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Electrochromic high-resolution patterns were created with
conductive polymers and a UV-light treatment. The patterns
can appear and disappear with applied voltage due to
manipulation of their optical properties.
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The phenomenon of electrochromism in conductive polymers is well known and has been exploited in
many scientific reports. Using a newly developed patterning technique for conductive polymers, we
manufactured high-resolution electrochromic devices from the complementary polymers PEDOT and
polypyrrole. The technique, which combines UV-light exposure with vapor phase polymerization, has
previously only been demonstrated with the conductive polymer PEDOT. We further demonstrated how
the same technique can be used to control the optical properties and the electrochromic contrast in
these polymers. Oxidant exposure to UV-light prior to vapor phase polymerization showed a reduction
in polymer electrochromic contrast allowing high-resolution (100 pm) patterns to completely ‘disappear’

Received 19th December 2017, while applying a voltage bias due to their optical similarity in one redox state and dissimilarity in the

Accepted 25th February 2018 other. This unique electrochromic property enabled us to construct devices displaying images that
appear and disappear with the change in applied voltage. Finally, a modification of the electrochromic

device architecture permitted a dual image electrochromic device incorporating patterned PEDOT and
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Introduction

Electrochromism refers to the change in a material’s optical
properties with the onset of a specific applied electrical stimulus.
Devices exploiting this phenomenon have found applications in
different fields, e.g., smart windows for building temperature
regulation or glare reduction. With their potential to reduce
energy costs and consumption through reduced air conditioning
and heating, electrochromic materials have been extensively
researched and developed."” Other applications include electro-
chromic displays and adaptive IR camouflaging.*™ Since the
discovery of electrochromism in metal oxide films there have
been many advancements in the field.®” From device architec-
ture modifications such as multiple layers® to material mani-
pulations introducing composite substances,” improvements to
the field of electrochromics have been widespread.

Conductive polymers (CPs) have been of interest to the
electrochromic community’® due to their unique electrical
and optical properties, compatibility with large-scale produc-
tion, ability to be easily chemically modified and their potential
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patterned polypyrrole on the same electrode, allowing the switching between two different images.

to replace inorganic materials in certain electrochromic appli-
cations. CPs can be synthesized in a variety of ways including
chemical,"""* electrochemical®® and vapor phase polymeriza-
tion (VPP)."*™® VPP involves the deposition of an oxidant
solution followed by exposure to monomer vapour in a con-
trolled environment. As such, VPP overcomes limitations of CP
solubility, results in CPs in thin film form (<300 nm) and allows
the possibility to coat a wide range of substrates, including non-
conductive surfaces. By optimizing the VPP parameters, researchers
have shown impressive improvements in electrical and optical
properties of CPs films making them suitable for various opto-
electronic applications.”” " Films of poly(3,4-ethylenedioxy-
thiophene) (PEDOT) with high conductivity (>1000 S em ™),
necessary for various organic electronic applications, have been
reported using the VPP technique.***

Patterning of CPs allows an expansion of their potential to
be exploited into flexible electronics. To date CP have been
patterned using many strategies.>*"*® Certain patterning techni-
ques such as ultrasonic spray-coating®” and photolithography**>°
have been applied within the electrochromic field for patterned
display applications. Other researchers have focused on the
patterning of derivatives of common CPs**?' or patterning into
novel substrates.>*** Recently, a novel patterning technique
has been reported for PEDOT.** The developed procedure
involves a UV-light treatment of oxidant films prior to VPP,
resulting in changes in both the electrical and optical proper-
ties of the obtained PEDOT film. UV-light treatment was shown
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(a) Chemical structure of the oxidized state of PEDOT-X and PPy-X. (b) Absorption spectrum of the reduced and oxidized state of the CP. The most

transparent film is for the reduced PPy and the most absorbing film is the reduced PEDOT. The combination of these CPs is suitable for smart window

application due to their complementary nature.

to alter the chemical environment of the oxidant and therefore
modify the polymerization kinetics during VPP. By employing a
photomask during the exposure step, it was possible to produce
patterns with features down to a resolution of 10 pm. A short
summary of the previous report is supplied in the ESL3*

To fully exploit the UV-light VPP patterning technique and
its possibilities within the electrochromic field, a second,
complementary CP is necessary.>*® Complementary polymers
A and B for electrochromics means that polymer A is trans-
parent in the redox state at which polymer B is colored and vice
versa. Fig. 1 displays the chemical structure and absorption
spectrum of PEDOT and polypyrrole (PPy) in the reduced and
oxidized states. It should be noted that PEDOT and PPy both
are p-doped conductive polymers and cannot be truly reduced
(in the sense of having negative charge). When unperturbed,
both PEDOT and PPy are in an oxidized (and thus conductive)
state. When a negative potential is applied, the polymers are
reduced to their neutral (non-conductive) or de-doped state.
Similarly, the polymers can be further oxidized by applying a
positive potential. When the potential bias is removed, the
polymers naturally relax back to their equilibrium oxidation
levels after some time. We will refer to the reduced and oxidized
states throughout this manuscript meaning reduced or oxidized
with respect to the equilibrium oxidation level of these polymers.
As seen from the spectra, PPy is a complementary CP to PEDOT.
PPy has found application in many fields ranging from electro-
chromic devices*?° to sensors.’”*® The combination of PPy and
PEDOT has been already exploited in electrochromic smart
window prototypes resulting in good contrast and lifetime
properties.*>*® However, the high-resolution patterning of PPy
and the possibility to create an electrochromic device with
switching between two images has not been extensively
explored. Furthermore, the effect of the UV-pattern technique
on the electrochromic properties of the produced CPs was never
explored in the previous report.

Herein we investigate the use of UV-light mediated pattern-
ing combined with VPP in order to produce high-resolution
patterns of PEDOT and PPy with unique electrochromic proper-
ties to create an optoelectronic device switching between two
images. In doing so, we have increased the versatility of the
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previously developed UV-light mediated patterning technique
by showing that it is not limited to a specific CP. The process
was first investigated for the CP PPy before the electrochromic
resolution and contrast of both PEDOT and PPy patterns were
analyzed and incorporated into prototype devices.

Experimental

Clevios™ CB 40 (40 wt% Fe(m) p-toluenesulfonate (Fe(Tos);) in
butanol) was purchased from Heraeus (Germany). 3,4-Ethylene-
dioxythiophene (EDOT), pyrrole, 1-ethyl-3-methylimidazolium
ethyl sulfate (EMIM ES), hydroethyl cellulose (HEC) and triblock
copolymer poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (PEG-PPG-PEG, 5800 g mol ') were pur-
chased from Sigma Aldrich. All chemicals were used as received
without further purification.

PPy thin films were synthesized similar to those reported
previously.>® The oxidant solution was composed of Fe(Tos);
(13.9 wt%) and PEG-PPG-PEG (13.0 wt%) in hexanol/butanol
mix. Employing a higher boiling point solvent (hexanol) and a
lower weight percentage of PEG-PPG-PEG, a surfactant used as
polymerization inhibitor, resulted in stable films that did not
dissolve during the washing step of the standard VPP proce-
dure. The oxidant solution was spin coated onto glass sub-
strates (with gold electrodes for electrical characterization),
ITO-coated glass or plastic at 1500 rpm for 30 seconds. The
oxidant coated substrates were placed on a 70 °C hot plate
for 30 seconds before undergoing UV-light exposure for differ-
ent time intervals using a UV-lamp with an intensity of
20 mW cm? at 405 nm and 10 mW cm > at 365 nm. For the
patterning, photomasks were suspended above the oxidant
coated substrates prior to UV-light exposure to create unexposed
and exposed patterns. The oxidant was left to stand for 12 hours
for crystallization observation studies only. Fabrication of high
quality PPy was achieved by immediately polymerizing after
UV-light exposure. Pyrrole VPP was performed at atmospheric
pressure at room temperature for 60 minutes. After the poly-
merization, the thin films were washed with ethanol and air
dried before analysis.

This journal is © The Royal Society of Chemistry 2018
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The procedure for the VPP of EDOT was similar to that
previously reported®® where the oxidant solution was composed
of Fe(Tos); (12.3 wt%) and PEG-PPG-PEG (23.1 wt%) in ethanol/
butanol mix. The polymerization time was 30 minutes under
vacuum conditions and a temperature of 60 °C.

Lateral electrochromic devices were constructed in order to
examine the electrochromic properties of the individual PEDOT
and PPy thin films. Thin films of PEDOT or PPy deposited
on ITO-coated polyethylene terephthalate (PET) plastic were
scratched in the middle to separate the electrodes. They were
then incorporated into the devices using a gel electrolyte doctor
bladed onto the films and then encapsulated with PET double
sided adhesive with a PET top layer. The electrolyte used was
EMIM ES with 7.5 wt% HEC as a gelling agent. Electrical input
was applied in situ and the films experienced oxidization (1.5 V)
and reduction (—1.5 V), and their ultraviolet-visible (UV-vis)
spectra were acquired (Lambda 900 spectrometer, PerkinElmer).
Spectra were recorded between 400-850 nm.

Prototype vertical electrochromic devices were constructed
with the CPs deposited (and patterned) onto ITO-coated PET,
with the CP counter electrode and ITO-coated PET electrode
sandwiched between gel electrolytes and encapsulated with
PET double sided adhesive. The electrochromic behaviour of
the prototype devices was observed using an external power
supply with the voltages ranging from 1.5 V to —1.5 V unless
otherwise stated.

The modification of the electrochromic devices to permit
two images within the one device required both CPs to be
deposited onto a single ITO substrate. To achieve this, two
UV-light mediated patterning VPP procedures were performed
in sequence. A PPy pattern was synthesized first followed by a
PEDOT pattern. The multilayer film was encapsulated with a
bare ITO counter electrode, prioritizing the ability to observe
the two images over longevity of the device. The PPy synthesis
within the dual image device was altered by an increase
in oxidant concentration (24 wt%) in order to increase the
thickness of the layer and allow the image to become more
visible.

Characterization

Color contrast measurements were performed on PEDOT
and PPy samples in their oxidized and reduced states using
a spectrophotometer (Datacolor Mercury). Two unexposed
samples, one of PEDOT and one of PPy, were prepared on
gold-coated glass substrates. These samples were larger in area
than the ITO-coated substrates and acted as the counter
electrodes during electrochemical switching. The larger area
of the counter electrode ensures that enough charge can be
supplied to the working electrode for a complete electrochemical
switching to occur. The electrochemical switching was per-
formed in 1 M KCI water solution while applying a voltage bias
of £1.5 V between the working and counter electrodes. The
samples were switched between their oxidized and reduced
states 5 times before performing the measurements. The samples
were then switched to their oxidized/reduced state and dried with
a nitrogen gun before performing the color measurements.

This journal is © The Royal Society of Chemistry 2018
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The L*, a* and b* values were recorded and the color contrast,
AE, was calculated from eqn (1):*

AE =[(Ly* — Ll*)Z + (ay* — al*)Z + (b — bl*)z]l/Z (1)

where L* is the lightness and a* and b* are color dimensions.

Conductivity measurements were achieved using gold
electrodes in a four-probe configuration patterned onto glass
substrates using thermal evaporation. The area between the
inner electrodes was 1 x 1 cm? The sheet resistance (R;) of the
samples was measured using a source meter (Keithley 2400) in
four-wire sense mode. The conductivity (o) was calculated using
the eqn (2):

1

U:E (2)

where ¢t is the film thickness, ¢ is the conductivity and Ry is the
sheet resistance.

Film thickness and film morphology was obtained using
atomic force microscopy (AFM). AFM images were obtained in
tapping mode using a Veeco Dimension 3100. The morphol-
ogical images and thickness measurements were analyzed using
the WSxM 4.0 software.’® FTIR measurements were performed
using an Equinox 55 spectrometer (Bruker). FTIR spectra were
acquired in transmission mode using a resolution of 4 cm™ " and
64 scans. Spectra were baseline corrected. Undoped SiO, wafers
were employed as the substrate for measurements. A Nikon
SMZ1500 microscope with a DS-Fil CCD sensor was used to
acquire the magnified images.

Electrochemical measurements were performed using a
three electrode setup on a AUTOLAB potentiostat (Metrohm)
in 1 M aqueous KClI solution. Samples of PEDOT and PPy with
different exposure times (0 s, 150 s, 300 s, 600 s and 900 s) were
prepared on gold-coated glass substrates. A platinum counter
electrode and an Ag/AgCl reference electrode were used. Galvano-
static discharge measurements were performed in the potential
range 0-0.5 V at a constant current of 10 pA in order to calculate
the film capacitance.

Results and discussion

Fig. 2(a) presents the UV-patterning technique to create high-
resolution CP patterns. The oxidant, containing Fe(Tos); and
PEG-PPG-PEG, is composed of a hexanol/butanol mix and
deposited via spin-coating after which UV-light illuminates the
oxidant film through a shadow mask. The vapor of pyrrole is
exposed to the irradiated oxidant film within a closed chamber.
The oxidant in the areas exposed to the UV-light is altered by the
UV-light, so that the resultant PPy has modified optical and
electrical properties. As seen previously for UV-light mediated
patterned VPP PEDOT, lines widths of 10 um can be created
using this patterning technique.** Fig. 2(b) presents patterned
lines of PPy with exposed (900 seconds) and unexposed areas
with the smallest line being 10 pm with further images shown in
Fig. S1 (ESIY). PPy patterned lines, together with atomic force
microscopy images displaying topography of the exposed and
unexposed regions can be seen in Fig. S2 (ESIt). Both regions

J. Mater. Chem. C, 2018, 6, 4663-4670 | 4665
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Fig. 2 (a) Schematic of the UV-patterning technique (1) deposition of an oxidant solution, (2) exposure to UV-light through a photo mask,

(3) polymerization of the monomer species via VPP, (4) post washing procedure resulting in a patterned CP thin film. Insets show that poorly CP results
from the oxidant regions irradiated with UV-light. (b) High-resolution patterning of PPy producing conductive and non-conductive regions with line widths
of the order of 10 um. (c) UV-Vis absorption spectra and (d) conductivity measurements of PPy thin films after the oxidant was exposed to UV-light for

various times before vapor phase polymerization of pyrrole was performed.

exhibit grain-like structure at the nanometer scale, yet the
micrometer morphology shows distinct differences, with the
exposed regions possessing large crystal-like structures.

A range of PPy films were fabricated using varying amounts
of UV-light exposure of the oxidant prior to the VPP step. The
optical properties of the obtained PPy films were altered due
to the UV-light treatment, as reported previously for PEDOT.>*
The UV-vis spectra in Fig. 2(c) show a general trend of lower
absorption in the near IR region for increased exposure time.
This decrease in absorption corresponds to a reduction in
bipolaron formation*'** also supported by the reduction in
conductivity measured for films obtained with increasing expo-
sure times (Fig. 2(d)). The appearance of a sharp peak at
425 nm in the UV-vis has been reported also for PEDOT films
obtained after UV-light exposure,** and is believed to originate
from shortened polymeric chains.”® The peak appears to grow
in strength with exposure time, indicating that increased
UV-light exposure may create a larger amount of shorter poly-
mer chains resulting from an increase in nucleation sites. The
hypothesis of nucleation sites is supported by the observation
of the crystallites formed in the oxidant (allowed to stand for
12 hours to be observable) as in Fig. S3 (ESIf). Increased
crystallization impacts the final PPy thin films as the polymer-
ization adopts the same morphology present in the oxidant.
Evidence of the oxidant ‘guiding’ the polymer morphology can
be found in Fig. S4 (ESIT). PPy was synthesized with the oxidant
left to stand for 12 hours and the CP adopts exactly the same
morphology trends found within the oxidant samples (all further
PPy films were synthesized immediately after exposure).

FTIR analysis was conducted on PPy thin films in order to
support the conductivity measurements and observe any addi-
tional changes within the films following the UV-light treatment.

4666 | J Mater. Chem. C, 2018, 6, 4663-4670

The main modification that was observed in the FTIR features
of PPy thin films (Fig. S5, ESIt) is the reduction of the peak
at 1510 cm™ " and the reduction in the overall absorption from
1500 to 3500 cm™'. The peak at 1510 cm™ ' relates to C—=C
stretching and the broad band at higher wavenumbers (1500 to
3500 cm™ ') has been previously reported to be associated with
the oxidation level of CPs and the transition from bipolarons to
polarons (refer to summary in ESIt).** Therefore, the reduction
in both these peaks suggests the CP is both changing doping
state and conjugation length, thus corroborating the UV-vis and
the conductivity measurements.

In our previous report,** long exposure times of the oxidant
solution followed by EDOT VPP resulted in degradation or
removal of the polymeric material upon washing the samples.
This was not observed with PPy formation. The exposed regions
of the PPy thin films remained after the washing step even after
long exposure periods (900 seconds). The fast polymerization of
pyrrole is thought to create PPy capable of withstanding the
washing procedure. The faster polymerization of pyrrole through
VPP has been well documented previously.'®** It is believed
there is sufficient PPy formed to become entangled and therefore
to remain intact during the washing step, however, this is yet to
be proven. Regardless of why the PPy remains, complex patterns
of PPy possessing regions of high and low conductivity can be
created with examples such as circuits and advertising logos as
shown in Fig. S1 (ESIt). However, the electrochromic potential
of these high-resolution patterns and images has yet to be
exploited.

Fig. S6 (ESIt) presents the electrochromic behaviour of
the PPy thin films fabricated after the oxidant was exposed to
UV-light for various time periods. The difference in absorbance
intensities between the oxidised and reduced states of PPy was

This journal is © The Royal Society of Chemistry 2018
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(a) Color contrast values of PEDOT (black) and PPy (blue) calculated by L*a*b* color space of the oxidized and reduced states of films following

various UV-light exposure times. (b) Color contrast differences between oxidized and reduced states of the unexposed and exposed CPs. The contrast
values are the exposed samples compared to the unexposed values. E.g. PEDOT exposed for 900 s in the reduced state was compared to the unexposed
reduced PEDOT to give a contrast value of over 35. (c) Electrochromic patterns of PEDOT and PPy after the oxidant was exposed for 900 s in their
oxidized and reduced states. 100 um lined patterns are visible in the PEDOT film in the reduced state while the pattern in the PPy thin film is visible in the

oxidized state.

shown to decrease with increasing exposure times in both the
visible and near-IR regions, resulting in a reduction in visible
contrast. Similar reductions in colour contrast over the visible
spectrum are observed for PEDOT samples after the oxidant is
exposed to UV-light for increasing time periods (Fig. S7, ESIT).
However, in addition to a decrease in contrast, the reduced state
of the exposed PEDOT appears purple instead of the character-
istic dark blue. The colour contrast of the individual films was
further analysed using a handheld spectrophotometer with the
contrast calculation based on the L*a*h* colour space coordi-
nates in order to quantitatively evaluate the difference in the
contrast. Fig. 3(a) displays the trend of colour contrast between
reduced and oxidized states, with increasing UV-light exposure
times of the oxidant.

The color contrast between the exposed and unexposed regions
for both PEDOT and PPy at different exposure times is shown in
Fig. 3(b). The graph presents both CPs in their reduced and
oxidized states and compares them to the unexposed CPs. The
contrast values are therefore the contrast between the oxidized state
of the exposed samples and the oxidized state of the unexposed
sample. From this graph it is clear that the contrast between a
pattern and its surrounding (regions exposed to UV-light) increases
with increasing exposure time. It also shows the greatest contrast is
shown in the reduced PEDOT state confirming the UV-light effect
is more dominant on the reduction redox state in PEDOT. PPy
however, shows a more even effect on both oxidized and reduced
states albeit lower contrasts to the unexposed sample.

PEDOT and PPy patterning via the UV-light mediated tech-
nique accomplishes the significant goal of combining micro

This journal is © The Royal Society of Chemistry 2018

and macro patterning using the same patterning procedure.
Electrochromic behavior in patterned CPs has been sparsely
reported within the scientific literature** and not at all for the
micrometer scale. UV-Light mediated patterning of the oxidant
solution prior to VPP allows CP patterns with micrometer
resolution and nanometer thickness for electrochromic appli-
cations. Not only can the patterns be fabricated quickly and of
various sizes (the deposition of oxidant being the only practical
limitation), the resolution of the patterns is retained in its
electrochromic behavior, with the change in optical properties
having a definite micrometric edge. The electrochromic resolution
of 100 pm can be observed in Fig. 3(c) with both PEDOT and PPy
displaying electrochromic patterns appearing and disappearing
depending on the applied voltage.

The exposed regions of the PEDOT and PPy shown through-
out this report are not as electroactive as the unexposed regions
as demonstrated by a reduction in electrochromic contrast
between oxidized and reduced states. It may be argued that
the reduction in electroactivity is due to a reduction in the CPs
ability to accommodate charges, as demonstrated by the lower
charge carrier concentrations in FTIR measurements. In an
electrochromic cell, charge transfer reactions occur at both
electrodes and the charges on one electrode must always balance
those on the other. For a complete electrochromic reaction to
occur, the counter electrode must therefore have high enough
charge storage capacity. It is therefore important to investigate
how the capacitance of the CPs change during the UV-VPP
process. Fig. S8 (ESIt) shows how the capacitance changes with
increasing UV-light exposure. Both for PEDOT and PPy the

J. Mater. Chem. C, 2018, 6, 4663-4670 | 4667
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PEDOT as the counter polymer. The device is shown in both states where the university logo becomes visible during reduction of the patterned PEDOT
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patterned PPy layer with PPy as the counter polymer. The PPy device in both states is presented with the pattern becoming visible when the patterned
PPy layer is oxidized and disappears when the it is reduced. * Voltages stated are applied to the patterned CPs.

capacitance decreases at high exposures by ~25% in the case of
PEDOT and 75% in the case of PPy. The reduced capacitance
could have consequences in devices where both electrodes are
required to undergo an electrochromic reaction. If there is a
large UV-light exposed area on one electrode, then it might not
have large enough capacitance to balance the opposite electrode.
However, since capacitance increases with film thickness, this
can easily be compensated for by producing thicker CP films on
the patterned electrode.

Fig. 4(a) presents a simple device architecture incorporating
a patterned PEDOT (900 s exposure) film and a PEDOT counter
electrode both deposited on ITO-coated PET. As shown in
Fig. 3(b) the color contrast between exposed and unexposed
regions of PEDOT is greater in their reduced states than in their
oxidized states. This has the effect that a pattern will be more
visible in one state than the other, and switching between the
two states will make the pattern appear and disappear, aided in
this by the dark color of the back electrode in its reduced state.
A movie of the working prototype is presented in ESI,T Movie 1.
The color contrast is less intense for PPy as mentioned previously
and shown in Fig. 3(b). However, Fig. 4(b) displays an electro-
chromic device incorporating patterned PPy albeit employing a
white electrolyte that is opaque instead of transparent which
highlights the advertising application of PPy patterns. A prototype
device employing the transparent gel electrolyte and two PPy
layers can be seen in Fig. S9 (ESIt). Despite the lower contrast,
the images are still visible in the oxidized state yet disappear in
the PPy reduced state. We observe that the visibility of the PPy
pattern is enhanced using the opaque electrolyte compared to
the transparent electrolyte, but the opposite is true for the
PEDOT pattern (more visible as a window with back lighting).
An explanation to this is still under investigation. By combining
both CPs together with a transparent electrolyte, a smart

4668 | J Mater. Chem. C, 2018, 6, 4663-4670

window device including a pattern visible with moderate
contrast can be achieved - an example of this is shown in
Fig. S10 (ESIf) and a conceptual application demonstrated in
Fig. S11 (ESIY).

As shown throughout this report, the patterns within the CP
films effectively appear and disappear with the applied voltage.
Therefore, one can reasonably assume that two images can be
incorporated into a single electrochromic device through the
incorporation of two patterned CP film. To achieve a dual
image electrochromic device, we combined a patterned PEDOT
and patterned PPy layer on top of each other.

The fact that images imprinted into the PEDOT and PPy films
via UV-patterning are complementary to each other (PEDOT
patterns visible when reduced and PPy patterns visible when
oxidized) does not allow for two images to be shown in a singular
electrochromic device in the previous device architecture. If both,
patterned PEDOT and patterned PPy were included in the device
architecture shown previously, the patterns would overlap with
neither image appearing individually. However, if the current
electrochromic device architecture is modified two images can
appear within a singular device. In order to achieve this goal the
patterned PEDOT and PPy must be deposited onto the same ITO
electrode. PPy was deposited first due to its fragility followed by
PEDOT. There appeared to be no adverse effects of the UV-light
on the patterned PPy film or any difficultly patterning a PEDOT
film on PPy aside from some minor defects originating from
spin coating. Fig. 5(a) shows the new electrochromic device
architecture to produce multiple images within a single device
while Fig. 5(b) illustrates the individual electrochromic behav-
ior of both patterned CPs when they are under an applied bias.
Unfortunately, due to the electrochromic device architecture,
the switching speed was slow (5 minutes) and the lifetime is
limited and needs to be improved.

This journal is © The Royal Society of Chemistry 2018
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(a) Dual image electrochromic device architecture showing the change in structure with both CPs deposited onto one ITO substrate. (b) Individual

electrochromic behaviour schematic of the two patterned CPs when under applied voltages of +1.5 V and —1.5 V. The images appear and disappear in
opposites allowing a double image device. (c) Dual image electrochromic device in both states showing clearly both individual images.

The schematic shows that when the PEDOT pattern is
oxidized, it exhibits similar optical properties to the surrounding
exposed PEDOT and disappears, while the PPy pattern is dis-
similar in optical properties when oxidized and becomes more
visible. The opposite is observed when the CPs are reduced with
the PEDOT pattern being observed while the PPy image dis-
appears. Thus, the manipulation of the device architecture and
the materials results in an electrochromic device exhibiting two
different images - one when oxidized and the other when
reduced. Fig. 5(c) presents the final multiple image electro-
chromic device in its reduced and oxidized forms clearly dis-
playing the two different Linkoping University logos.

Conclusion

We have demonstrated that a newly developed UV-light pattern-
ing technique can be adapted to accommodate CPs other than
PEDOT, such as PPy, with similar effects on the resultant CP film.
We further showed that the electrochromic contrast between two
redox states can be tuned using UV-light exposure. A reduction of
conductivity was observed with increasing UV-light exposure time
which was shown using UV-vis, FTIR and electrical measure-
ments. Complex patterns of PPy with high-resolution were
achieved by exploiting photomasks during the UV-light exposure.
The micron-scale resolution patterns (100 pm) created by treating
the oxidant with UV-light were shown to retain their electrochro-
mic behavior. The patterns possessed similar optical properties
in one redox state and dissimilar properties in the other resulting
in high resolution patterns that disappeared and appeared with
the change in applied electrical bias. This electrochromic pro-
perty is unique to the UV-VPP patterning technique and was
observed for both PPy and PEDOT albeit in opposite states

This journal is © The Royal Society of Chemistry 2018

(patterns visible in the oxidized state for PPy and the reduced
state for PEDOT) and displayed in prototype electrochromic
devices. A new type of electrochromic device capable of switching
between two patterns was realized using a new electrochromic
device architecture. This type of dual image device has not been
previously reported in the field of electrochromics and could
potentially be used in various optoelectronic device applications
such as displays, smart windows, and adaptive IR camouflaging.
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