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a b s t r a c t

Poly-3,4-ethylenedioxythiophene(PEDOT)/Nafion composite thin films were prepared by a facile elec-
trochemical polymerization approach. These films were characterized by wavelength dispersive
spectroscopy (WDS), scanning electron microscopy (SEM), atomic/electric force microscopy (AFM/EFM),
cyclic voltammetry (CV), potential step chronoamperometry (PSC), and electrochemical impedance spec-
eywords:
EDOT
afion
lectrochemical polymerization
FM

troscopy (EIS). The as-prepared film was dense and smooth and had nearly uniform PEDOT and Nafion
distribution on the nanometer scale with slight localized phase segregation. Electrochemical experiments
revealed a PEDOT/Nafion stable potential window and a PEDOT/Nafion overoxidation potential window.
Hole mobility in the film was quantified by PSC technique and charge transport theory, and was verified
independently by EIS technique.
veroxidation
ole mobility

. Introduction

Electronically conducting polymers have in recent years become
ore and more useful in electrical and electronic devices. PEDOT,

n particular, has many unusual and outstanding properties [1,2].
or example, the dioxyethylene bridging group across the 3- and 4-
ositions of the heterocycle can block �–�′ coupling and structural
isorder and thereby renders PEDOT excellent electrochemical sta-
ility [3]. The dioxyethylene bridge also gives the PEDOT a lower
and gap compared to thiophene, resulting in lower monomer
nd polymer oxidation potentials [4]. Doped PEDOT displays
lectronic conductivities ranging from 1 to 100 S/cm, depending
n the dopants [4,5]. In addition, improved thermal stability of
EDOT relative to other polyheterocycles has been demonstrated
6–8].

On the other hand, ionomers, i.e. ion containing polymers, have
rawn attentions both from academia and industry since 1940s.
afion is the most well known one. Nafion consists of a poly-

etrafluoroethylene backbone and a perfluorovinyl ether pendant

ide chain terminated by a sulfonate ionic group. One of the well-
dopted structural models for Nafion describes its microscopic
tructure as clusters interconnected by narrow channels which
etermine the transport properties of ions and water [9]. Nafion
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is highly conductive to cations such as protons and belongs to the
wide class of solid superacid catalysts.

The combination of PEDOT and Nafion might lead to interest-
ing electronic and ionic properties. PEDOT/Nafion composites have
been scarcely studied. Higgins et al. [10] prepared and character-
ized PEDOT films coated onto fluorocarbon membranes containing
sulfonate groups, such as Nafion and poly(styrene-4-sulfonate)-
grafted poly(vinylidene fluoride) membranes. Li et al. [11] modified
Nafion membranes with a thin film of PEDOT by a diffusion-
controlled polymerization process using a two-compartment cell
with the monomer EDOT on one side of the membrane and the
oxidizing agent FeCl3 on the other side, and further measured
the methanol permeability and ion conductivity of the compos-
ite membranes as a function of temperature and polymerization
time. In both work, PEDOT was formed by chemical oxidation of
3,4-ethylenedioxythiophene (EDOT) on a pre-fabricated Nafion or
Nafion containing membrane. These experiments were carried out
for long time durations and with multiple chemicals and the elec-
trochemical properties of the fabricated membranes were difficult
to be studied. Besides, in these composites PEDOT and Nafion essen-
tially existed in two bulk phases separated by a phase boundary.
Composites with the two species mixed on the nanometer or even
on the molecular level have not been achieved yet. This was partly

due to the difficulty and complexity in dissolving Nafion in a solvent
since Nafion, as a fluoropolymer, has a high resistance to solvent.
In this paper, we report a facile approach to the fabrication and
electrochemical characterization of PEDOT/Nafion composite thin
films. In these films, PEDOT and Nafion can be considered to a large

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:pw96@cornell.edu
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xtent as uniformly distributed on the molecular level, although
here are some signs of non-uniform distribution. These films have
ell-defined areas and thicknesses and are easy to be studied by

lectrochemical techniques. The films were characterized using
DS, SEM, AFM/EFM, CV, PSC, and EIS.

. Materials and methods

Pt electrodes were fabricated using standard photolithographic
echniques. The advantages were that a large amount of identical
lectrodes could be obtained in a single batch and the geometries
f the electrodes could be accurately controlled. To start the fabri-
ation, a 500 nm insulation layer of silicon dioxide was deposited
n a 4-in. silicon wafer (500 �m thick, single side polished, <1 0 0>
rystal orientation) by plasma enhanced chemical vapor deposi-
ion (PECVD) (GSI single wafer PECVD, GSI Group Sciences). The
ift-off technique was used to define the electrode geometry. Lay-
rs of 30 nm of Ti and 130 nm of Pt were electron beam evaporated
CHA Mark 50 e-Beam Evaporator) on the substrate to form the
lectrodes. Wafers were then coated with a 400 nm capping layer
f low stress silicon nitride by PECVD. The active areas and bond-
ng pads were defined by selectively etching the silicon nitride
ayer using reactive ions (Oxford 81 Etcher, Oxford PlasmaLab 80+
IE System). The geometry of the active area was chosen to be a
50 �m × 750 �m rectangle. Wafers were diced into chips (Kulicke
Soffa 7100 Dicing Saw). For each chip, bonding pads were con-

ected to insulated fine wires by silver conductive epoxy (MG
hemicals) and then insulated from the environment with regular
poxy (Epoxy 907, Miller-Stephenson).

Prior to use, the electrode surface was electrochemically cleaned
n 0.1 M H2SO4 solution on a CHI600D electrochemical work sta-
ion. Ag/AgCl in saturated KCl aqueous solution was used as
he reference electrode. The Pt electrode was held at −0.55 V
or 30 s and at +2.20 V for another 30 s and then scanned over
he range of −0.30 to +2.15 V with a sweep rate of 2.00 V/s for
min. Then monomer EDOT (Sigma–Aldrich) was electrochemi-
ally polymerized and deposited onto the Pt electrode surface. In
his process, Nafion anions in the solution were incorporated into
he film as doping species to maintain charge neutrality. Specifi-
ally, PEDOT/Nafion was synthesized from a Nafion perfluorinated
esin solution (Sigma–Aldrich, 5% in mixture of lower aliphatic alco-
ols and water, contains 45% water, hydrogen ion form) with an
DOT concentration of 0.01 M under galvanostatic mode with a
urrent density of 0.5 mA/cm2. The electrical current was supplied
y a Gamry FAS2 Potentiostat/Galvanostat. Chronopotentiometric
urves were recorded during electrochemical polymerization. The
olymerization was performed in either three-electrode or two-
lectrode configuration. In both configurations, the thin-film Pt
lectrode was used as the working electrode. In the three-electrode
onfiguration, Ag/AgCl was used as the reference electrode and a
t wire was used as the counter electrode. In the two-electrode
onfiguration, a Pt wire was used simultaneously as the reference
lectrode and the counter electrode. Each time prior to use, the Pt
ires were polished by sandpaper and rinsed with deionized (DI)
ater.

WDS was performed using a JEOL 8900 Electron Probe Micro-
nalyzer to verify the successful incorporation of Nafion into the
lms. SEM and AFM/EFM were utilized to characterize the surface
tructures and compositions of the films. SEM was conducted on a
eica 440 scanning electron microscope. AFM/EFM was conducted

n a Veeco Dimension 3100 Ambient AFM system employing a
antilever with conductive coating (Veeco, MESP-LM).

CV was performed to test the electrochemical activity of the film.
eoxygenated phosphate buffered saline (PBS) solution (pH = 7.4)
as used as the electrolyte in a three-electrode configuration. The
ering Journal 160 (2010) 383–390

Pt electrodes with PEDOT/Nafion films were used as the working
electrodes. Ag/AgCl in saturated KCl aqueous solution was used as
the reference electrode. A Pt wire was used as the counter electrode.
A scan rate of 0.1 V/s was used and the behavior of the working
electrode was studied within a wide potential range between −0.1
and +1.5 V. Yet this limit was narrow enough to remain in the water
window. PSC measurements were carried out with the same exper-
imental set-up as in CV measurements.

In the EIS study, deoxygenated PBS solution (pH = 7.4) was
used as the electrolyte in a three-electrode configuration. The Pt
electrodes with PEDOT/Nafion films were used as the working elec-
trodes. Ag/AgCl was used as the reference electrode, and a coiled
Pt wire as the counter electrode. A 5 mV (rms) driving AC sinusoid
was used as the input signal with the DC potential set to −0.10,
+0.25, or +0.60 V versus Ag/AgCl. The value of the impedance was
measured at five discrete frequencies per decade over the range
of 0.25 to 104 Hz. The electrochemical modeling software Gamry
Echem Analyst was used for equivalent circuit modeling.

3. Results and discussion

Prior to electrochemical polymerization, the cleanliness of the
Pt surface was tested by cyclic voltammetry in N2 saturated 0.1 M
H2SO4 solution over the range of −0.2 to +1.32 V at a sweep rate
of 0.1 V/s. Hydrogen adsorption/desorption peaks were used to
calculate the microscopic surface area of the Pt electrode. In our
calculation, we excluded double-layer capacitive charge and used
a conversion factor of 210 �C/cm2 [12]. The roughness factor was
determined to be 1.67, which revealed that the Pt electrode surface
was rather smooth and thus had a well-defined geometry.

The electrochemical polymerization method allows for precise
control of polymer film growth on electrode sites. The growth rate
is directly proportional to the current density and the film thickness
can be controlled by duration of electrical current supply. Monomer
concentration in the solution could also affect deposition process
and film property. The solubility of EDOT in mixture of aliphatic
alcohols and water (approximately 1:1) should be fairly high since
aliphatic alcohols are good polar organic solvents. The traditional
solvent for EDOT polymerization was acetonitrile or mixture of
acetonitrile and water. However, solid Nafion is chemically inert
and difficult to be dissolved in a solvent. Thus we chose the com-
mercially available Nafion solution to avoid the potential difficulty
and complexity. There were concerns that part of the current was
consumed to oxidize aliphatic alcohols during the deposition pro-
cess and the by-products could be incorporated into the film as
impurities. However, it is very unlikely that these side reactions
happened during our experiments. We chose 0.01 M EDOT concen-
tration, 0.5 mA/cm2 current density and 3.5 min deposition time
as our “model system”. The choice of the current density was
based on the parameters used and results reported in Refs. [3,13].
Under potentiostatic polymerization mode, dominant growth of
polymer around the perimeter of the electrode was observed. In
contrast, galvanostatic mode could give us much better control of
the film smoothness and uniformity and thus would lead to well-
defined film geometry. The above polymerization conditions lead
to an average film thickness of 874 nm measured by profilome-
try. It has been shown that application of 22 mC/cm2 corresponded
to 100 nm polythiophene film [14]. By using this conversion fac-
tor, we were able to calculate the theoretical film thickness to be
477 nm. From this estimation we could infer that side reactions in

the polymerization process were suppressed to a minimal extent.
Instead of “missing charge”, there was “missing film thickness”.
The discrepancy between the measured and theoretical film thick-
ness can be reconciled by recognizing that the correspondence
between 22 mC/cm2 and 100 nm film thickness was for polythio-
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Fig. 1. (A) Chronopotentiometric curves recorded during ele

hene in general. From our measurement, this conversion factor
or PEDOT/Nafion system turned out to be 12 mC/cm2. Chronopo-
entiometric curves were also recorded during polymerization. As
an be seen in Fig. 1A, the two chronopotentiometric curves dif-
er from each other only by a constant shift in potentials. Since the
t wire set-up is much simpler than the Ag/AgCl set-up, we chose
t for large quantity synthesis. But we will use the potentials ver-
us Ag/AgCl for discussions throughout the paper. After the current
as switched on, the potential quickly increased from the open cir-

uit value of ca. +0.53 V to a quasi-steady-state value of +1.1 V (the

lateau from 1 to 30 s). For a totally irreversible reaction, the poten-
ial at short times should have a linear dependence on t1/2 with the
ntercept being the open circuit potential (Fig. 1B). After the sharp
ncrease regime and the short plateau regime, the potential curve
ntered the slow increase regime. The current was maintained at

ig. 2. (A) WDS spectrum of the as-synthesized film and (B) WDS spectrum of synthetic C
ounts.
hemical polymerization and (B) plot of potential versus t1/2.

constant value and the gradual increase in overpotential came from
the gradual concentration depletion of the reactant monomer at the
electrode surface [12]. Also notice that there was a kink at around
t = 100 s, which indicated a discontinuous change in the physical
and electrochemical properties of the system such as film struc-
ture and morphology, interfacial charge transport mechanism, and
polymer growth mode.

In their oxidized states, conducting polymers exist as poly-
cations with delocalized positive charges along their conjugated
backbones. During electrochemical polymerization, negatively

charged counter ions in the electrolyte are incorporated through
electrostatic interactions into the film to maintain charge balance.
The existence of Nafion in the film was confirmed by WDS tech-
nique. We took advantage of the fact that the chemical element
fluorine is present in Nafion but absent in PEDOT. Fig. 2B shows

aF2. The horizontal axis is detected X-ray wavelength in nm and the vertical axis is
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ig. 3. SEM image of the surface of the PEDOT/Nafion film. The scale bar in the
icture represents 1 �m.

he WDS spectrum of the as-synthesized film while Fig. 2A shows
hat of synthetic CaF2 (Harshaw Chemical Corp.) used as standard
or fluorine. The spectrums have unambiguously confirmed that
afion has been successfully incorporated into the film.

A detailed view of the PEDOT/Nafion film’s morphology by SEM
s shown in Fig. 3. For the magnification used in taking this image,
he film looks dense and smooth. Deposition of PEDOT with bigger
ounter ions tends to form denser films. The image also reveals a
omewhat fuzzy surface on the scale of 100 nm. Fig. 4 shows the
FM image taken on a 12 �m × 12 �m site area. The needle-like
urface structure is obvious in this image. The maximum height of
he needle is about 40 nm. Statistical analysis gives Ra of 9.4 nm and

q of 12.9 nm. Thus the film is rough on the nanometer scale but
an be considered smooth on the micron scale.

EFM is used to map the vertical component of the electric field
etween the tip and the sample versus the in-plane coordinates.

ig. 4. AFM image of the surface of the PEDOT/Nafion film. The dimension of the
mage is 12 �m × 12 �m. In the x–y directions one division represents 2 �m and in
he z direction one division represents 20 nm.
Fig. 5. (A) Topographical image of PEDOT/Nafion film taken on a 500 nm × 500 nm
site area; (B) EFM image taken on the same site and (C) sectional analysis of the EFM
image.

Since the electric field is also shaped by the surface topography,
large differences in topography can make it difficult to distin-
guish electric field variations. For this reason, two-pass lift-mode
measurement has been introduced to separate the electric field
variations from the topography contributions. In the first scan,
topographical data is taken in tapping mode. The cantilever is
then ascended to lift scan height, and a second scan is performed
such that the cantilever tip follows stored surface topography at
the lift height while responding to electric field influences. In the
PEDOT/Nafion film, PEDOT backbones had delocalized mobile holes
which were compensated by negative sulfonate groups in Nafion.
Therefore, in the PEDOT/Nafion system, the PEDOT-rich region
would accumulate positive charges and the Nafion-rich region
would accumulate negative charges. When exposed on the sur-
face, these charges would give contrast in an EFM phase image.
If the cantilever tip was positively charged (which was used in
our experiment), PEDOT-rich region would be reflected as phase
advances and Nafion-rich region as phase lags. Fig. 5B shows the
EFM image taken on a 500 nm × 500 nm site area. For comparison,
Fig. 5A shows the topographical image taken on the same site. In
Fig. 5B the yellow regions in the image correspond to charge neutral
regions in the film. The bright yellow spots correspond to PEDOT-
rich regions with 5–10◦ phase advances while the dark red spots
correspond to Nafion-rich regions with 30–40◦ phase lags. A typical
section analysis of the EFM image is shown in Fig. 5C. It is true that
PEDOT and Nafion have not achieved a fully molecular level mixing
in the as-synthesized film. We are not sure what might be responsi-
ble for this slight phase segregation. One possible explanation is the
slight uneven current distribution during electrochemical polymer-
ization due to the surface topography of the underlying Pt electrode.
The asymmetry in the magnitudes of phase advances and lags can

be interpreted as the consequence of charge delocalization on the
PEDOT backbones and charge localization on the Nafion sulfonate
groups. Notice that PEDOT is the major component in the composite
film and is percolated within the film.
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Fig. 6. Voltammograms of PEDOT/Nafion film and bare Pt electr

Electrochemical properties of the PEDOT/Nafion film were
xamined by CV. Fig. 6A and B shows voltammograms of the
EDOT/Nafion film in the potential range of −0.1 to +0.8 and +0.8
o +1.5 V, respectively, together with the background scans (we
se the convention that anodic currents are presented as positive).
he background scans were carried out with bare Pt electrodes.
he voltammograms of the PEDOT/Nafion film obtained between
0.1 and +0.8 V are broad and structureless. There is no obvious

edox peak over this potential range. The rectangular shape of the
urve indicates that the film behaves like an electrochemical capac-
tor. From the encapsulated area by the curves, we can estimate
hat the electrochemical capacitance of the film is about 8.4 times
hat of the corresponding bare Pt electrode. The voltammograms of
he PEDOT/Nafion film obtained between +0.8 and +1.5 V reveal a
alient feature which is a large and virtually irreversible oxidation
eak at 1.32 V. Similar peaks have been observed in other PEDOT
lms [15,16]. Comparison with the background scan indicates that
he oxidation peak can be ascribed solely to the polymer. Notice
hat there is a weak, broad and diffused reduction peak around
.00 V in the cathodic wave of the first cycle of the PEDOT/Nafion
oltammogram. From the second cycle, the voltammogram of the
lm looks the same to that of the background. The irreversible
nodic peak is assigned to PEDOT overoxidation. This process leads
o permanent changes in the polymer. The molecular mechanism

as been elucidated in detail in Ref. [17]. The polymer chain is bro-
en by overoxidation and the film might peel off, which has been
bserved in our experiment. It is interesting to notice that water
lays an important role in the complete overoxidation of PEDOT
17]. To summarize, the PEDOT/Nafion composite film follows the

ig. 7. Plot of ln |I| versus t from 0.015 to 0.1 s for final stepping potentials of (A) −0.10
epresent linear regressions.
the potential range of (A) −0.1 to +0.8 V and (B) +0.8 to +1.5 V.

following oxidation pathway:

PEDOT+ +e−
−→PEDOT0 +e−

−→degradation.

PSC was utilized for the quantitative analysis on hole trans-
port properties. PSC technique, in which current is recorded with
time after the potential is stepped from the open circuit poten-
tial to a desired value, has been established as a method in survey
of hole transport properties of conducting polymers [18]. The as-
synthesized PEDOT/Nafion film had an open circuit potential of
around 0.25 V in deoxygenated PBS solution. To eliminate the vari-
ation in initial open circuit potential, we electrochemically biased
the film at 0.25 V for 1 min prior to PSC measurements. Final step-
ping potentials of −0.10 and +0.60 V were investigated. In an effort
of correcting the double-layer charging effect and singling out
the Faradaic current corresponding to PEDOT/Nafion reduction or
oxidation induced by hole transportation, we conducted control
experiments in which current–time transients were recorded with
the bare Pt electrodes while all the other experimental conditions
were kept the same as before. This background current was small
and had little contribution to the overall current, but we chose to
use the background-subtracted signal in our analysis. We proposed
a different theoretical model (compared to that in [18]) to interpret
the data and extract information on hole mobility (see Appendix A

for detailed derivation). Eq. (A9) tells us that at long times ln |I|
should have a linear dependence on t, and D can be calculated from
the slope. However, data at long times suffer from small signal to
noise ratio. We chose 0.015–0.1 s as the time interval for data fitting.
Fig. 7A and B shows the plots of ln |I| versus t in this time inter-

V and (B) +0.60 V. The open circles represent measured data and the solid lines
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Fig. 8. (A) Bode plot for modulus; (B) Bode plot for phase; (C) Nyquist plot; (D) equivalent circuit.

Table 1
Fitted EIS parameters and calculated diffusion coefficients.

DC potential (V) Rs (k�) Cd (nF) Rct (k�) �D (s) CD (�F) D × 1012 (m2/s−1)

± 0.8
± 9.1
± 2.2

v
T
r
e
r

F
i
s
p
m
q
a
f
t
a
t
o
c
l
t
e
fi
f
e

−0.10 0.739 ± 0.019 69.0 ± 3.3 18.4
+0.25 0.743 ± 0.021 56.3 ± 1.6 49.4
+0.60 0.753 ± 0.018 65.0 ± 6.4 12.0

al for final stepping potentials of −0.10 and +0.60 V, respectively.
he open circles represent measured data and the solid lines rep-
esent linear regressions. From the slopes of the fitting lines, D was
valuated to be 4.6(±1.3) × 10−12 m2/s and 5.0(±0.8) × 10−12 m2/s,
espectively.

Typical impedance spectra obtained for the film are shown in
ig. 8 (Bode plots and Nyquist plots). The general shapes of the
mpedance plots are distinct from those observed in other PEDOT
ystems [3,10,11,13,19,20]. In the frequency range studied, the
hase plot exhibits a maximum and a minimum. The impedance
agnitudes at −0.10, +0.25, and +0.60 V converge at high fre-

uency. In the Nyquist plots, the +0.25 V curve surpasses the −0.10
nd +0.60 V curves in the −Z′′ direction at low frequencies. These
eatures in the EIS data were observed reproducibly. Compared
o other PEDOT systems, the PEDOT/Nafion system exhibits richer
nd more complex EIS behaviors. More systematic studies will be
reated in detail in a separate paper. The discussion below is focused
n how to extract diffusion coefficients from EIS data. An equivalent
ircuit approach was used to analyze the EIS data. Often, an equiva-
ent circuit model which fits the EIS data can give some insights into

he involved physical and electrochemical mechanisms. Several
lectrical circuits were initially tested by non-linear least-squares
tting of the experimental data. Classically, the equivalent circuit

or a conductive polymer coated metal electrode consists of three
lements connected in series: a resistor, a finite-length Warburg
0.119 ± 0.030 1.85 ± 0.15 6.7 ± 1.6
0.216 ± 0.023 1.27 ± 0.08 3.6 ± 0.4
0.137 ± 0.051 1.40 ± 0.04 6.1 ± 2.1

diffusion impedance, and a capacitor [3,20]. However, due to the
complex EIS behaviors of the PEDOT/Nafion system (especially the
S-shape in the impedance phase plots), this classical circuit cannot
be used to generate acceptable fitting. The equivalent circuit shown
in Fig. 8D was finally chosen to model the system [12]. Rs represents
the uncompensated solution resistance, Cd represents the double-
layer capacitance, Rct represents the charge transfer resistance, and
ZD represents the finite-length Warburg diffusion impedance. Such
an equivalent circuit was found to be able to reproduce the S-shape
in the impedance phase plots and give acceptable fittings except
near the low frequency end of the spectra. The average error (�2-
value) of the fittings was 0.010. Notice in the Nyquist plot that in
the low frequency range the observed impedance curve deviates
from a vertical line. Meanwhile the equivalent circuit predicts an
asymptotic pure capacitive behavior in the low frequency range.
These problems associated with data fitting in the low frequency
range have also been found in other PEDOT systems [20]. The finite-
length Warburg diffusion impedance ZD is characterized by the
diffusional time constant �D and the diffusional pseudocapacitance
CD, as described by Macdonald [21]:
ZD = (�D/CD) cot h (jω�D)1/2/(jω�D)1/2 (1)

where j is the imaginary unit
√−1, ω is the angular frequency and

is equal to 2�f. In this work, ZD is interpreted as the hole transport
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mpedance and is thus related to hole mobility in the film. The dif-
usional time constant �D is related to the diffusion length L and the
iffusion coefficient D as follows:

D = L2

D
(2)

Assuming that the thickness of the film is the diffusion length
, we can estimate the diffusion coefficient D. Table 1 summa-
izes the fitted EIS parameters and calculated diffusion coefficients.
n all the cases, the uncompensated solution resistances are the
ame since the same electrolyte and electrochemical cell were
sed in the experiments. The potential dependence of Cd, Rct, �D,
D, and D is complex and will be investigated further in a sepa-
ate paper. Notice that the EIS technique was able to measure the
iffusion coefficient near the open circuit potential (ca. +0.25 V)
here the PSC technique fails. The estimated diffusion coeffi-

ients at −0.10 and +0.60 V from EIS measurements are, within
xperimental errors, consistent with those calculated from PSC
easurements.

. Conclusions

A dense and smooth film of PEDOT/Nafion was prepared on well-
ned Pt electrode surface by electrochemical polymerization from
n EDOT/Nafion containing solution. Wavelength dispersive X-ray
pectrum confirmed the successful incorporation of Nafion into
he film. EFM images revealed that PEDOT and Nafion distributed
venly on the nanometer scale while there were slight phase seg-
egations. Cyclic voltammograms revealed a PEDOT/Nafion stable
otential window and a PEDOT/Nafion overoxidation potential
indow. The average diffusion coefficient of hole carriers in the
lm was evaluated to be 4.8 × 10−12 m2/s by the PSC technique,
onsistent with the diffusion coefficient estimated from the EIS
echnique.
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ppendix A.

We treat the process following the potential step as hole dif-
usion inside the PEDOT/Nafion film. The process can be viewed
s charge propagation from the Pt electrode surface which acts
s source or sink of holes. Mathematically, the transport can be
escribed in terms of the diffusion equation:

∂n

∂t
= D∇2n (A1)

here n is the number density of holes, and D is the diffusion coef-
cient of holes.

The thickness of the film is small compared to the lateral dimen-
ion of the film and the roughness of the Pt/polymer interface
nd polymer/solution interface is small compared to the thickness
f the film. We establish a Cartesian coordinate system with x-
xis perpendicular to the film and y–z plane coincident with the
t/polymer interface. Furthermore, we denote the film thickness
s L. The governing equation and initial and boundary conditions
an be written as

2
∂n

∂t
= D

∂ n

∂x2
(A2)

t t = 0, n = ninitial (A3)

t x = 0, n = nfinal (A4)

[

[
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At x = L,
∂n

∂x
= 0 (A5)

where ninitial and nfinal are the initial and final (infinite time) number
densities of holes. Boundary condition (A5) reflects the fact that
holes cannot diffuse into the solution.

The dynamic behavior and spatial profile of the number density
are presented in Eq. (A6):

n = nfinal +
∞∑

n=0

(ninitial − nfinal)
√

2L

(n + (1/2))�
e−D�2

nt˚n(x) (A6)

where �n = (n + (1/2))�/L, and ˚n(x) =
√

2/L sin[(n +
(1/2))(�x/L)].

The electrical current can be computed by

I = −AFD

NA

∂n

∂x

∣∣∣∣
x=0

(A7)

where A is the area of the electrode, F is Faraday’s constant and NA
is Avogadro’s number.

After some algebra, we have

I = 2AFD(nfinal − ninitial)
NAL

∞∑

n=0

e−D�2
nt (A8)

At long times

I 	 2AFD(nfinal − ninitial)
NAL

e−D�2
0

t (A9)

nfinal can be either greater or smaller than ninitial, thus I can be either
a positive anodic current or a negative cathodic current.

Eq. (A9) tells us that at long times ln |I| should have a linear
dependence on t and D can be calculated from the slope.
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