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Abstract

We present a model to explain some anomalous properties that have been observed
in the electrochemical switching of conducting polymers, including: moving phase
fronts on charging from the reduced, insulating state; residual charge in the polymer
after complete reduction; and, the sharp anodic peak and flattened cathodic peak
observed in cyclic voltammograms. The electrochemistry is modeled as a transmis-
sion line where the doping-induced metal-insulator transition that occurs in the
polymer’s electronic conductivity is explicitly included. The transient charges and
currents during potentiostatic steps and linear sweeps are solved using the method
of finite differences in the time domain. We demonstrate that purely electronic,
transmission line models can describe the range of electrochemical behavior of con-
ducting polymers, provided that variation in the parameters with oxidation state is
included.
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1 Introduction

The reversible electrochemical switching of conducting polymers has many
applications, including supercapacitors [1,2], electrochromic windows and dis-
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plays [3], and light-weight, muscle-like actuators [4–7]. For this reason, the elec-
trochemistry of conducting polymers has been studied extensively using tech-
niques including electrochemical impedance spectroscopy (EIS), chronoam-
perometry and spectroscopic methods. The electrochemistry of conducting
polymers has typically been described as a distributed capacitor [8–11]. Dur-
ing redox, charges are created on the polymer backbone and ions flow in and
out to balance the charge in a process called electrochemical doping. The en-
tire polymer matrix is a double-layer capacitor. This interpretation has been
justified via measurements of the electrochemical impedance, which has been
effectively modeled using RC transmission line circuits [12–14].

Interpretation of transient experiments is more complex as changes in oxi-
dation state can cause drastic changes in the electrochemical properties of
conducting polymers. The electronic conductivity of the polymer can change
by 4-8 orders of magnitude with oxidation state [15,16], from fully metallic in
the oxidized state to insulating in the reduced state [17]. Also, the concentra-
tion of ions in the polymer causes structural changes [18,19] that likely affect
the porosity of the film, and the diffusivity of the ions [20,21].

In a series of papers, Tezuka et. al. present a thorough investigation of the
transient behavior of the conducting polymer, polypyrrole. In these experi-
ments, a thin film of polypyrrole was placed on an insulating substrate and
electrically connected at one end. During potentiostatic switching, chronoam-
perograms were recorded and the local charge along the length of the film was
monitored through the electrochromic effect with a photodioide array. The
authors find that the absorption is proportional to the oxidation state of the
film [22]. The experimental geometry is shown in Figure 1. To summarize the
results of these experiments:

• When a film is reduced from the oxidized (as-grown) state in the experi-
mental geometry shown in Figure 1, the charge is observed to decrease in
a fairly diffusive manner over the length of the film and the current decays
monotonically with time. [23]

• It is impossible to fully reduce the film in this geometry. The reduction is
stopped when the current is negligible, but 13% of the charge on the film
remains. [23]

• In [24], a film is exhaustively reduced on a conductive substrate to elimi-
nate all charges on the polymer, and then reoxidized in the geometry shown
in Figure 1. At sufficiently oxidizing potentials, the electrochemical switch-
ing exhibits a constant velocity phase front between reduced and oxidized
regions moving away from the working electrode. The current is nearly con-
stant until the front reaches the end of the film, when it decays rapidly.

• The time to reoxidize from the fully reduced state in [24] is considerably
longer than the time constant for reduction in [23].

• Cyclic voltammograms (CVs) show a sharp anodic peak followed by a large
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capacitive current, and a very broad cathodic peak. [22]

The front phenomenon has been of particular interest, and there have been
many theoretical studies to explain it. Tezuka presents an electrochemical
model where the electron kinetics at the boundary between oxidized and re-
duced regions is the limiting step [25]. Lacroix [26] and others [27–29] assume
that ionic transport is the rate limiting step. They present a mass-transport
model where the front is caused by ion migration at the conductive/non-
conductive interface. Each of these models produces a moving phase front,
but because of their limiting case assumptions, none have been able to ex-
plain the full range of conducting polymer electrochemistry that has been
observed in Tezuka’s experiments. Typically, separate theories have been re-
quired to describe the fronts, the reduction behavior and the characteristic
shape of CVs [25,23,22].

This paper presents a model which is able to explain the range of electrochemi-
cal behavior observed in Tezuka’s experiments described above. In the variable
resistance transmission line model (VRTL), conducting polymer charging is
modeled as an RC transmission line similar to standard EIS models, but it
explicitly includes the changes in electronic mobility that occur during elec-
trochemical switching.

2 Description of the Model

The electrochemistry of conducting polymers can be described by a transmis-
sion line composed of resistor elements for the ionic (ri) and electronic (rP )
mobilities, and capacitive elements (c) for the charge capacity of the film. The
particular combination of these elements in a transmission line model is a
function of the experimental geometry of the working electrode, but in theory
any experiment may be modeled in this fashion.

For example, the transmission line model corresponding to Tezuka’s experi-
ments is shown schematically in Figure 2. The length of the transmission line
represents the length of the film perpendicular to the working electrode. The
length is discretized into N branches labeled i from 1 to N from the working
electrode. In this geometry, the ion transport occurs predominantly in parallel
over the area of the film, and the electron transport is predominantly in series
along the length of the film. The charging through the film thickness is mod-
eled as a lumped parameter RC branch. This is a simplification, as charging
through the thickness is a distributed process that should be represented by a
transmission line in its own right; this is shown schematically in the upper box
in Figure 2. The simplification is valid in this study, however, as we are inter-
ested in time-scales greater than the time constant for charging through the
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thickness of the film, τ . At t > τ , the transmission line through the thickness
behaves like an RC circuit. Note that this approximation is not valid when the
resistance over the length of the film is much smaller than the ionic resistance
through the thickness, such as when the film is in contact with a conductive
substrate. In cases such as these, the full transmission line representation for
charging through the thickness is easily incorporated. In addition, we neglect
the surface capacitance of the film, which will also affect the short time-scale
response of the model.

The electronic conductivity of the the polymer is known to be a sigmoidal
function of the oxidation state [15]. This is described in Equation 1:

σ =
σmax − σmin

1 + e−(q−q0)/w
+ σmin (1)

where σmax, σmin, q, q0 and w are the conductivity in the oxidized and the
reduced state, the oxidation state or charge on the polymer, the charge at
which the polymer switches between conductive and non-conductive states,
and the width of the transition respectively. q = 0 in the reduced state, and q =
qmax in the oxidized state, where qmax depends on the capacitance of the film
and the oxidizing potential. Note that Equation 1 is simply a representative
sigmoidal function, and the actual conductivity profile of a particular polymer
is highly dependent on the deposition conditions and should be measured
for each polymer system. This relationship is incorporated in the model via
a variable polymer resistance rP (q). The resistance at each position i is a
function of the local oxidation state, or the charge on capacitor ci.

Because of the variability of the electronic conductivity, an analytic solution
cannot be found for this model, and the transient behavior during a potential
step experiment is solved using the method of finite differences. The algorithm
is as follows:

(1) Input parameters are the initial and final voltage in the step potential,
V0 and Vf . In this model, Vred = 0V is the fully reduced state (-0.8V vs.
SCE), and Vox = 1.2V is the fully oxidized state (0.4V vs. SCE).

(2) A transmission line circuit is constructed with a finite number of elements,
N . N is chosen such that the solution converges (usually around 100).

(3) V0 is used to determine the initial steady state charge on each of the
capacitors, qi(t = 0) = cV0. The charges are used to determine the initial
electronic resistance of the polymer at position i using Equation 1.

(4) The instantaneous currents, ii, in each branch are calculated based on
the impedance from the previous step and the step potential, Vf .

(5) The time step, dt, is implemented: the charge on the capacitors is changed
by an amount qi(t + dt) = qi(t) + ii(t)dt and the resistances are updated
based on the new charges qi(t). The magnitude of dt is also chosen such
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that the simulation converges.
(6) 4 and 5 are repeated until the current decays to zero and the system has

attained equilibrium.

The simulations take only a couple of minutes to perform and give both the
current as a function of time - the chronoamperogram - and the spatial dis-
tribution of charge as a function of time which can be related to the elec-
trochromic effect in Tezuka’s experiments.

For simplicity, in this model, the ionic resistance and the capacitance are
assumed constant with oxidation state, which is of course not necessarily the
case [8,30]. This assumption seems to be sufficient, however, for qualitative
agreement with Tezuka’s data, probably because in this geometry, where the
electron path-length is thousands of times larger than the ion path-length,
the electronic mobility in the reduced state is rate limiting. We find that
with reasonable values for the ionic and electronic resistance, the results are
relatively independent of the ionic resistance except at short times.

On the other hand, Pickup et. al. [11] used a similar finite difference method
to model the case of a thin film of conducting polymer on a conductive sub-
strate. They assume changes to the capacitance and the ionic resistance, but
a constant electronic conductivity to get agreement with chronoamperometric
data. In theory, all parameters can be measured, and data can be analyzed in
any experimental geometry.

3 Results

In this section the model is used to simulate the potentiostatic step experi-
ments performed by Tezuka et. al. The model parameters are found in Table
1. Only the film dimensions and the total film capacitance could be obtained
from the experimental data [24]. We used our own measurements of the con-
ductivity of oxidized and reduced films for σmax and σmin. We have no reliable
data on the ionic conductivity in polypyrrole, however the conductivity of a
good ionic conductor such as polyethylene oxide is approximately 5×10−4S/cm
[31] and we estimate that in polypyrrole it will be at least an order of magni-
tude smaller. The transition potential and width of the conductivity function
(Equation 1) as well as the series resistance were obtained from qualitative
fits to the data in [22–24].

Figure 3 shows the simulated chronoamperograms for an exhaustively reduced
film reoxidized at various potentials. Stepping to potentials greater than the
metal-insulator transition potential (0.6V in this model) results in the nearly
flat current profile characteristic of a moving phase front, in agreement with
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parameter value

width 2mm

length 6mm

thickness 0.91µm

RS 20Ω

CV 2.3mF

σion 5×10−5Ω−1cm−1

σmax 100Ω−1cm−1

σmin 0.001Ω−1cm−1

q0 0.5×qmax

w 0.05×qmax

N 200

Table 1
Test parameters for modeling Tezuka’s experiments. CV is the total volumetric
capacitance, c = CV /N .

data. The slight downward slope of the current in this region is caused by the
IR drop down the length of the film. When the front reaches the end of the
film, the current decays exponentially. Figure 4 shows the oxidation state of
a film as a function of position and time as it is stepped to 1.2V. This figure
can be compared to the spectroscopic data presented by Tezuka in [24], and
similarly shows a front moving at a constant velocity down the length of the
film.

This model shows that the front is simply a shock wave caused by the non-
linear transition from the non-conductive to conductive state of the polymer.
Charging proceeds as follows: At t = 0s, the film is in a highly resistive state,
therefore only the capacitor nearest to the working electrode begins to charge.
When the charge on this capacitor reaches the transition state, the polymer
in this region becomes metallic. This capacitor quickly becomes full and the
next capacitor in the series begins to charge. In this way, each capacitor fills
sequentially, leading to a constant current with time until the last capacitor
reaches the metallic state. The rate of oxidation is determined by the RC time
constant, which in this case is dominated by the electronic resistance of the
reduced film.

Tezuka et. al. also conclude in their model that electron transfer is the limiting
step, but they understand this in terms of the kinetics of charge transfer [25].
The difficulty with this model, however, is that studies of the kinetics of con-
ducting polymers have consistently resulted in unphysical kinetic parameters
[32]. In the VRTL model, all the parameters have a straightforward physical
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meaning, and should in principle be measurable with a combination of DC
electronic conductivity measurements and AC impedance spectroscopy.

Other models predicting fronts in conducting polymer charging have focused
on the role of migration on the ion transport through the film [26–29]. Migra-
tion in a dielectric medium leads to a constant current and the propagation
of a waveform at a constant velocity of v = µE, where µ is the mobility of
the ions, and E is the local electric field at the front boundary. These mod-
els conclude that electron transport can not be the limiting mechanism, as
electron transport is fast in conducting polymers. This conclusion is based on
the fact that these models do not include the capacitive nature of the film.
Conducting polymers have an enormous capacitance which will considerably
slow the charging, regardless of whether ion or electron motion is limiting. The
mass-transport models are also unable to explain why the charging proceeds
via fronts during oxidation, but discharges fairly evenly during reduction. In
the VRTL model, this phenomenon evolves naturally, with no modification of
the parameters or assumptions.

The simulated chronoamperogram for reduction from the fully oxidized state
is shown in Figure 5. Because the film is in the highly conductive state to
start with, the reduction proceeds evenly over the film and the current decays
diffusively like a typical RC transmission line. As in the experimental data,
the discharge time is much faster than the charging time because of the ini-
tial high conductivity of the film. The small hump observed in the simulated
chronoamperogram at very short times is outside of the working range of the
model, where effects like the surface capacitance and the charging through
the thickness will dominate. The charge evolution during reduction is shown
in Figure 6; initially, it decays very quickly but eventually saturates as the
film becomes more resistive. The charge gradient along the length of the film
at 0.05s is because of the high current at this time, which results in a large
IR drop across the film. This was also observed in Tezuka’s experiment [23].
At 7.8s, the current is negligible, however there is a large amount of residual
charge in the film not immediately surrounding the working electrode. Tezuka
et. al. observe this in [23], and postulate that the discharging stops with a
large amount of charge left in the polymer because conductive islands in the
polymer are disconnected from one another at a percolation threshold. Fig-
ure 6 presents a different explanation. During reduction in this experimental
geometry, a small region around the electrode becomes very resistive, pre-
venting further reduction. Contrary to the percolation theory however, in the
VRTL model, the rest of the film is more conductive. This could be verified
experimentally.

The variable resistance transmission line model also has interesting implica-
tions for the interpretation of cyclic voltammograms (CVs) of conducting poly-
mers. In the experimental geometry shown in Figure 1, CVs show an anodic
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wave characterized by a sharp peak followed by a constant capacitive current,
and a broad cathodic wave. Under increasing scan rate, the anodic peak moves
toward higher potential, but the cathodic wave seems relatively unaffected [22].
Normally, peaks in CVs are attributed to a Faradaic reaction. Such peaks are
caused by two competing effects: the Maxwell-Boltzmann statistics governing
the electron transfer with the electrolyte and diffusion-limited motion of the
ions. It is not clear that this picture is applicable to conducting polymers
- electron transfer in such a highly interacting system does not proceed via
the Nernst equation. This may explain why the observed CVs are difficult
to analyze using standard electrochemical theory [30,22,34]. However, in the
VRTL model, the shape of conducting polymer CVs is a direct consequence
of the metal-insulator transition. The sharp anodic peak is analogous to the
front that occurs during oxidation, and the smooth cathodic peak is due to
the more diffusive-looking current observed on reduction. The CVs simulated
using the parameters from Table 1 are shown in Figure 7 and the results again
qualitatively agree with measurement [22]. The model presented here is purely
electronic, and presents an alternative explanation for the peaks observed in
CVs that seems to be more in keeping with the electronic nature of conducting
polymers.

4 Conclusions

Although the metal-insulator transition that occurs during doping of con-
ducting polymers has been known for many years, we present the first electro-
chemical model to incorporate this phenomenon. The transmission line model,
modified to include the oxidation state dependence of the polymer resistance,
is able to describe a number of anomalous effects observed in transient exper-
iments, such as moving phase fronts on charging from the fully reduced state,
and the persistent charge remaining in the polymer on reduction. The model
also reproduces the shape of conducting polymer cyclic voltammograms with-
out relying on the Nernst equation, and is therefore more consistent with the
electronic nature of polypyrrole. The transmission line model may be modi-
fied to simulate any experimental geometry, provided that the changes in ionic
mobility and capacitance with oxidation state can be accurately measured.
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Fig. 1. The working electrode for the experiments of Tezuka et. al. The polypyrrole
film is placed on a glass slide, with contact to an ITO working electrode at one end.
The figure shows the moving phase front between oxidized and reduced regions that
is observed on oxidation from the fully reduced state.
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Fig. 2. The transmission line model corresponding to Tezuka’s experimental geome-
try from Figure 1. The top branch is the electron flow, in series through the polymer
resistance rP . The bottom branch is the ion flow, in parallel over the area of the
film. The circuit representing charging through the polymer thickness is shown in
the dashed box; ri and c are the ionic resistance and the capacitance per unit length
through the thickness, and q is the charge on a capacitor. At time scales longer than
ric, the distributed charging through the thickness can be approximated by a simple
RC circuit. RS is the series resistance in the circuit, including the solution resistance
and the contact resistance.
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Fig. 3. Chronoamperogram for charging from 0V to 1.2V, 0.8V, 0.6V and 0.4V for
E1 through E4 respectively. The parameters for the simulation are listed in Table
1. The front current decreases with decreasing overpotential.
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Fig. 4. The spatial distribution of charge during oxidizing from fully reduced clearly
shows a front moving at constant velocity along the film. t1 through t4 are 1.25s,
2.5s, 3.75s and 5s respectively.
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Fig. 5. The modeled chronoamperogram on reducing from fully oxidized.
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Fig. 6. The spatial distribution of charge during reduction from fully oxidized. t1
through t5 are 0.05s, 0.5s, 1.25s, 3.12 and 7.8s respectively. The current is negligeable
at t5, yet approximately 30% of the charge remains through most of the film.
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Fig. 7. Simulated cyclic voltammograms of a free-standing film at different rates.
The rates are 25mV/s, 50mV/s, 100mV/s and 200mV/s. The clear anodic peak in
the simulated CV is due to the metal-insulator transition of the conducting polymer.

14


