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Abstract An electrochemically deposited poly3-methyl-
thiophene (P3MT) thin film has been used as the primary
electrochromic element in a solid two-electrode electro-
chromic device (ECD) with a viscous polymeric electrolyte
(PE) of polymethyl methacrylate and lithium perchlorate co-
dissolved in ethylene and propylene carbonates. The
counter-electrode of the ECD was a transparent conductive
(indium-tin oxide, ITO) glass (single ECD) or a polyaniline
(PANI)-coated ITO glass (dual ECD). Dual P3MT-PANI-
based ECDs exhibit a lower optical switch potential (less
than 0.5 V) and a faster color change speed (around 1 s)
compared with the single devices, independent on the
lithium salt concentration and the viscosity of the polymeric
electrolyte. Electrochemical impedance spectra of both types
of ECDs were analyzed at zero bias. It indicates that the use of
the secondary electroactive element leads to a lower counter-
ion diffusion resistance as well as to a larger counter-ion
storage capacity in the electrochromic element/polymeric
electrolyte interfaces. Consequently, the oxidation—reduction
potential is lower, and the charge transfer process is faster in
the dual devices than those in the single ones.
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Introduction

Electrochromism means the color change of a working
electrode in an electrochemical cell when it is under an
oxidation—reduction process. A solid electrochromic device
(ECD) is formed by sticking the working and counter
electrodes together with a polymeric or viscous electrolyte
in-between. In a single solid ECD, only the working
electrode is electrochromic (primary), whereas in a dual
one, the counter electrode is also electrochromic (second-
ary) and must be optically complementary with the primary
one to result in the coloring-bleaching of the device during
the redox process.

The electrochromic properties of conducting polymers
were discovered in the decade of the 1980s. Thin films of
polyaniline (PANI) and poly3-methylthiophene (P3MT)
have been used separately as the primary electrochromic
elements and a conducting glass substrate as the counter-
electrode with a polymeric or gel electrolyte [1-4]. It is
observed that both the switch potential and speed in PANI-
based ECDs are influenced by the type of polymeric
electrolyte (PE) used for ion conduction and storage. A
polyethylenimine (PEI)-H,SO, based aqueous acidic elec-
trolyte permits a relatively low switch potential (£1.2 V)
and a rapid color change [5, 6], whereas a non-aqueous
polymethyl methacrylate (PMMA)-LiClO4-acetonitrile
(ACN) gel originates a higher switch potential (from +1.5
to +2 V) in a PANI-based single ECD with a slow
electrochromic kinetics [S]. A P3MT-based ECD works
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only with non-aqueous electrolytes; with the same PMMA—
LiClO4-ACN gel, the oxidation potential of the single
P3MT devices was relatively high (>1.5 V) with a slow
optical switch speed [7]. In the wavelength region from 400
to 600 nm approximately, PANI and P3MT are optically
complementary: PANI bleaches as reduced and P3MT does
when it is oxidized, and vice verse [5, 7].

On the other hand, during the redox process of the single
PANI-based ECDs with PMMA-LIiCIOy, as the electrolyte,
the capacitive current reaches into its maximum in less than
60 ms, although the corresponding optical transitory curve
could take more than 1 min to reach its equilibrium value
[5]. It means that the electron injection/extraction into/from
the ITO material is much faster than charge transfer
processes occurring at the ITO/PANI and PANI/electrolyte
interfaces. The main reason for slow electrochromic
kinetics in conducting polymer-based single ECDs should
be related to an asymmetric electrochemical reaction during
the oxidation—reduction process of the devices. Indium—tin
oxide (ITO) coated glass substrates are mostly used as the
counter-electrodes in ECDs; they have shown good stability
to repeated cyclic voltammetries (CV) in a three-electrode
cell with liquid electrolyte of LiClO4-propylene carbonate
and are colorless in both the reduced and neutral forms [8].
The introduction of a secondary electrochromic element has
been reported in conducting polymer-based ECDs with
both polymeric [9, 10] and liquid electrolytes [11]. It is
observed that the dual devices show rapid electrochromic
kinetics and require small potential (less or equal to 1 V)
for the color change. However, a direct comparison of the
optical switch speed between the single and dual ECDs has
not been reported. In this work, the optical kinetics of
single and dual P3MT-based ECDs will be shown as a
function of the electrolyte salt concentration as well as the
viscosity of the polymeric electrolyte. Electrochemical
impedance spectra (EIS) of these devices are studied under
zero polarization for the comparative purpose to visualize
the effect of the secondary electroactive element on the
optical kinetics of the dual ECDs.

Experimental
Materials

P3MT thin films were electrochenmically deposited on
ITO-coated glass substrates (8—12 2 per square, Delta
Technologies, USA). These were previously cleaned with
neutral soap, distilled water, and acetone and dried with air.
A three-electrode system potentiostat of BAS 100 B/W was
used with Ag/AgCl as reference electrode and Pt wire as
counter one. The bath composition was: 0.1 M 3-methyl-
thiophene (MT, Aldrich, 98%) and 0.1 M LiClO4 (Aldrich,
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95%) in ACN. Electrochromic P3MT films were formed on
ITO glass at 2.5 V (vs Ag/AgCl) for 5 s, resulting in a film
thickness of about 230 nm. PANI thin films were grown on
ITO glass substrates by chemical bath deposition as
reported otherwise [12]. Briefly, distilled aniline monomer
was added in a 0.1 M NH4S,0g4 and 2 M HCI aqueous
solution at 3-5°C under stirring, and then clean ITO
substrates were introduced into the freshly prepared
solution. Green PANI thin films of about 120 nm thick
were obtained on ITO glass after 1 h of deposition. The
thickness of the conducting polymer films was measured by
using a Veeco Dektar profilometer with probe diameter of
12.5 mm and probe load of 2 mg.

Polymeric electrolyte was prepared by dissolving
PMMA (Aldrich, Mw=120,000) and LiClO4 in a mixture
of propylene and ethylene carbonates. Table 1 shows the
composition of four types of PMMA-LiClO; electrolytes used
in this work: PE3, PES, PESb, and PE7. As the molecular
weight of PMMA monomer unit is 100.09 g/mol, close to that
of the lithium salt (106.34 g/mol), propylene carbonate
(102.09 g/mol), and ethylene carbonate (88.06 g/mol), the
weight percent is similar to the molar ratio between different
components of these electrolytes.

Device and characterization

Solid ECDs were prepared by combining different elec-
trodes with each polymeric electrolyte. They can be
classified in four groups:

(a) ITO/PE/ITO

(b) ITO/P3MT/PE/ITO (single P3MT ECD)

(c) ITO/ PE/ PANVITO (single PANI ECD) and
(d) ITO/P3MT/PE/PANV/ITO (dual ECD).

The average thickness of the electrolytes was about
260 pm, and the devices were sealed with epoxy giving an
effective area of about 1 cm?.

Table 1 Composition of PMMA/LiClO4-based polymer electrolytes
(PE)

Name of PE PE3 PE5 PESb PE7

Weight ratio of 3:100 5:100 5:100 7:100
LiClO4/ PE

Weight ratio of 0.385:1 0.357:1 0.538:1 0.329:1
PMMA/ solvents

Percentage (wt%)
PMMA 27 25 35 23
Propylene carbonate 35 35 30 35
Ethylene carbonate 35 35 30 35
LiClO4 3 5 5 7
Total 100 100 100 100
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Optical transmittance spectra of the devices were
recorded on a Shimadzu Spectrophotometer UV-VIS
1601. The applied voltage pulses on ECDs were generated
by a homemade electrical control unit. The kinetic or
transitory transmittance curves of the ECDs were measured
at a selective wavelength, in this case, at 550 nm. The
reason for which the green color was chosen is that the peak
of the sun radiation is in the green portion of the visible
spectrum, and the human eyes have adapted to the nature of
the sunlight reaching them and function best in green light
[13]. EIS of the devices were carried on a Solatron SI 1260
impedance/gain-phase analyzer coupled with a SI 1287
electrochemical interface. The EIS measurements were
made in the frequency range from 1 MHz to 0.05 Hz, and
the amplitude of the alternate signals was 50 mV. All the
devices were under zero polarization at room temperature
during the EIS tests.

Results and discussion
Electrochromic responses of ECDs

Figure 1 shows optical transmittance spectra of a P3MT and a
PANI-based single ECDs under applied potentials of —1.4 V
and +1.4 V with positive polarization on P3MT- or PANI-
coated ITO side and negative one on the counter electrode (ITO
glass). The polymeric electrolyte was PES in both devices,
which contained a lithium salt concentration of 5 wt%. It is
observed that P3MT is colored at a reduction (—1.4 V) and
bleached at an oxidation (+1.4 V) process in the most part of
visible region (400—-600 nm), and vice versa in 600—1,100 nm
wavelength range. The electrochromic kinetics of the same
P3MT single ECD in Fig. 1 is slow under voltage applications
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Fig. 1 Optical transmittance spectra of single ITO/P3MT/PES/ITO
and ITO/PES/PANI/ITO ECDs at —1.4 and 1.4 V polarization
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Fig. 2 Transitory transmittance at 550 nm of single ITO/P3MT/PES/
ITO ECD under potential applications of £1.0 V, £1.4 V and —1.4,
+1.6 V. Positive bias on P3AMT

of £1.0, £1.4, and —1.4 to +1.6 V (Fig. 2). At £1.0 V, the
optical contrast, which is the maximum transmittance differ-
ence between the bleached and colored states, is around 2%,
quite low for application purpose. By increasing the applied
potentials, the optical contrast of the devices increased, but the
optical switching speed is still slow. Notice that the apparent
instable kinetics at +£1.0 V and 1.4 V should be related to the
slow oxidation process in the device because the higher
oxidation potential (+1.6 V) was applied after the +1.4 V test
and the corresponding kinetic curve is more stable than the
lower one. Similar phenomenon is also observed in Fig. 3 for
the same type of the devices but with different lithium salt
concentration in PE: 3 wt% (PE3) and 7 wt% (PE7). Together
with Fig. 2, it is observed that the devices with a lower
concentration of LiClO, in the electrolytes (PE3 and PES)
show a lower bleaching (oxidation) speed than that of the
coloring (reduction) one, but in the case of a higher
concentration of lithium salt (PE7), the contrary occurred.

To understand the effect of lithium salt concentration in
the polymeric electrolytes on the electrochromic kinetics of
the single P3MT-based ECDs, optical transmittance spectra
of these devices and the P3MT film on ITO glass under
zero potential bias were shown in Fig. 4. The P3MT film
(solid line) originates two broad absorption peaks: one of
polaron band around 1.6 eV and the other of HOMO-
LUMO transitions at about 2.5 eV. It is observed that the
relative intensity of the polaron band in the P3AMT ECDs
increases as the LiClO, salt concentration increases in the
polymeric electrolyte, which is quite logic by considering
that P3MT film can be doped (oxidized) by the lithium salt

@ Springer



J Solid State Electrochem (2008) 12:71-80

| ITO(+)/P3MT/PE/(-)ITO

-1.4V

A
+1.4V

Transmittance at 550 nm / %
N
(@)

0 120 240 360 480 600
Experimental time / s

Fig. 3 Transitory transmittance at 550 nm of single ITO/P3MT/PE3/
ITO and ITO/P3MT/PE7/ITO under potential applications of +1.4 V.
Positive bias on P3MT

insertion. The higher the LiClO, concentration in the
electrolyte, the higher the percentage of the lithium salt
that should be diffused into the P3MT polymer, and more
oxidized will be the conducting polymer. Consequently, for
single PAMT ECDs under the same external potential bias,
a highly oxidized P3MT in the P3MT/PE7 device should be
easier to be oxidized (faster oxidation) and more difficult to
be reduced (slower reduction), whereas a lower oxidized
P3MT in the P3AMT/PE3 or P3MT/PES device should give
a slower oxidation speed and a higher reduction one.
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Fig. 4 Optical absorption spectra of P3MT film as well as P3MT-
based single ECDs with PE3, PES, or PE7 as the polymeric electrolyte
at0 v
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When the ITO glass was replaced by the PANI-coated
ITO glass, the optical kinetics of the dual devices shows a
drastic change. As the color change in PANI electrode is
small or negligible for polarization less than or equal
to £1.4 V, the color change in a dual P3MT ECD with
PANI as the complementary electroactive element should
be predominated by P3MT. Figure 5 shows the optical
transmittance spectra of an ITO/P3MT/PES/PANI/ITO
device under —1.4 and +1.4 V applied voltages with
positive polarization on P3MT film. Compared with the
P3MT single ECD of Fig. 1, the presence of PANI film in
the dual device increases the optical contrast in 400—
600 nm region and reduces a little the transmittance in near-
infrared region (700-1,100 nm) during the reduction
process in P3MT. Figure 6 shows the transmittance values
at 550 nm of the same dual ECD of Fig. 5 as a function of
time for different potential pulses: £0.5, 1.0, and £1.4 V.
An applied potential of +1.0 V on the dual device can cause a
20% of transmittance change in comparison with a 2% in the
P3MT single one under the same polarization (Fig. 2). At the
same time, the optical switch speed in the dual devices is also
significantly improved: The switching time is reduced from
minutes to seconds compared with the P3MT single ECDs.

To estimate the optical switch speed in an ECD, the
fitting of the bleaching curves can be done with:

Ty = Too[l — exp (—1/7)] (1)
and the coloring ones with:
T, = Teoexp (—t/7) (2)

Here, T, and 7. are optical transmittance values at
certain wavelength in bleaching and coloring process,
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Fig. 5 Optical transmittance spectra of dual ITO/P3MT/PES/PANI/
ITO device under —1.4 and +1.4 V polarizations
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Fig. 6 Transitory transmittance at 550 nm of dual ITO/P3MT/PES/
PANI/ITO ECDs under potential applications of £0.5, +1.0, and £1.4 V.
Positive bias on P3MT

respectively, T is the initial transmittance value in each
process, and 7 (unit, s) is the interval of time that the device
takes to reach the 63% of the equilibrium value in each
kinetic curve. The 7 is the parameter that describes the
optical switch speed in an ECD; the smaller the 7 value, the
faster the color changes. In the dual ITO/P3MT/PES/PANI/
ITO device, Egs. 1 and 2 fit quite well the color change
processes. For example, the bleaching curves at —1.4 V in
Fig. 6 can be fitted by

Ty, = 67.89[1 — exp (—#/0.94)] (3)
and the coloring ones at +1.4 V in Fig. 6 by
T, = 197.88 exp (¢/0.47). 4)

It means that the dual ECD takes about 1.5 s for
bleaching and about 0.75 s for coloring.

For the single ITO/P3MT/PES/ITO device, however, it is
found that the best fitting for bleaching process was using
two right terms of Eq. 1: for —1.4 V bleaching curves in
Fig. 2,

T, = 7.07[1 — exp (—t/2.65)]

+ 15.97[1 — exp (—¢/50.39)] (5)
and for the coloring ones at +1.4 V in the same figure:
T. =30.03exp (—1/1.01) +4.79 exp (—1/9.52). (6)

The use of two terms for the kinetic curve fitting has
been reported previously for single PANI ECDs [5]. It
suggests that the optical kinetics in single conducting

polymer-based ECDs can be visualized as a rapid charge
transfer at the ITO/conducting polymer interface (the term
with the smaller 7) and a slow ion exchange at the
conducting polymer/electrolyte one (the term with the
larger 7). Among these two 7’s, the larger one determines
the time lapse on which the device needs to reach the
equilibrium value of the optical transitory curve. Therefore,
the bleaching time was about 80 s and the coloring one
about 15 s for the mentioned single PAMT ECD, substan-
tially larger than those of the corresponding dual device.

As the lithium salt concentration in polymer electrolytes
is changed to less (PE3) or more (PE7), the same electro-
chromic behavior is observed in PE3- and PE7-based dual
ECDs (Fig. 7). Similarly, with the same 5 wt% of LiClO4
but more PMMA and less solvent content, the PE5Sb-based
dual ECD also gives a rapid color change and reasonably
optical contrast (Fig. 7). It seems that the large optical
contrast and the rapid optical switch are the intrinsic
properties of the dual ECDs, independent on the lithium
salt concentration and the viscosity of the electrolytes.

Electrochemical impedance spectra of ECDs at zero bias
ECDs with less viscous electrolytes (PE3, PES and PE7)

The electrochrmomic kinetics of the conducting polymer-
based ECDs can be better understood by analyzing their
EIS results. Figure 8a exhibits the Nyquist plot [14] of the
sandwiched ITO/PES/ITO device. The characteristic semi-
circle at low frequencies suggests a non-blocking PES/ITO
interface, the same behavior observed for the ITO electrode
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Fig. 7 Transitory transmittance at 550 nm of ITO/P3MT/PE3/PANI/
ITO, ITO/P3MT/PE7/PANIVITO and ITO/P3MT/PESb/PANIITO un-
der potential applications of +1.4 V. Positive bias on P3MT
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high frequency region. The numbers in the figure are frequency values
in Hz

in liquid electrolytes [8]. Similar Nyquist plots were also
observed for PE3 and PE7 sandwiched devices with
slightly different parameter values (not showed here). It
suggests that the low viscosity of these three polymeric
electrolytes permits easy lithium ion diffusion and the
posterior accumulation of the ions on the ITO surface to
participate the charge transfer and electrode reaction.
Ignoring the geometric capacitance of the electrolyte, the
equivalent circuit for the Nyquist plot in Fig. 8a consists in
two parts (inset of the same figure): a high frequency resistor
Ry, and a low frequency RC of an electrode reaction
resistance R; in parallel with a non-ideal electrode capacitor,
the constant phase element 1 (CPE1) [14]. R, should only be
related to the ionic conduction in the bulk electrolyte and

was about 40 € for PE5 (Table 2), giving a bulk conductivity
of the electrolyte of about 6.5x107* ' cm™". The RC part
of the circuit describes the charge transfer and diffusion
process in the PE/ITO interface. The rate of the electrode
reaction is reflected in the value of Ry, the larger the R; the
slower the reaction rate [15], and the capacitive element
evidences the charge accumulation capacity in the ITO
electrode. The value of CPEl shows a low charge
accumulation capacity (1x 107> s %) at the double layers
of the PES/ITO interface for the ITO/PES/ITO device.

For P3MT and PANI single ECDs with PES as the
polymeric electrolyte, their Nyquist plots are similar
(Fig. 8b), a high frequency R, with a semicircle at low
frequency region. Compared with the ITO/PES/ITO device
(Fig. 8a), the presence of an electrochromic element on one
of the two ITO electrodes increases the charge accumula-
tion capacitance CPE1, but it still remains in the same order
of magnitude, about 107> Q s °°% (Table 2). However, the
charge transfer resistance R; increases more than three
orders of magnitude due to the introduction of the electro-
active polymer: about 60 k€2 and 11 2 for the P3MT/PES5
and PES/PANI devices, respectively (Table 2). The large
values of R; indicate that the accumulated charges at the
polymer/electrolyte interfaces could not be easily inserted
into or extracted from the polymeric films. This charge
transfer impediment should come from the low charge
accumulation capacity at the counter-electrode interface, the
ITO/electrolyte one, incapable of storage sufficient amount
of the counter-ions for the electrochemical reaction at the
working electrode.

When a secondary electrochromic element is introduced
in a solid ECD, Gazotti et al. [9] reported that the Nyquist
plot of the device contains two semicircles at middle and
low frequency regions. Each semicircle is represented with
a resistor R in parallel with a CPE. The higher frequency
semicircle corresponds to the charge transfer (R,, CPE2)
and the lower one to the ion diffusion at the conducting
polymer/electrolyte interfaces (R;, CPE1l). In the present

Table 2 Fitting parameters for EIS spectra at zero bias of PES5- and PE5b-based devices

High frequency zone

Low frequency zone

Device: ITOV...../ITO Ry (Q) R> (Q) CPE2 (Q s™) 7y R, (Q) CPE1 (Q s n
PE5
PES 40 - - - 79 1.0x107° 0.95
P3MT/PE5 38 - - - 60609 1.9x107° 0.92
PE5/PANI 35 - - - 11052 2.7x107° 0.91
P3MT/PE5/PANI 40 12 3.5%x107° 0.80 319 1.2x1073 0.84
PE5b
PE5b 53 - - - - 7%x10°° 0.96
PESb/PANI 51 - - - - 1.4x107° 0.96
P3MT/PE5b 53 - - - - 1.8x107° 0.91
P3MT/PE5b/PANI 44 6 6.6x10°° 0.80 - 2.7x1073 0.92
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work, a similar behavior is observed in the ITO/P3MT/PES5/
PANUI/ITO device at zero polarization (Fig. 9). For the small
semicircle at high frequency region (268 Hz to 100 kHz),
the curve fitting gives the values of R,=12.1 2 and CPE2=
3.5x107° Q s %8 For the larger one at low frequency region
(0.1 to 268 Hz), R;=319 Q and CPEI=12x10" Q s "%
The Bode plots [14] of the four PES based devices (Fig. 10)
exhibit a better visualization about the charge transfer and
diffusion processes in these devices at different frequency
ranges. Single P3MT and PANI ECDs give a broad
maximum and almost 80° phase angle at low frequency
region (102 to 10* Hz) with high resistance (absolute values
of Z, which is defined as Z=Z'-Z"), whereas the dual
P3MT/PES/PANI device separates charge transfer and ion
diffusion process into two well-defined frequency regions:
an almost in-phase charge transfer at high frequency region
and a ~40° phase angle for ion diffusion process at low
frequency region. For PE3- and PE7-based devices, similar
EIS were obtained compared with those of PES ones (not
showed here).

ECDs with a more viscous electrolyte (PE5b)

With a more viscous electrolyte PESb, the ITO/PESb/ITO
device shows a blocking Nyquist plot (Fig. 11), different
than the less viscous PE5 one (Fig. 8). It means that the rate
of charge transfer is much faster than the diffusion of the
lithium ions at the PESH/ITO interface (diffusion control).
The equivalent circuit for this device is a bulk resistor R}, in
series with an interfacial non-ideal capacitor, the CPEl
(inset of Fig. 11). Ry is 53 €2 in this case, higher than that of

Rb R1 Rz
400 CPE1 CPE2
20
G /
o 10 J
N 200 1M 268K ¢
0.518 v
o® ® g 40 50
o’./ \.\o
J 01
O_J T T . T
0 200 400
Z'Q

Fig. 9 Nyquist plot of dual ITO/P3MT/PES/PANI/ITO ECD. Inset
The equivalent circuit of the device and the same plot in the high
frequency region. The numbers in the figure are frequency values in
Hz
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Fig. 10 Bode plots of ITO/PES/ITO, ITO/P3MT/PES/ITO, ITO/PES/
PANI/ITO and ITO/P3MT/PES/PANI/ITO devices

10”

PES, which is reasonable for the presence of a major
percentage of PMMA and less amount of the solvents. The
value of CPE1 is about 7x 10 ° Q s *%, a little smaller than
that of the ITO/PES/ITO device (Table 2). The Nyquist plot
of the PANI single ECD with PE5b as electrolyte exhibits
the same characteristic like that of the PESb only device
(Fig. 11). Consequently, it can also be described by the
same equivalent circuit for the ITO/PESb/ITO device with a
bulk resistance R}, of about 51 2 and a diffusive line almost
perpendicular to the Z’ axis described by a CPEl with the
value of 1.4x107° Q s7%% (Table 2). On the other hand,
P3MT-based single ECD with PESb as the electrolyte
shows two segments in its diffusive line (Fig. 11): a line
almost parallel to Z" axis at low frequency region (0.1 to
518 Hz) and the second one at high frequency region (1 to
100 kHz) that forms an angle close to 45° with the
horizontal axis. The first one could be well fitted by the
same equivalent circuit shown in inset of Fig. 11 (Table 2).
The second line could come from a blocking and rough
P3MT/PESD interface or from a non-blocking one that is
smooth and exhibiting a Warburg impedance [14] due to
the slow diffusion of the reactant species (Li+ ions) to the
interface [16]. As our electrochemically deposited P3AMT
thin films show a rougher surface than that of the chemical
bath deposited PANI films [17], the contact of the P3MT
film with a very viscous polymeric electrolyte (PE5Sb) could
lead to a non-uniform atomic contact between them and
results in a rough interface. Similar impedance spectra were
also reported for the P3MT electrodes in liquid electrolytes
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The same plot in the high frequency region and the equivalent circuit
for the three devices

and described by considering the P3MT electrode as a one
dimensional cylindrical pore structure [18], with much
higher values for the capacitance elements compared with
that of the single P3AMT/PESb device.

The dual PE5b-based ECD, however, shows a small
depressed capacitive semicircle in the middle—high frequency
region (from 193 Hz to 51.8 kHz with the maximum Z" at
2.68 kHz, inset of Fig. 12), which relates to the charge
transfer process at the interfaces formed by the conducting
polymer-coated electrodes and the polymeric electrolyte. The
charge transfer resistance is even smaller in this case (R;=6 €2,
Table 2) than that of the dual ECD with PE5 as the
electrolyte (R;=12 (2, Table 2). At low frequency region, a
very much reduced diffusive line is shown in this case
(Fig. 12), and the double layer element CPE2 is about 100-
fold (2.7x10 Q s %%%) compared with those of the single
P3MT ECD. The equivalent circuit for the dual ECD could
be a bulk resistance (R}) in series with the charge transfer
unit (R, in parallel with CPE2) plus a second, CPEI related
to the double layer capacitor at electrolyte/conducting
polymer interfaces (see inset in Fig. 12). The Bode plots of
the PESb-based devices are exhibited in Fig. 13, showing the
dramatically diminish in the diffusive resistance at low
frequency region in comparison with the single ECDs. It is
worth to mention that the Nyquist and Bode plots of the
PES5b-based dual device are both analytical and numerically
similar to those for P3MT electrodes in the asymmetrical
configuration (Pt|polymer| electrolyte) with liquid electro-
lytes at zero or oxidative polarization [19].

The main difference in the EIS of PES- and PESb-based
dual ECDs is on the diffusive low frequency region: The
former shows a resistor—capacitor (semicircle) and the latter
a pure capacitor (line) behavior. It suggests that a less
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Fig. 12 Nyquist plot of dual ITO/P3MT/PESb/PANI/ITO ECD. Insets
The same plot in the high frequency region and equivalent circuit for
the device. The numbers in the figure are frequency values in Hz

viscous polymeric electrolyte such as PES (as well as PE3
and PE7) gives a slower charge accumulation process in
comparison with the ion diffusion inside the electrochro-
mic-conducting polymer films, which is reasonable if we
consider that all the three less viscous electrolytes (PE3,
PES, and PE7) contain a significant amount of solvents and
part of them should migrate into the electrochromic films

10° --O- PES5b a
- ¢ - P3MT/PES5b
] —@— P3MT/PE5b/PANI
a -3 PESb/PANI
N 43 ]
< 1073
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=
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Fig. 13 Bode plots of ITO/PESb/ITO, ITO/P3MT/PESH/ATO, 1TO/
PESb/PANVITO and ITO/P3MT/PESb/PANI/ITO devices
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together with the lithium salt. This facilitates the diffusion
of the ions inside the polymer film but at the same time
causes a rapid association between the ions of opposite
charge and consequently a slower charge accumulation in
the electroactive polymer. The viscous PESb electrolyte,
however, contains fewer amounts of solvents, and their
migration into the electroactive-conducting polymers is also
less. Consequently, in this case, the diffusion speed of the
ions is slower than the charge accumulation one inside the
solid polymeric films.

Optical switch potential and color change speed in dual
ECDs

The introduction of the secondary electroactive element in
the single ECDs originates two notable changes in their EIS
at zero bias: (1) the appearance of the small charge transfer
semicircle at high frequency region and (2) the increase of
the capacitance (and diminish of the resistance) in the
diffusive semicircle (or line) at low frequency one. As the
charge transfer semicircle increases with the polarization
potential [9], the first fact indicates that the redox reaction
initiates at lower potential in dual ECDs than in the single
ones, which coincides with the electrochromic switch
potential for these two types of ECDs. In the case of the
diffusive semicircle (or line), the capacitance of the two-
electrode device could be assimilated as the effective of two
capacitances in series. Suppose that C; is the capacitance of
one electrode/electrolyte interface and C,, the other. The
effective capacitance, Cg, of two electrode/electrolyte
interfaces in series is equal to:

1 1 1
G oG 7

As the value of Cg should be always close to the
minimum of C; and C,, the low diffusive capacitance of
single ECDs should be associated to the ITO/polymeric
electrolyte interfaces (~107° Q s °°%), and the high
capacitance value of dual devices should reflect the real
charge accumulation capacity of the conducting polymers
in contact with the electrolytes (~107> Q s *%%),

The effect of the PANI presence on the optical switch
potential of the P3MT dual ECDs can be envisaged by
considering the same electrochromic polymer in a three-
electrode cell with the liquid electrolyte LiClO4-ACN,
whose volume can be considered as infinite for the
P3MT-coated working electrode. The large liquid volume
permits the storage of the Li" ions during the oxidation
process of the P3MT electrode so that the polymer can
change the color from dark brown (reduced) to transparent
blue (oxidized) in a potential range from +0.0 to +0.4 V (vs
Ag/AgCl), respectively [7]. In the case of the P3MT solid
ECDs, the thickness of the polymeric electrolyte represents

a much more reduced volume compared with the liquid one
for both the working and counter electrodes. During the
oxidation process, positively charged P3MT needs the
ClO, ion incorporation to achieve the phase transition
from reduced to oxidized one. As ITO/electrolyte interface
shows a low capacitance to storage the Li" counter ions,
these cannot be separated far away from perchlorate ions by
the space limitation. An electrical potential should be
created inside the electrolyte to impede the insertion of
ClO; ions into the P3MT-coated working electrode. On the
other hand, the space-charge effect should be observed in a
230-nm thick P3MT film [20], which could be partially
responsible for that potential. A larger applied potential can
help to reduce the impeding potential, but the optical
kinetics is still limited. As the ITO counter-electrode is
replaced by a PANI/ITO one, this shows an almost 100-fold
diffusive capacitance, which permits a larger charge
accumulation on the counter-electrode interface, necessary
for the redox processes occurring in both electrodes of the
devices and consequently a much larger amount of CIO,
ions are available to be inserted into P3MT, leading to the
color change at a lower potential (+0.5 V or lower, Fig. 6)
as if it were immersed in an infinite liquid electrolyte.
Finally, the faster optical switch speed in the P3MT dual
ECDs is due to the replacement of slow lithium ion
accumulation kinetics in the ITO/electrolyte interface by a
rapid one in the PANI/electrolyte interface.

Conclusions

Electrochromic behavior of solid P3MT-based ECDs has
been studied by using the ITO glass (single) or PANI-
coated ITO glass (dual) as counter-electrode. For a single
P3MT ECD, an external voltage not less than 1.4 V is
required to induce a notable color change in the devices
with a bleaching time of about 80 s and the coloring of
about 15 s. Whereas for a dual P3MT-PANI one, less than
1 V is sufficient to obtain the same color change and the
optical switch time is reduced to about 1.5 s for bleaching
and about 0.75 s for coloring, independent on the lithium
salt concentration and the viscosity of the polymeric
electrolytes. EIS of the dual devices at zero bias show the
appearance of the charger transfer semicircle, a 100 times
increase in the diffusive capacitance and 100 times diminish
in the diffusive resistance compared with the single ones. It
suggests that for the dual devices, the reduction—oxidation
process should initiate at lower applied potentials and the
counter-ions could rapidly diffuse into the counter-electrode
and largely stored there in comparison with the single
ECDs. These results are congruent with the optical kinetics
of both types of ECDs, namely, the use of the secondary
electroactive coating (PANI) permits a low color switch
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potential as well as a high color switch speed in the dual
P3MT-based ECDs.
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