lines indi-
cate the simulation according to the fit results using the generalized equivalent circuit in Fig. 1 (DX15) and with chemical
capacitors replaced by CPEs (DX19). In the simulated curves the inductor elements were subtracted.
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for EMF = 10, 30, 50, 70, 120, and 140 mV. A half-tear

shape Warburg impedance response is clearly indicated in

all the spectra. A similar spectral feature has been reported for

Ag2Te using the cell configuration of Ag|AgI|Ag2Te|AgI|Ag.
25)

In the respective bottom graphs Kramers-Kronig (KK) residu-

als, (Zexp − Zsim)/| | are indicated for real and imaginary

impedances, respectively. Conducting KK tests before the

model analysis is recommended, since poorly fit results may

be due to the poor quality of the impedance data rather than

the model inadequacy. The results indicate the measured

data for the low EMF (or high silver activity) exhibit sub-

stantially large KK residuals up to 2.5%. The poor data

quality just below 1MHz is ascribed to the intrinsic problem of

the particular instrument used in the present study. Despite

the flawed measurement, the fitting of the data including

those above 1 MHz was found to provide more reliable esti-

mation of the model parameters. On the other hand, the low

frequency impedance tends to strongly increase instead of

reaching the dc limit indicated by the simulated curves (not

shown). The phenomena disappeared or lessened when the

cell components, i.e. the Ag plate and AgI and Ag2S pellets,

all of which exhibit some ductility, were broughtinto a

closercontact by mechanical assistance.

The circuit model in Fig. 1(a) can be constructed using the

Jamnik-Maier model (DX-15) and the geometric capacitor

Cdielec in series. For the fitting, an inductor was connected

additionally in series (not shown). The fitted results shown

in Fig. 2 and Fig. 3 are essentially the same as previously

reported,7) since the fit model and the nonlinear least

squares fitting algorithm using the weighting proportional

to the calculated impedance magnitude are exactly the

same. Note that the simulated curves in Fig. 2 do not

include the inductance and thus display thehigh frequency

semi-circular response of RC circuit with the bulk resis-

tance Rbulk =  and the geometric capacitance

Cdielec.

The errors in the individual fit or derived material param-

eters obtained in the present work and indicated in the plots

can, however, shed more light on the reliability of the indi-

vidual values and thus lead to a more solid analysis. The

errors of the directly evaluated fit parameters are indicated

in Fig. 3(f). The errors in  are shown to indeed diverge

with increasing EMF, as suggested in the previous report.7)

By replacing the chemical capacitors to CPEs with com-

plex capacitance A(iω)α−1, enabled in the model DX-19 in the

Zview program or the Jamnik-Maier-Lai-Lee model, the

non-ideal Warburg impedance behavior generally observed

in experiments can be described in conjunction with the

transmission line model for mixed conductors with variable

electrode conditions, as shown in Fig. 1(b). Fig. 4(c) indi-

cates that α values mostly become smaller than the ideal

value of 1 except for two points at low EMF. This is typically

experimentally observed behavior. Note that a CPE with α
larger than 1 leads to a negative value in the real imped-

ance, given by Eq. 10, the physical significance of which is

rather doubtful. The spectrum at EMF = 30 mV in Fig. 2

exhibits almost identical fit residuals, since the fitted α
value by the DX-19 model is close to 1 for the ideal DX-15

model. It can be seen that the DX-19 model with adjusted α
reduces the fit residuals of the low frequency spectra where

the main Warburg impedance arc is observed. Figs. 2(d), (e),

Zsim
 *

Rion
1– Reon

1–+( ) 1–

Ceon
⊥

Fig. 3. Fit parameters or material properties therefrom obtained
by the ideal transmission line model for mixed conductors
with an electron-blocking electrode condition, as indicated
in Fig. 1(a).

Fig. 4. Fit parameters or material properties therefrom derived
in the modified transmission line model where the shunt
capacitors for C

chem
 in Fig. 1(a) are replaced by shunt

CPEs or Q
chem

 elements, as shown in Fig. 1(b).
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and (f) indicate a substantial decrease in the fit residuals by

the DX-19 model compared to the DX-15 model at the low

frequency range below 10 Hz, which can be ascribed to the

variation of α values between 0.93 and 0.97 from the fixed

value of 1. This aspect is also clearly represented by the χ2

values in Fig. 3(f) and Fig. 4(f). The parameter represents

the goodness of the fit. For the spectra at 80, 110, 120, 130,

and 140 mV, the χ2 values are shown to decrease to

1.5~1.8 × 10−3 from 2.5~3.5 × 10−3. It should be noted, how-

ever, that the large fit residuals in the spectra at EMF val-

ues from 10 mV to 70 mV in the intermediate frequency

range remained essentially the same or even became larger

in the case of DX-19 compared to DX-15.

Fit parameters represented in Fig. 3 and Fig. 4 do not

appear to be significantly different, since the variation of α
values was limited between 0.93 and 1.05. The features of

the measured and derived parameters can be explained by

the well-known defect chemistry of Ag2S with large ionic

disorder, as  cion ≫ ceon and cion~constant, ceon ∝ aAg.
11,14,26) The

ionic conductivity (σion) from Rion = Rdc is almost independent

of aAg, consistent with the presence of large ionic disorder in

the system (Fig. 3(a) and Fig. 4(a)). The electronic conduc-

tivity σeon from the Reon values increases linearly with aAg or

logσeon proportional to –EMF, where EMF = −(RT/F)lnaAg,
indicating the electronic concentration follows the classical

Boltzmann statistics (Fig. 3(a) and Fig. 4(a)). The ionic

transference number (tion) thus increases from 0.02 to about

0.40 (Fig. 3(b) and Fig. 4(b)). The dependence and the abso-

lute values are consistent with the literature.27)

The chemical capacitance (Cchem, Eq. 7) (Fig. 3(c)) and

therefrom derived chemical diffusion coefficient (Dchem,

Eq. 8) (Fig. 3(d)) exhibit a slight minimum/maximum,

respectively. For the generalized transmission line model

the effective chemical capacitance Qchem can be estimated

according to Eq. 13; the results are not significantly differ-

ent from Cchem, which may be considered consistent with the

small non-ideality represented by α values close to the ideal
value of 1. Due to the large ionic disorder, Cchem in Eq. 7

becomes proportional to the concentration of the electronic

species, ceon, which represents both defect electrons and

holes. They are proportional to aAg and , respectively.

The electronic conductivity indicated in Fig. 3(a) and in

Fig. 4(a) can be essentially ascribed to the contribution by

the defect electrons, since the electron mobility in Ag2S is

known to be higher than the hole mobility by two orders of

magnitude.27) Therefore, the minimum point in Cchem corre-

sponds to the stoichiometric point, as suggested by the

dashed lines. (They represent the results from the ion-block-

ing cell discussed later). However the dependence is far less

than expected. The behavior may be explained by the extra

chemical storage contribution in the material working inde-

pendently of the global polarization due to the electrode con-

dition. The grain boundary area in the polycrystalline

specimen in the present work can be an additional source

for the variation of the silver stoichiometry. The large, cor-

related real and imaginary fit residuals of the transmission

line models, DX15 and DX19, compared to the KK residuals

in the spectra in Figs. 2(a) to (d), may be considered to indi-

cate the model inadequacy in describing the additional con-

tribution.

The stoichiometric point suggested by the minimum

appears to be somewhat lower than values reported in the

literature, which range between 120 mV and 150 mV.11,27)

The maximum point in the chemical diffusivity Dchem shifts

to a further lower value due to the resistance factor when

estimated according to Eq. 8. Since the values are derived

from Cchem, the results are characterized by a much less pro-

nounced peak than previously reported.26)

The fit parameter most affected by the generalization

appears to be  in Fig. 4(e), as compared to Fig. 3(e). The

guide line indicates the theoretical dependence according to

Eq. 9.  is proportional to  and thus to . Note

that the missing data points compared with other parame-

ters are below the lower boundary of the graph and are

associated with large errors, as indicated in Fig. 3(f) and

Fig. 4(f). In contrast to the analysis by the ideal Jamnik-

Maier model (DX-15),  can be estimated for an EMF

range between 80 and 130 mV with reasonable error (max.

17%), and the results follow the dependence of , as

clearly indicated by the lower EMF data by the DX-15

model in Fig. 3(e). It is also noted that the  estimation

for EMF 10 mV and 20 mV became poorer in view of the

increased errors and the deviation from  dependency.

The feature appears to be correlated with the Q element,

with a values 1.021 and 1.054 larger than the ideal value,

which results in negative real impedance. Although 

values with consistent EMF dependence can be reliably

obtained over a wider EMF range by employing the general-

ized transmission line model, the values remain far too

large, as discussed previously. The value is ca. 104 times the

value estimated using the electron concentrations of Ag2S.
9)

The behavior cannot be explained by the additional large

capacitance values indicated in the chemical capacitance.

The capacitance is likely dominated by the charge adsorp-

tion at the core of the interface, which also appears to be

proportional to .

It is generally true that an increased number of compo-

nents or variables in the model results in a better descrip-

tion of the overall spectra, which is also represented by

decreased fit residuals as representedin the bottom graphs

of Fig. 2. This is also the principle of the numerical Kram-

ers-Kronig test, namely, employing many resistor-capacitor

or other KK-compliant components to simulate the spectra

as well as possible28) and thus to show the KK validation of

the measured impedance spectra. With regard to the

parameter estimation, however, the components with

slightly different relaxation times are subject to large statis-

tical errors and the physical significance of the parameters

becomes less clear. A similar situation may occur with the

generalization of the ideal capacitor elements to the CPEs of

the complex capacitance A(iω)α−1, which is allowed in the
DX-19 modelor the ‘Jamnik-Maier-Lai-Lee’ model. It should

aAg
1–

Ceon
⊥

Ceon
⊥

ceon aAg
1 2⁄

Ceon
⊥

aAg
1 2⁄

Ceon
⊥

aAg
1 2⁄

Ceon
⊥

aAg
1 2⁄
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be also noted that CPEs with α < 1 extend over a much

wider frequency range than combinations of the ideal R and

C elements. Therefore, the CPEs often powerfully describe

the overall complicated spectral feature, as also will be dem-

onstrated in the next section of the present work.

In an attempt to reduce the large fit residuals shown in

Fig. 2 an analysis has been carried out with the interfacial

capacitance  generalized to Q elements. It does not,

however, substantially improve the goodness of the fit, thus

indicating a different origin of the model discrepancy. In

fact, with a slight improvement in the fitting quality, the fit-

ted parameters with the generalized  become less reli-

able. In general, the CPE can apparently describe the

experimental spectra quite satisfactorily and often the

parameters A and α are found to be associated with small

errors. The two parameters, A and α, of the CPE are, how-
ever, often correlated with each other and also correlated

with other parameters in the model. The physicochemical

properties represented by the material parameters can be

obscured and the material parameters may become less

accurate, unless CPEs exhibit characteristic values from the

underlying mechanism. The analysis with the generalized

 as well as Cchem increases the errors of the fit parame-

ters, and a slight systematic tendency, as indicated in Fig. 3

and Fig. 4, is observed. The deteriorated quality in the 

for EMF 10 and 20 mV associated with α values larger than
1 for the generalized chemical capacitance may also be con-

sidered as an excessive generalization.

4.2. Pt|Ag
2
S|Pt ion-blocking cell

A counterpart configuration can be made using ion-block-

ing cell of Pt|Ag2S|Pt, which may be modeled with 

and  in Fig. 1(c). In principle, any metallic electrode

different from the components of the mixed conductors can

be used as ion-blocking electrodes. Platinum has been used

for silver chalcogenides in earlier experiments.10,13) Unlike

the ion-blocking electrode AgI, which can be practically used

only above 147oC at the high temperature superionic phase,

the electron-blocking electrodes are not limited in applica-

tion temperature, as demonstrated by Hebb.10) Yokota13)

reported the polarization/depolarization response for a

Pt|Ag2Te|Pt cell, which can be equivalently represented in

the frequency domain response. Ion-blocking electrodes

mostly have been applied for electronic conductivity mea-

surements in oxide ion electrolytes by the dc method.29,30)

Lai et al6) demonstrated the application of the Jamnik-

Maier model on ceria with mixed oxygen and electron con-

duction with Pt electrodes. However, no impedance spec-

troscopy for the classical Pt|Ag2X|Pt cell for the mixed

conducting silver chalcogenides Ag2X has been reportedyet.

Therefore, the results displayed in Fig. 5 may be the first

report of its kind.

From the mixed conduction characteristics shown above

in the electron-blocking electrode condition, a large varia-

tion of the dc limit corresponding to the variation in Reon

with silver activity is expected, which is also qualitatively

illustrated in Fig. 5. However, the absolute conductivity val-

ues and the silver activity dependence appear not to be in

good agreement. In fact, the description or modelling of the

complicated spectral feature, as indicated in the insets of

Fig. 5, appears to be a formidable task if not impossible.

Even the full generalization of  as well as Cchem to Q ele-

ments resulted in a far too unsatisfactory description. A

strongly non-ideal Warburg-like impedance character is

indicated for some of the highest EMF cases, as shown in

Figs. 5(e) and (f) for EMF 120 mV and 140 mV, respectively,

but the low frequency limits tend to curl inside, leading to a

substantially smaller dc limit value. The behavior is in con-

trast to the behavior of the electron-blocking cell, where the

cell tends to become disconnected and thus strongly resis-

tive unless the interfaces are brought into stable mechani-

cal contact. In spite of the highly non-trivial spectral

feature, the Kramers-Kronig residuals in the bottom graphs

indicate the validity of the impedance data for the model

analysis. (As in the electron-blocking cell, the quality of the

spectra around 1 MHz are adversely affected by instrumen-

tal artefacts).

Some characteristic spectral features can be noted for the

model development. First, the Warburg impedance at the

low frequency range, although the magnitude of the imped-

ance is small and hardly distinguishable for low EMF val-

ues, is far from the ideal behavior; generalization of Cchem to

Qchem by the DX-19 model hence appears essential. The low

frequency curling behavior cannot be described by the

present model and thus the concerned low frequency data

should not be included for the analysis. Second, an addi-

tional impedance contribution appears to be located in the

intermediate frequency range between high frequency bulk

and low frequency Warburg impedance, as indicated in

Figs. 5(c) to (f). The contribution may be considered as a

charge transfer impedance, which may be modeled by a sep-

arate RC or RQ parallel circuit.15-17,25) It should be noted that

 is not the charge transfer resistance at the interface

but may represent the degree of blocking. Charge transfer

impedance may be modeled as an extra component for the

ideally blocking  and ideally permissive 

electrode condition. Third, the dc limit, especially for the

high EMF data, is substantially smaller than the expected

by the electronic conductivity, even without consideration of

the curling behavior. The curling phenomena may be attrib-

uted to incomplete blocking of the Pt electrodes, as Ag can

locally accumulate and possibly create a solid solution with

Pt to some extent. However, the incomplete blocking should

notaffect the high frequency bulk impedance. From the

spectra in Figs. 5(e) and (f), where the bulk response and

the Warburg response are distinguished, it can be shown

that the bulk response is reduced in similar proportion. The

behavior may be modeled by a conduction path in parallel to

the sample response. If the sample response is constituted

by two individual resistors in series with the respective

capacitive effects, the original resistor components could not

be deconvoluted when short-circuiting occurs. However,

Ceon
⊥

Ceon
⊥

Ceon
⊥

Ceon
⊥

Rion
⊥ ∞=

Reon
⊥

0=

Cion
⊥

Reon
⊥

Rion
⊥ ∞= Reon

⊥
0=
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according to the transmission line model, the high fre-

quency and low frequency components are related as

Rbulk = (1/Rion + 1/Reon)
−1 and Rdc − Rbulk= Reon − (1/Rion + 1/

Reon)
−1 and the shunt capacitance cannot be attributed to the

lower frequency impedance component only.

Indeed, modelling of the parallel resistor to the transmis-

sion line model turned out to be a breakthrough and the

experimental spectra could indeed be reasonably described.

The nature of the short-circuiting path within the sample

should be clarified. It may comprise grain boundaries in the

polycrystalline Ag2S sample, which may have different

defect concentration and non-stoichiometry. On the other

hand, appreciable short-circuiting boundary effects are not

seen in the more ideally behaving spectra under the elec-

tron-blocking condition in Fig. 2. It is also suggested in the

previous section that such inhomogeneous areas or regions,

if not active as overall short-circuiting paths, may be

responsible for the extra chemical capacitance effects

observed in the electron-blocking condition shown in

Fig. 3(c) or Fig. 4(c). It is conceivable that internal bound-

aries connected in three dimensions, as in a brick-layer

model, can be conductive or capacitive depending on the

transport species and terminal condition.31)

It is thus also physically plausible to model the short-cir-

cuiting path as a CPE, indicated as Qleak in Fig. 1(c), rather

than as a pure resistor element. With α of zero, the Q ele-

Fig. 5. Impedance spectra of Pt|Ag
2
S|Pt with EMF of the galvanic cell of 10, 30, 60, 90, 120, and 140 mV. The lines indicate the

simulation according to the fit results using the generalized equivalent circuit in Fig. 1 (DX15) and with chemical capacitors
replaced by Q

chem
 (DX19) and additional Q

leak
 with α close to zero. The simulated curves with the Q

leak
 subtracted indicate the

spectral feature originally expected from the cell construction. In the simulated curves the inductor elements were subtracted.
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ment with admittance A (iω)α is a resistor element. The fit

result of Qleak shown in Fig. 6(g) indicates leak resistance or

conductance proportional to that of the sample. α values are
close to zero, but can be as large as 0.2. Additional generali-

zation of  to the Q element or modelling extra charge

transfer impedance was found to be excessive. The imped-

ance contribution in the middle frequency range, indicated

by arrows in Fig. 5, is shown to be successfully described by

a non-zero  of ca. 10 Ω or 0.25 Ω cm2, as shown in

Fig. 6(f). The contribution in the impedance spectra in Fig. 5

is twice the value due to the symmetric electrode condition,

Fig. 1(c) and normalized with respect to the sample geome-

try, corresponding to 2 × 0.17 Ω cm. The values can be iden-

tified in the insets of the calculated spectra in Fig. 5(a), (b),

(c) and (d) for low EMF values. It should be noted, however,

thatthis value in the the measured impedance spectrais fur-

ther reduced due to the short-circuiting and thus corre-

spondingly changed.

The triumph of this modelling approach is shown in the

parameter estimation in Figs. 6(a), (b), (c), (d), and (e). Par-

tial conductivities, chemical capacitance, chemical diffusiv-

ity, and interfacial capacitance ascribed to the ionic charge

carriers are consistent with the material properties,

although associated with rather large errors. The partial

conductivities shown in Fig. 6(a) are relatively consistent

with those obtained from the electron-blocking cell in

Fig. 3(a) or Fig. 4(a). This is clearly shown by the simulated

curves in Fig. 5 with Qleak subtracted. Substantial deviation

(as much as 0.7) of α of the chemical capacitance or Qchem is

indicated for the low EMF case in Fig. 6(c). The effective

chemical capacitance value now clearly indicates the theo-

retical aAg and  dependence with a well-defined mini-

mum around 90~110 mV. The chemical diffusivity Dchem

derived therefrom thus exhibits a sharper maximum close

to the peaked behavior reported in the literature.26) The

large and constant  is also consistent with the large

ionic disorder in the material.

5 Conclusion

The generalized equivalent circuit model for mixed con-

ductors with semi-blocking electrodes suggested by Jamnik

and Maier can be expanded for the practical analysis of the

so-called ‘generalized Warburg impedance’ by replacing the

ideal capacitor elements in the RC transmission line model

with constant phase elements (CPEs) having complex

capacitance A(iω)α−1. The expansion has been recently
implemented as the Jamnik-Maier-Lai-Lee Model (DX19) in

the commercial program Zview and applied to a model

mixed conductor Ag2S both in an electronically and ion-

blocking configuration, i.e., Ag|AgI|Ag2S|AgI|Ag and

Pt|Ag2S|Pt. The electrochemical cell with electron-blocking

AgI electrodes exhibited almost an ideal Warburg feature

with correct partial conductivity values and a slight differ-

enceresultedfrom the generalization of the shunt capacitors

for the chemical capacitance by CPEs. The chemical capaci-

tance values were, however, too large and did not show the

expected silver activity dependence. On the other hand, the

impedance response of the ion-blocking Pt|Ag2S|Pt cell, the

first report ofits kind, turned out to be extremely non-triv-

ial. Modelling a leakage circuit to the generalized transmis-

sion line model with shunt CPEs was found to provide an

adequate description of the spectral features and a consis-

tent set of material parameters was also successfully decon-

voluted. It is suggested that the internal boundaries with

extra chemical storage in Ag2S may be the origin of the

unusually high chemical capacitance in the electron-block-

ing configuration and the presence of the short-circuiting

path in the ion-blocking configuration.
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