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Mass transport in a polypyrrole (PPy) film is rather complex. Ion
transport is not permselective; some solvent transport is independent
of ion transport, and ion and solvent transport are time-dependent
and potential-dependent.1-6 The change of two values (mass and
charge) is obtained during the redox reaction of a film from the tran-
sient techniques such as cyclic voltammetry and electrochemical
quartz crystal microbalance (EQCM),7,8 whereas three species
(anion, cation, and solvent) are involved in mass change. Accord-
ingly, the simple comparison between mass and charge does not give
exact information on mass transport behavior. 

The electrochemical impedance technique9-11 has been used to
obtain valuable physical values, especially an apparent diffusion co-
efficient in a film. The analytical equation for charge transport im-
pedance has been proposed in case both cations and anions take part
in ion transport.12-15 However, there is a limit to estimating the dif-
fusion coefficients and the contributions of an anion and a cation by
fitting impedance data to the equation because the actual charge
transport process is more complex. Thus, it is necessary to obtain a
more refined equation or utilize additional information such as elec-
trogravimetric impedance16-20 data.

Two kinds of solvent transport are possible: the solvent transport
independent of ion transport and the solvent transport accompanying
ion transport.5 The first one does not affect the electrogravimetric
impedance data obtained in the steady state, whereas the effect of the
second one appears in the electrogravimetric impedance data. The
solvent transport accompanying ion transport makes it difficult to fit
the impedance data. On the other hand, if the diffusion coefficient of
an ion is equal to that of an accompanying solvent,21 the ion and
accompanying solvent transport is regarded as the movement of a
solvated ion, and three kinds of mass transport are simplified into
two kinds of transport (the solvated cation transport and the solvat-
ed anion transport). It is possible to calculate the diffusion coeffi-
cient and the contribution of a solvated cation and a solvated anion
by fitting both electrochemical and electrogravimetric impedance
data to the known analytical equation.12-15 However, the complexity
of the equation makes it difficult to fit both data simultaneously. 

Generally, ion transport is coupled with electron transport. More-
over, cation transport is coupled with anion transport.12-15 If the dif-
fusion coefficient of an electron is much larger or smaller than that
of a cation and an anion, electron transport is independent of ion
transport and also cation transport is independent of anion transport.
Thus, the charge transport impedance is divided into the impedance
for a solvated cation and the impedance for a solvated anion. Two
values (the impedance data for a cation and the impedance data for
an anion) can be calculated from two pieces of experimental data

(the electrochemical impedance data and the electrogravimetric
impedance data). Then, the diffusion coefficient and the contribution
of an anion and a cation are obtained by fitting each piece of calcu-
lated impedance data to a simple finite diffusion equation. 

In many cases, only one kind of electron transport is considered
in the impedance models for polymer films. In polypyrrole films,
two distinct electron transports are present.21-25 The presence of two
semicircles in the electrochemical capacitance plot is due to the pres-
ence of two kinds of electron transport.21,26 We named the charge
transport process related to fast electron transport the fast charge
transport process, and named the process related to slow electron
transport the slow charge transport process. If the fast charge trans-
port process is much faster than the slow one, the fast charge trans-
port is independent of the slow one. The charge transport impedance
can be divided into the impedance for the fast charge transport im-
pedance and the impedance for the slow one. Thus, the diffusion
coefficient and contribution of a solvated anion and a solvated cation
in each charge transport process can be calculated separately. 

If the ion transport behavior in the fast charge transport process
is different from that in the slow one, the overall ion transport behav-
ior during the redox reaction of a film is time-dependent and is not
ion-specific. Thus, it is important to know whether the slow charge
transport process is present and also to reveal exactly the ion trans-
port behavior in the slow charge transport process. In our previous
report, anion transport is considerable in the slow charge transport
process of polypyrrole/poly(styrenesulfonate) films while cation
transport is dominant in the fast charge transport process.21

In polypyrrole/nitrate (PPy/NO3) films, anion transport is domi-
nant in the fast charge transport process.6 However, the ion transport
behavior of PPy/NO3 films in the slow charge transport process is
not elucidated yet. It is known that OH2 transport besides anion
transport is considerable during the redox reaction of PPy/NO3
films.6,27,28 Thus, three kinds of ions (cation and anion of an elec-
trolyte, and OH2) seem to be possible in ion transport. In this study,
the ion transport behavior of PPy/NO3 films has been investigated
from the cyclic EQCM experiments and the electrochemical/electro-
gravimetric impedance experiments. We are able to obtain approxi-
mately the relative contributions and relative apparent diffusion co-
efficients of three ions in the slow as well as the fast charge transport
process by assuming that the diffusion coefficient of electrolytic
anion is similar to that of OH2. 

Experimental
Chemicals, electrochemistry, and mass sensitivity.—Pyrrole,

CsNO3, Ca(NO3)2, and LiNO3 were purchased from Aldrich and
used as received. Doubly distilled water was used for the preparation
of all solutions. An electrochemical cell and electrodes used in this
study were the same as those reported previously.5 All potentials are
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reported relative to Ag/AgCl. PPy/NO3 films were grown at 0.55 V
in a solution of 0.1 M pyrrole and 1 M LiNO3. The film thickness is
estimated by assuming that 300 mC cm22 corresponds approxi-
mately to 1 mm with consideration of the reported value.22 The ex-
posed electrode area is 0.319 cm2, and the calibrated mass sensitiv-
ity is 4.42 ng Hz21. 5

We previously reported that the comparison of the maximum
conductance frequency of a quartz crystal with its resonant frequen-
cy verifies whether the Sauerbrey equation can be applied.5 In this
experiment, there was no significant difference between two fre-
quency changes. Thus, the mass change in the gravimetric experi-
ment was calculated from the resonant frequency without consider-
ation of the morphology change of a film.

Instrumentation.—The schematic diagram of the experimental
setup is shown in Fig. 1. The oscillator circuit is based on the circuit
described by Buttry.8 Two resonant signals from reference and work-
ing oscillators are mixed in the differential frequency generator con-
taining the low-pass filter. This generator produces the signal whose
frequency corresponds to the difference between two resonant fre-
quencies. The frequency is calculated by counting the pulse number
of 10 MHz TCXO per one period. In the previous electrogravimet-
ric impedance technique, it was measured by use of a frequency-to-
voltage converter.29 The stable oscillation is checked by oscilloscope
(CS-5276, Kenwood, Japan) and frequency counter (FC-2015, Gold-
star, Korea) before the gravimetric experiment. 

To smooth the computer synthesized input signal and to cut out
the aliasing effect30 of the output signal, low-pass filters are used in
the ac generator. To minimize noise coupling through the power sys-
tem, an inductor-capacitor decoupling network is connected to each
power terminal.31 The potentiostat, galvanostat, and ac generator are
controlled by the data acquisition board (HSDAS-16, Analogic, MA)
and digital input/output (I/O) board (PCL-720, Adventec, Taiwan)
that are connected to a 486-PC. All systems are controlled by com-
puter programs written in C language (Microsoft C optimizing com-
piler, version 6.0).

Data treatment.—The treatment of impedance data is based on
the fast Fourier transform (FFT) algorithm.30 Unlike previous FFT
impedance methods,32,33 the impedance data are obtained only in a
frequency range of two decades. Actually, the impedance data is
obtained successively in two or three such frequency ranges. The
perturbation signal is composed of a computer programmed sum of
12 sine signals that have less than 20 mV amplitude and random
phase angle. Time-domain data for electrical and gravimetric re-
sponses are simultaneously obtained by measuring current and fre-
quency difference periodically. 

Three kinds of frequency ranges (272-4 Hz, 2.72 Hz-40 mHz,
and 272-4 mHz) can be chosen in this apparatus. The time-domain
data set is composed of 8 K data. To generate a perturbation signal

that is almost a continuous sine wave, many pieces of input data (128
K D/A data) are used. Those are much more than the output data (8
K A/D data). During impedance measurement, the slow drift of res-
onant frequency varying with time makes it difficult to obtain the
exact electrogravimetric impedance in the low frequency region,
leading to erroneous impedance data. To minimize this error, the
Hanning window function is used during FFT impedance analy-
sis.34,35 To confirm the linearity of the impedance response, the fre-
quency-domain spectrum of perturbation voltage was compared with
that of the current or mass change.36 The measured time-domain
data can be averaged several times. 

Electrochemical impedance data are fitted to the complex non-
linear least-squares (CNLS) fitting program. The CNLS program
used in this work is the LEVM program (Scribner, VA).

Results and Discussion

Equivalent circuits and data treatment.—Generally, the imped-
ance data are fitted to the analytical solution or equivalent circuit to
obtain physical values. However, it is not easy to calculate exact
physical values with only the electrochemical impedance data when
the charge transport process in a film consists of more than two kinds
of ion transports and electron transport. It is also difficult to calcu-
late physical values by fitting simultaneously both electrochemical
and electrogravimetric impedance data to the known analytical equa-
tion because of the complexity of the equation. In this study, the
electrochemical and electrogravimetric impedance data correspond-
ing to each ion transport have been split first, and then each piece of
impedance data has been fitted to the simplified equivalent circuit.
Several assumptions have been used in this study

1. The slow charge transport is independent of the fast one
2. Electron transport in the fast charge transport process is much

faster than ion transport
3. Electron transport in the slow charge transport process is much

slower than ion transport

Figure 1. Schematic diagram of the apparatus for the EQCM technique and
electrochemical/electogravimetric impedance technique.

Figure 2. (a) Equivalent circuit for an electrode/polymer film/electrolyte sys-
tem: Rs, the solution resistance; Rct, the charge transfer resistance; Cd, the
double-layer capacitance; Z9, the charge transport impedance in a film. (b)
Equivalent circuit in case that Rct and Cd are negligible. (c, d, e, f) Charge
transport impedance in a film when three kinds of ion take part in the fast and
the slow charge transport process. (g) Simplified charge transport imped-
cance when the apparent diffusion coefficients of two ions are equal. (h)
Equivalent circuit used in fitting the data.
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4. The diffusion coefficient of an accompanying solvent is simi-
lar to an ion

5. The diffusion coefficients of two anions are similar. 
The equivalent circuit for electrode/polymer film/electrolyte sys-

tems is shown in Fig. 2a. Z9 is the charge transport impedance in
polymer films. In the beginning of impedance studies for polymer
films, Z9 was represented as the equivalent circuit Fig. 3a (ZD) by Ho
et al.37 and by Glarum et al.38 This circuit was originally developed
to describe a finite diffusion process of redox active species in a
solution containing concentrated supporting electrolyte. According-
ly, the circuit does not represent well the charge transport impedance
when ion transport and electron transport are coupled. 

Albery et al.10 considered the film as two spatially separated
phases (electron conducting phase and ion conducting phase), and
assumed that the change in electron and ion concentrations is small
as compared with electron and ion concentrations inside a film. In
their transmission line model, Z9 is represented as the circuit of
Fig. 3b and the mathematical form of Z9 is given by

[1]
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RD (the charge transport resistance in a film) is the sum of RDe (the
electronic resistance in a film) and RDi (the ionic resistance in a
film), CD is the redox capacitance in a film, j is !w21, and v is an
angular frequency. If RDe and RDi are very unequal and then r
approaches 0, Z9 is simplified as follows

[3]

where RD is approximately equal to RDe or RDi. When electron trans-
port is much slower than ion transport, RD is equal to RDe (Fig. 3c).
In contrast, when ion transport is much slower than electron trans-
port, RD is equal to RDi (Fig. 3d). Vorotyntsev et al.39 and Mathias
et al.40,41 took into account nonequilibrium charge transfer across
the electrode/polymer film interface and the polymer film/electrolyte
interface and obtained a more refined analytical equation. Its fre-
quency dependence is very similar to Eq. 1.

To obtain the charge transport impedance when an electron and
two kinds of ions take part in charge transport, a new equivalent cir-
cuit using the transmission line model was introduced by Albery
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Figure 3. (a) Finite diffusion impedance of
redox active species in a solution contain-
ing concentrated supporting electrolyte.
(b) Finite diffusion impedance in a poly-
mer film in the case that electron transport
and ion transport are coupled; RD, the
charge transport resistance in a film (RD 5
RDe 1 RDi); RDe, the electronic resistance
in a film; RDi, the ionic resistance in a film;
CD, the redox capacitance in a film; (c)
impedeance when electron transport is
much slower than ion transport (RD 5 RDe)
and (d) impedance when ion transport is
much slower than electron transport (RD 5
RDi); (e) finite diffusion impedance in a
polymer film in the case that both cation
transport and anion transport are present;
(f, h) impedance when electron transport is
much slower than ion transport and (g, i)
impedeanc when ion transport is much
slower than electron transport; (j) finite
diffusion impedance in the case that two
kinds of electron transport are present; (k)
impedance when electron transport is
much faster than ion transport in the fast
charge transport process and electron
transport is much slower than ion transport
in the slow charge transport process.
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et al.13-15 Recently, Láng et al.12 obtained an approximate analytical
solution for this complex case, which was based on Vorotyntsev’s
approach.39 However, it is not easy to use the equation in fitting the
impedance data because of its complexity. If Albery’s approach is
used and if electron resistance is independent of the type of ion, the
equivalent circuit can be represented by Fig. 3e. Moreover, if elec-
tron transport is much slower than ion transport, the equivalent cir-
cuit is represented by Fig. 3f. Finally, the circuit becomes the same
as a simple ZD (Fig. 3h). In contrast, if electron transport is much
faster than ion transport, the circuit is transformed into Fig. 3g. The
circuit is the same as the parallel connection of two ZD (Fig. 3i).

It has been shown that two semicircles are present in the electro-
chemical capacitance plot for PPy films.21-25 The presence of two
separated semicircles cannot be explained just by two kinds of ion
transport because the RC time for the semicircle in the high fre-
quency region is 104 times smaller than that in the slow frequency
region.21 The presence of two semicircles is due to different kinds of
electron transport.21,26 It is known that ion transport is much slower
than electron transport in the fast charge transport process of PPy
films.21 Finally, it was concluded that ion transport is much faster
than electron transport in the slow charge transport process whereas
electron transport in the slow charge transport process is much slow-
er than ion transport. Considering that the RC time for the fast charge
transport process is 104 times smaller than that for the slow one, the
slow charge transport process can be assumed to be independent of
the fast charge transport process. Thus, the equivalent circuit is rep-
resented as the parallel connection of the fast charge transport
impedance (Zf) and the slow charge transport impedance (Zs)
(Fig. 2c). If each charge transport process consists of two kinds of
ion transport, Z9 is represented by Fig. 3j. The circuit is simplified
into the parallel connection of three ZD (Fig. 3k), because ion trans-
port is much faster than electron transport in the slow charge trans-
port process whereas electron transport in the slow charge transport
process is much slower than ion transport. 

In the same way, Z9 is represented by Fig. 2d when three kinds of
ions take part in charge transport. Zf is composed of ZD1f, ZD21f, and
ZD22f (1/Zf 5 1/ZD1f 1 1/ZD21f 1 1/ZD22f), and Zs consists of only
ZDs. The subscripts “1” and “2” represent cations and anions, re-
spectively, and 1 and 2 represent two different anions. Though the
slow charge transport process is kinetically limited by electron trans-
port, electron transport occurs simultaneously with ion transport.
Moreover, three kinds of ion transport are also possible in the slow
charge transport process. Thus, Zs can be divided into ZD1s, ZD21s,
and ZD22s connected parallel (1/Zs 5 1/ZD1s 1 1/ZD21s 1 1/ZD22s),
where (RD1sCD1s) 5 (RD21sCD21s) 5 (RD22sCD22s) 5 (RDsCDs,
CD1s 1 CD21s 1 CD22s) 5 CDs, and (1/RD1s 1 1/RD21s 1
1/RD22s) 5 1/RDs. Figure 2e is transformed into Fig. 2f. Assuming
that RD21fCD21f is equal to RD22fCD22f, and ZD21f, ZD22f can be
transformed into ZD2f (1/ZD21f 1 1/ZD22f 5 1/ZD2f), where
CD21f 1 CD22f 5 CD2f, and 1/RD21f 1 1/RD22f 5 1/RD2f. In the
slow charge transport process, ZD21s and ZD22s can also be trans-
formed into ZD2s (1/ZD21s 1 1/ZD22s 5 1/ZD2s) because
RD21sCD21s is originally the same as RD22sCD22s. This means that,
when the diffusion coefficient of an electron is much larger or small-
er than that of a cation and an anion, the impedance for a cation and
the impedance for an anion can be treated independently. Finally, the
approximate equivalent circuit for Z9 is represented by Fig. 2g.

When one cation and two anions take part in ion transport, the
relation between mass change (DM) and charge change (DQ)5,21 is
as follows 

[4]

where

W9 5 W 1 YWs [5] 

In the above equations, W9 is the molar mass of an ion and accom-
panying solvents (the apparent molar mass of an ion), z is the elec-
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tric charge of an ion, F is the faradaic constant, W is the molar mass
of an ion, Y is the number of accompanying solvents per ion, and Ws
is the molar mass of a solvent. 

If the charge transfer resistance (Rct) and the double layer capac-
itance (Cd) are negligible, the equivalent circuit of Fig. 2a is simpli-
fied into the circuit in which Z9 and the solution resistance (Rs) are
connected serially (Fig. 2b). Actually, Rct in many PPy films is small,
and Cd is very small as compared with CD. It was shown that, when
only one kind of ion takes part in ion transport, the (DQ/DE) data can
be compared with the (DM/DE) data without consideration of Rs.

5,6

But, when more than two kinds of ion transport take place, the influ-
ence of Rs on the (DQ/DE) and (DM/DE) data must be excluded.20,21

When Cd is negligible, the charge change due to faradaic process
(DQ f) is equal to DQ and the mass change due to faradaic process
(DM f) is equal to DM. As shown in Fig. 2b, the ratio of the faradaic
potential (DE f) to the applied potential (DE) is equal to (Z 2 Rs)/Z,
where Z is (DE/DI). Thus, (DQf/DE f) and (DM f/DE f) are represent-
ed as follows

[6]

[7]

The faradaic electrochemical capacitance of a cation (DQ f
1/DE f) and

the faradaic electrochemical capacitance of two anions (DQ f
21/DE f

and DQ f
22/DE f) have relations with (DQ f/DE f) and (DM f/DE f) as

follows

[8]

[9]

Similar relations were used in our previous paper when two kinds of
ion transport are present.21 On the other hand, Gabrielli et al. regard
the effect of solvent transport as an independent term in Eq. 16 of
their paper.20 As a result, they cannot separate the contributions of a
cation and an anion, and they can only judge the presence of cation,
anion, or solvent transport. There is a possibility that the diffusion
coefficient of a solvent in a film is different from that of an ion. In
our previous papers,5 the semicircle and all capacitance data in the
normalized electrochemical capacitance plot coincide well with the
semicircle and all corresponding data in the electrogravimetric
capacitance plot even though the number of accompanying waters
per cation or anion is considerable. If the diffusion coefficient of a
solvent were even two times larger or smaller than that of an ion, the
two semicircles and both sets of two corresponding data would not
coincide well. Thus, it was assumed that the diffusion coefficient of
an accompanying solvent is equal to that of an ion. There is also a
possibility that the number of accompanying waters per ion varies
with the frequency. In this case, W91, W921, and W922 are not constants.
In Fig. 6 of our previous report,5 the electrogravimetric capacitance
plot coincides well with the normalized electrochemical capacitance
plot in all frequency ranges even though the numbers of accompa-
nying waters per ion are large. It indicates that the number of accom-
panying waters per ion does not vary with the frequency. Thus, we
regard W91, W921, and W922 as constants. However, it is impossible to
obtain three unknown values (DQ f

1/DE f, DQf
21/DE f, and DQ f

22/DE f)
from two known values (DQf/DE f and DM f/DE f) by solving only
two equations (Eq. 8 and 9). Thus, it is required to reduce one
unknown value.
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In Fig. 2g, the equivalent circuit is simplified if RD21fCD21f is
equal to RD22fCD22f. When RD21fCD21f is equal to RD22fCD22f and
RD21sCD21s is equal to RD22sCD22s, the frequency dependence of
(DQf

21/DE f) is equal to that of (DQ f
22/DE f), and the frequency

dependence of (DM f
21/DE f) is equal to that of (DM f

22/DE f). In this
case, (DQf

21/DE f) and (DQ f
22/DE f) can be summed, and

(DM f
21/DE f) and (DM f

22/DE f) can be summed as follows 

[10]

[11]

Thus, two different anions can be regarded as one kind of anion
whose charge is 21 and whose apparent molar mass is W92. Equa-
tions 8 and 9 are simplified as follows

[12]
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Because the frequency dependence of (DQf
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2/DE f) and (DQ f
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2/DE f),

where x is between 0 and 1. From Eq. 14, W92 is represented as
follows
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x and 1 2 x correspond to the contributions of anion 1 and 2, respec-
tively, to anion transport. If W92 is known, the (DQ f
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Figure 4 is the flow diagram that shows how to obtain the
(DQ f

1/DE f) and (DQf
2/DE f) data from the experimental (DQ/DE)

and (DM/DE) data. In the first step, the influence of Rs is excluded.
The (DQf/DE f) and (DM f/DE f) data are obtained from the (DQ/DE)
and (DM/DE) data, respectively. And then, the (DQ f

1/DE f ),
(DQf

2/DE f), (DM f
1/DE f), and (DM f

2/DE f) data are calculated from
the (DQf/DE f) and (DM f/DE f) data. When an anion and a cation take
part in both slow and fast charge transport processes, the frequency
behavior of the (DM/DE) data (Fig. 4c) is very complex and the
(DQ/DE) plot of Fig. 4b has two semicircles. The presence of two
semicircles from the (DM f

1/DE f) and (DM f
2/DE f) data can be easily

observed in the third and the first quadrant, respectively, of the
(DM f/DE f) plot (Fig. 4i). In Fig. 4h, the comparison of the sizes of
semicircles (CD1f, CD1s, CD2f, and CD2s) gives information on the
relative contributions of anion and cation to ion transport in the fast
and the slow charge transport process. 

Cyclic voltammetry and capacitance plot in 0.5 M Ca(NO3)2.—A
cyclic voltammogram and a mass change rate diagram for PPy/NO3
films in a 0.5 M Ca(NO3)2 solution are shown in Fig. 5a. To com-
pare mass change rate (G 5 dM/dt) with current (I ), G is normalized
by the factor 2(zF/W9), i.e., Gn 5 2(zF/W9)G. Assuming NO3

2-spe-
cific ion transport, G is normalized without consideration of water
transport (W9 5 WNO3

2). Gn is smaller than I in an overall potential
range. It was shown in the previous paper that it is due to the pres-
ence of OH2 transport.6

To investigate the ion transport behavior in the slow charge trans-
port process, the (DQ/DE) and (DM/DE) data at 20.1 V are obtained
in the frequency range from 2.7 Hz to 4 mHz (Fig. 6a and b). Fig-
ure 6c is a (DQ f/DE f) plot, and Fig. 6d is a (DM f/DE f) plot. The
(DQ f/DE f) data are the partial part of two semicircles. The semicir-
cle in the higher frequency region is related to the fast charge trans-
port process, whereas the semicircle in the lower frequency region is
related to the slow charge transport process. It seems that the
(DM f/DE f) plot (Fig. 6d) is similar to the behavior when anion trans-
port is much faster than cation transport.21 The (DM f/DE f) data
appear across the first and the fourth quadrant. If ion transport were
anion-specific, the (DM f/DE f) data would appear in the first quadrant
only. It is evident that the ion transport behavior in the slow charge
transport behavior is quite different from that in the fast one and that
cation transport is considerable. Consequently, it is evident that three
kinds of ion (Ca21, NO3

2, and OH2) take part in ion transport. 
It is shown in the previous section that the charge transport im-

pedance is represented by Fig. 2f when two kinds of anion and one
kind of cation take part in ion transport and when the redox reaction
consists of the slow and the fast charge transport processes. The dif-
fusion coefficient of an ion is inversely proportional to RDCD.21 If the
diffusion coefficient of NO3

] is equal to that of OH2 (RD21fCD21f 5
RD22fCD22f), the equivalent circuit for Z9 can be represented by
Fig. 2g. In Fig. 5 of a previous paper,6 the semicircle of the normal-
ized (DQ/DE) plot was adjusted to that of the (DM/DE) plot, and
every two sets of data of the two semicircles coincides well. If the

Figure 4. Flow diagram that shows how to obtain the (DQf
21/DE f) and

(DQ f
22/DE f) data from the experimental (DQ/DE) and (DM/DE) data.

Figure 5. Cyclic voltammograms (I vs. E, ???) and normalized mass change
rate diagrams (Gn vs. E, —) (scan rate 5 10 mV s21, film thickness 5 1.0
mm) for PPy/NO3 films in (a) 0.5 M Ca(NO3)2 and (b) 1.0 M CsNO3 (W9 5
WNO3

2 5 62.0).
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diffusion coefficient of NO3
2 were quite different from that of OH2,

the data would not coincide well. It indicates that the diffusion coef-
ficient of NO3

2 is similar to that of OH2. Thus, the faradaic electro-
chemical capacitance of a cation (DQf

1/DE f) and the faradaic elec-
trochemical capacitance of anions (DQf

2/DE f) can be obtained by
use of Eq. 12 and 13. However, W91 and W92 must be known. W92 can
be calculated by adjusting the normalized 2(W92/zF)(DQ/DE) plot to
the (DM/DE) plot in the frequency region where the fast charge
transport process is dominant, if only OH2 and NO3

2 transport take
place in the fast charge transport process. In Fig. 5 of our previous
paper,6 W92 obtained at 20.1 V in a 0.5 M Ca(NO3)2 solution is 31.
In this case, the film thickness is 1 mm where the fast charge trans-

port process is dominant from 2.72-0.04 Hz. It seems that 31 is sim-
ilar to the value when the slow charge transport process is not pre-
sent. Thus, W92 is regarded as 31. Though the exact value of W91 for
Ca21 is not known, it seems that W91 is much larger than WCa21

because of accompanying waters. By considering the previous result
that the number of accompanying waters per Mg21 is 2.2,8 W91 for
Ca21 is regarded as 70 or 100. The calculated (DQf

1/DE f) and
(DQf

2/DE f) data of Fig. 6c, e, and f were obtained by use of W91 (70).
The (DQf

1/DE f) plot (Fig. 6e) consists of one semicircle, whereas the
(DQf

2/DE f) plot (Fig. 6f) consists of two semicircles. In case of W91
(100), the (DQf

1/DE f) and (DQf
2/DE f) plots also show similar behav-

ior. The semicircle of the (DQf
1/DE f) plot has a little shift from the

origin. It seems to be due to a little difference between the used W92
value and the real value. The difference does not give significant
error to the (DQf

1/DE f) and (DQf
2/DE f) data. However, it is difficult

to fit the (DQf
1/DE f) data to the circuit consisting of only ZD1s. Thus,

the (DQf
1/DE f) data must be fitted to the circuit in which ZD1s and

CD1f are connected in parallel. Actually, the equivalent circuit of
Fig. 2h is used as Z9 in this experiment. The values of fitted parame-
ters are shown in Table I. It is evident that cation transport is con-
siderable in the slow charge transport process. But, it is difficult to
verify whether anion transport is present in the slow charge transport
process even though the CD2s value is quite large because there are
several error sources, such as the use of the wrong W92 and W91 val-
ues. It is interesting to note that RD2fCD2f is approximately 103 or
104 times smaller than RD1sCD1s (Table I), indicating that the diffu-
sion coefficient of anions in the fast charge transport process is at
least 103 times larger than the apparent diffusion coefficient of Ca21

in the slow charge transport process. Consequently, in PPy/NO3
films, anion transport is dominant in the fast charge transport pro-
cess, whereas cation transport is considerable in the slow charge
transport process.

It was shown that cation transport is negligible in the cyclic
EQCM experiment.6 However, we can know from the impedance
experiments that cation transport is considerable in the slow charge
transport process. That is because, in the cyclic EQCM experiment,
the charge transport of relatively thick films is governed by the fast
charge transport process. 

Cyclic voltammetry in 1 M CsNO3 and capacitance plot in thin
films.—A cyclic voltammogram and mass change rate diagram in a
1.0 M CsNO3 solution are also shown in Fig. 5b. G is also normal-
ized by assuming NO3

2-specific ion transport (W9 5 WNO3
2). At

a more positive potential, Gn shows similar behavior with that in a
solution containing a divalent Ca21 (Fig. 5a). However, in a more
negative potential region, Gn is positive during the cathodic scan and
it is negative during the anodic scan. It means that the mass increas-
es during the cathodic scan and that it decreases during the anodic
scan. It indicates that Cs1 transport is considerable in the cyclic
EQCM experiment and that Cs1 transport increases as the applied
potential decreases. 

The frequency dependence of a semicircle in the (DQ/DE) plot is
related to the diffusion coefficient of an ion. The diffusion coeffi-
cient is proportional to l2/RDCD, where l is the film thickness.21 As l
decreases, RDCD decreases and the (DQ/DE) data in the given fre-
quency range are located more to the right side of an electrochemi-
cal semicircle. If two experimental conditions are identical except

Figure 6. (a) Electrochemical capacitance (DQ/DE) plot, electrogravimetric
(DM/DE) plot, (c, e, f) faradaic electrochemical capacitance (DQ f/DE f) plots,
and (d) faradaic electrograviemtric capacitance (DM f/DE f) plots at E 5
20.1 V for PPy/NO3 films (film thickness 5 0.5 mm) in 0.5 M Ca(NO3)2
(W 91 5 70 and W 92 5 31); (DQ f/DE f) and (DM f/DE f) (s), (DQ f/DE f) and
(DM f/DE f) (d), (DQ f

1/DE f) and (DM f
1/DE f) (n), (DQ f

2/DE f) and
(DM f

2/DE f) (,), simulated (DQ f
1

/DE f) (m), and simultaed (DQ f
2/DE f) (.).

Table I. Values of the parameters obtained by fitting the faradaic electrochemical capacitance (DQf/DE f) data of Fig. 6e and f in 0.5 M
Ca(NO3)2 to the equivalent circuit of Fig. 2h.

Cation Anion

W9
1

E Rs CD1f RD1fCD1f CD1s RD1sCD1s CD2f RD2fCD2f CD2s RD2sCD2s
(g mol21) (V) (V) (mF) (s) (mF) (s) (mF) (s) (mF) (s)

170 20.1 41 0.05 1.8 240 2.8 1.9 3 1021 1.9 1430
100 20.1 41 0.04 4.2 1800 2.8 1.8 3 1021 5.5 2200
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for the film thickness, the influence of the slow charge transport
process is observed much more easily in the thinner film. Thus, the
presence of anion transport in the slow charge transport process can
be elucidated easily in the thinner film. Figure 7a and b show

(DQ f/DE f) and (DM f/DE f) plots for 0.2 m thick PPy/NO3 films in a
0.5 M Ca(NO3)2 solution. It seems that both (DQf

1/DE f) and
(DQf

2/DE f) plots consist of one semicircle. It indicates that anion
transport is not large in the slow charge transport process. Figure 7c
and d show (DQ f/DE f) and (DM f/DE f) plots for 0.2 mm thick
PPy/NO3 films in a 1 M CsNO3 solution. W92 and W91 are regarded
as 31 and WCs1, respectively, by considering that the number of
accompanying waters per Cs1 is not large.5 It seems that both
(DQf

1/DE f) and (DQf
2/DE f) plots consist of one semicircle. It also

shows that anion transport is not large in the slow charge transport
process. It is interesting to note that the (DQf/DE f) plot of Fig. 7a is
similar to that of Fig. 7c, whereas the (DM f/DE f) plot of Fig. 7b is
quite different from that of Fig. 7d. It indicates that the effect of
cation transport in the slow charge transport process is much more
evident in a CsNO3 solution than a Ca(NO3)2 solution. Thus, in the
cyclic EQCM experiment, cation transport is observed easily in a
CsNO3 solution (Fig. 5b), though cation transport is not observed in
a Ca(NO3)2 solution (Fig. 5a). 

Schematic diagram of ion transport.—It was shown that the
apparent diffusion coefficient of an ion in the fast charge transport
process is governed by the diffusion coefficient of an ion, whereas
the apparent diffusion coefficient of an ion in the slow charge trans-
port process is governed by the diffusion coefficient of an electron.21

It is shown that, in PPy/NO3 films, anion transport is dominant in the
fast charge transport process whereas cation transport is consider-
able in the slow one. Figure 8a shows a schematic diagram of ion
transport, and Fig. 8b shows the relative magnitude of the diffusion
coefficient and the apparent diffusion coefficient in the fast and slow
charge transport processes. The apparent diffusion coefficient in the
fast charge transport process is related mainly to anion transport,
whereas the apparent diffusion coefficient in the slow charge trans-
port process is related mainly to electron transport.

Conclusions
The ion transport behavior in the slow as well as fast charge

transport process of PPy/NO3 films was studied. Though three kinds
of ion (OH2, and anion and cation of electrolyte) take part in ion
transport, the relative contributions and the relative apparent diffu-
sion coefficients of the three ions was obtained approximately. It is
shown that cation transport is considerable in the slow charge trans-
port process while anion transport is dominant in the fast charge
transport process. The apparent diffusion coefficient of NO3

2 and
OH2 in the fast charge transport process is at least 103 times larger
than the apparent diffusion coefficient of Ca21 in the slow charge
transport process. It seems that, even though three kinds of ion take
part in ion transport, it is possible to obtain approximately the rela-
tive contribution and relative apparent diffusion coefficient only if
two ions have similar diffusion coefficients irrespective of their sign.
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