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The use of smart technologies in our daily lives, from smartphones to auto-dimming windows to touch
sensors, has become pervasive. With growing desire for these devices to be conformable and flexible,

traditional materials are being replaced to create a class of products known as active organic electronic

devices (OEDs). These new devices owe their ability to switch electrical and/or optical function to the

intimate interaction between an inherently conducting polymer and electrolyte, typically an ionic liquid.
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Herein, we provide the first observations that specific ionic liquids can reduce or oxidise conducting
polymers upon intimate contact in the absence of any electrical stimuli. The ability to reduce or oxidise
the inherently conducting polymer depends on the cation and anion pair within the ionic liquid. Extending

the utility of this phenomenon is made by fabricating OEDs such as prototype fuel cells, supercapacitors

www.rsc.org/MaterialsC and smart windows.

Introduction

From generating light," to observing the universe,” to storing
electronic data® and electrical energy,’ inherently conducting
polymers (ICPs) and ionic liquids (ILs) are independently in
their own rights materials with seemingly ubiquitous use in a
diversity of applications. The rapidly growing field of flexible
organic electronic devices (OEDs),”® and in particular active
OEDs, embody technologies that utilise the intimate interaction
between these two materials. However, despite the discovery of
ICPs in the 1970s,” and to an even greater extent the develop-
ment of ILs over the past 125 years,®® their interaction has
scarcely been discussed.'®'" In most of the electro-chemically
active OEDs the IL is simply employed as an electrolyte providing
both cations and anions to facilitate the (reversible) electro-
chemical reduction or oxidation of the ICP. The novelty of using
an IL here extends from the fact that the cations and anions
always exist in solution, in contrast to classic electrolytes which
only generate ions through dissociation or ionisation in the
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presence of a solvent.'” Such oxidation or reduction leads to
modification of the ICPs electrical and optical properties, thus
creating active OEDs such as electrochromic smart windows
and displays,"’ organic electrochemical transistors (OECT) and
sensors,' and electrochemical mechanical actuators.'® Prior
research on the ICP-IL interaction has been heavily focussed on
how the cations and/or anions diffused in and out of the ICP,
with'>'® or without'" an externally applied electric field.
Within this context, the fields of chemistry and biology
commonly apply theories such as the Hard-Soft Acid-Base
(HSAB) theory'” and Marcus theory'® to understand and categorise
how and why specific chemicals and molecules interact and/or
react. The kinetics of reactions involving electron transfer between
molecules and/or atoms, including the solvent medium is well
described by Marcus Theory. Note that there is also the scale of
Gutmann which defined a donor and acceptor number,'® which
ultimately translated the acceptor and donor character of solvents
and molecules into a relative scale. These numbers then define for
molecules, such as ILs and ICPs, the direction of the electron
transfer (leading to reduction or oxidation). To date, general
observation of this charge transfer has not been reported.
Examination of the literature reveals one comment on the
potential use of the HSAB theory to describe the interaction of
anions with ICPs.>® Garnier et al. state that the HSAB theory
presents an interesting mechanism to interpret how ICPs inter-
act with their doping counter ion (the anions responsible for
stabilisation of the carbo-cation in the ICP). Crispin et al>' in
complementary work also discussed ICPs (n-conjugated mole-
cules) in this context, focussing on the interaction of acetonitrile
with transition metal layers such as Cu, Ni and Fe. With respect
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to the use of OECTs>*** for chemical and/or biological sensing
(e.g. detection of glucose'®), the specific interaction between
the ICP and the electrolyte will need to be taken into account
prior to unravelling the manner by which the analyte interacts
with the ICP. As this literature survey suggests, to date no general
practical demonstration has been made for ILs reducing or
oxidising ICPs. Of note though is the work of Armel et al. who
observed one specific IL changing the colour (darkening) of
poly(3,4-ethylenedioxythiophene) (PEDOT), though they con-
cluded no electrical reduction of the ICP occurred."" General
observations in the presence of an external electric field have
been made by Forsyth and co-workers showing that both the
nature of the anion and cation influence the redox cycling of
electrodeposited conducting polymer films.>* This is support-
ing evidence that the chemistry of an IL should be considered
in defining the performance of an OECD.

Herein we utilise the fact that ILs and ICPs can be selected to
interact and lead to reduction or oxidation of the ICP (based
upon the aforementioned mechanisms described by HSAB, Marcus
theory, Gutmann number, etc.). Firstly, we present experimental
observations that upon intimate contact when ILs diffuse into ICPs
they can reduce, oxidise or do nothing to the ICP, all in the absence
of an externally applied electric field. In this study the different
redox behaviour observed for given ILs and PEDOT are sum-
marised and categorised. We use these redox interactions to
fabricate several different types of OEDs consisting of only ILs
and ICPs such as PEDOT; (i) electrochromic displays; (ii) smart
windows, (iii) supercapacitors, (iv) fuel cells.

Results and discussion

Of the many ICPs currently being investigated,” PEDOT and more
specifically PEDOT doped with tosylate (Tos) anions, synthesised
using vapour phase polymerisation (VPP), is considered to be the
one with the greatest potential for ubiquitous use. It has recently
been demonstrated to be semi-metallic>® with high electrocata-
Iytic activity,”>*” and possessing good electrochromic switching"?
and biocompatibility.”® Herein, PEDOT-Tos (and PPy-Tos and
PTh-Tos) was prepared by VPP and employed as thin films on
glass substrates to study its interaction with a variety of ILs. The
PEDOT has a high doping level with Tos approaching one Tos for
every 3 EDOT repeat units to achieve a high electrical conductivity
(>1500 S cm ™). This conductivity is primarily attributed to the
many positive charges positioned along the conjugated polymer
backbone.'**® The interaction of these doped conducting poly-
mers with a range of ILs, without the application of an external
electric field, is shown in Table 1.

Interaction of a variety of ILs with PEDOT-Tos is observed as
an optical darkening, or reduction (Table 1), in a similar
fashion to the change in properties observed when interacting
with other molecules known for their hard base character (for
example amines®*"). When trihexyl(tetradecyl) phosphonium
bis(2,4,4-trimethylpentyl)phosphinate (THTDPh-BisPhos) contacts
the PEDOT-Tos it reduces, while 1-butyl-3-methyllimidazolium
bis(trifluoromethylsulfonyl)imide (BMIM-TFSI) and other similar
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Table 1 The visual observation of either no response, or chemical
reduction, when specific ILs are placed into intimate contact with ICPs
in the absence of an applied electric field. THTDPh-BisPhos is observed to
reduce PEDOT, PPy and PTh

TBEP-DEP | TBTDP-DDBS THTDPh-CI
Interaction - -
with | EMIM-TFSI | BMIM-TFSI | OMIM-TFSI | DMIM-TFSI
B - - - -
THTDPh-
BisPhos |
with PEDOT with PPy with PTh

ILs do not reduce the ICP (Table S1, ESIt). The observation of
chemical reduction is also made for THTDPh-BisPhos in con-
tact with PPy-Tos and PTh-Tos. In each case the IL is hypo-
thesised to displace the doping Tos anion from within the
PEDOT. This is substantiated by the introduction of CI as the
dopant anion (VPP PEDOT using FeCl; as the oxidant), which
significantly inhibited the reduction reaction when contacted
with the same IL. The rationale here is that Cl is strongly bound
within the PEDOT due to its strong base character, while Tos
is not so strongly bound. This highlights that the chemical
character of the materials is just as important as the electro-
static interactions (i.e. anions attracted to cations). The impor-
tance of the specific chemistry in the system highlights the
usefulness of theories such as the HSAB and Marcus theory for
IL-ICP interactions. Much of the literature focusses on the physics
of these interactions, discussing in detail electrostatic interaction
of like and dissimilar charged species.

To confirm the specific interactions between the ICP and the
ILs, including those that did not appear to show observable
colour change, the thickness of the PEDOT-Tos was measured
before and after contact with the IL for several ICP-IL examples.
The BMIM-TFSI gave a 34% thickness increase and the 1-butyl-
3-methyllimidazolium tetrafluoroborate (BMIM-BF,) gave 55%
(see ESIT). The swelling magnitude compares favourably to the
percentage increase reported by Armel et al.'' for concentrated
phosphonium cation-Tos anion ILs in direct contact with similar
VPP PEDOT-Tos substrates. Their investigation concluded that
the swelling arose from the uptake of the IL into the PEDOT-Tos,
leading to an expansion of the d100 interchain distance. Expan-
sion due to the large phosphonium cation altered the PEDOT
interchain interactions, with the observation of a concomitant
optical darkening of the PEDOT-Tos. Their electrical analysis
suggested this darkening was not due to a chemical reduction
of the PEDOT-Tos. Our observation of comparable polymer
swelling for VPP PEDOT-Tos upon contact with the TFSI and
BF, based ILs without any change in visual appearance/colour
suggests that there are additional factors at play beyond what
was proposed by Armel et al.™
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Fig. 1 The behaviour of ICPs in ILs under an applied external bias is investi-
gated using the electrode architecture in (a). The behaviour is observed
visually in (b) as changes in the PEDOT-Tos optical properties, which were
confirmed in situ within the AFM (c), with concomitant change in the thin
film thickness (d).

To investigate if the specificity of the IL is important under
an applied electric field, high doped PEDOT-Tos samples were
scored in half to create two electrodes (Fig. 1a), essentially
creating an anode and cathode. Electrochemical reduction or
oxidation was initiated by applying an electrical field between
the two polymer electrodes in the presence of selected ILs. Hence
one electrode underwent oxidation while the other reduced, and
with reversal of the bias the PEDOT-Tos changed to its opposite
redox state (Fig. 1b). For certain ILs there was observable optical
switching of the polymer, in agreement with previous studies,**"**
even after multiple switches back and forth between the two
states. In situ to the AFM, the PEDOT-Tos electrodes are still
observed to optically switch between the reduced and oxidised
states (Fig. 1c), with concomitant changes in the measured film
thickness (Fig. 1d). After switching between the reduced and
oxidised state several (up to 20) times using the TFSI anion,
a further swelling of the PEDOT-Tos (ca. an additional 20%) was
recorded relative to the initial swelling upon contact without
applying a bias.

However in contrast, the use of the THTDPh-BisPhos IL
yielded no change in the PEDOT-Tos film thickness. In fact,
even with the application of an external bias that should oxidise
the PEDOT-Tos, it remained in the reduced state as observed by
the unchanged dark optical appearance. Observations here add
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to the growing discussion that an IL is not simply described as
a “sea of point charges”,**® nor a homogeneous continuum
of non-interacting dipoles,®” rather their specific chemistry is
important to how ILs behave and interact with other materials.
As will be shown herein, this has direct implication for applica-

tions such as fuel cells, supercapacitors and smart windows.

Electrochromic devices

We have already visually observed in Table 1 that certain ILs
reduces PEDOT-Tos (and PPy and PTh). Further to this, using
UV-Vis spectroscopy, when ethylammonium nitrate (EAN) is
used it oxidises the PEDOT-Tos (Fig. 2). This oxidation is
confirmed by observing an increase in the optical transmission
of the PEDOT-Tos (this transparency is difficult to identify in
the optical images presented in Table 1). In Fig. 2, the electro-
chromic properties of PEDOT-Tos with EAN is compared with
that of BMP-TFSI which has been previously employed for active
OEDs."*?*%%* The PEDOT-Tos with no applied external electric field
in contact with the BMP-TFSI is less transparent than the oxidised
state (i.e. +1.5 V bias applied to the PEDOT-Tos). Converse to
the expected response, when using EAN as the electrolyte, both
the no bias and oxidised states of the PEDOT-Tos are in perfect
agreement (highly transparent). This implies that the EAN
strongly oxidises the PEDOT-Tos without an externally applied
electric field. Given the strong oxidation strength of the EAN, it
is employed to facilitate the oxidative polymerisation of EDOT
(Fig. 2d), by adding EDOT monomer directly to the IL in the
absence of any other chemical. The increasing blue colour with
time of the initially transparent liquids confirms the oxidative
polymerisation of EDOT using only an appropriate IL. The
oxidation properties of the EAN is hypothesised to arise from
the IL only, and not dissolved gases within (such as oxygen),
as supported by the observation of the same chemical oxidative
polymerisation of EDOT in EAN under vacuum (an oxygen deficient
environment). In a similar manner to the lack of film thickness
change upon electrochemical reduction or oxidation for THTDPh-
BisPhos, EAN initially swelled the ICP upon contact but no further
change upon cycling.

The chemical reactions between the IL and ICP are hypo-
thesised to be driven by the chemistry of the IL cations (N+ or P+)
and the relative ‘strength’ of the anion (categorised as a base).
Firstly, the anions in the IL can be defined as a base as per the
HSAB theory. In the case of NO;- and Cl-, these hard base
anions lead to redox reactions with the ICP; when paired with
N+ or P+ cations they oxidise or reduce the ICP respectively.
Conversely, soft base anions such as TFSI-, BF,- and PF¢- are
inert irrespective of which cation they are paired with. This very
simplistic description of the ILs serves as a starting point upon
which to apply the IL-ICP reactions in devices and a foundation
upon which to understand the mechanism in detail.

From the comparison of the two ILs, the oxidised state
achieved with the BMP-TFSI is not as transparent (0.25 absorbance
at 550 nm) as the no bias or oxidised states (0.2 absorbance at
525 nm) observed for that with EAN. This highlights that the
oxidation level achieved through external electrical stimulus
using BMP-TFSI is less than that achieved by chemical oxidation

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The optical switching of ICPs in various ILs as measured by absorp-
tion UV-Vis spectroscopy. (a) The neutral (black), reduced (blue) and oxidised
(red) states of PEDOT:Tos when EAN is employed. (b) The neutral (black),
reduced (blue) and oxidised (red) states of PEDOT:Tos when BMIM-TFSI is
employed. The maximum and minimum absorption values for the reduced
and oxidised state are reported for each IL in (a) and (b). (c) The relaxation
of PEDOT-Tos from its switched state, back to its neutral state when the
system is in open circuit (known as optical memory). (d) The oxidative
polymerisation of EDOT monomer to form PEDOT using only a hard acid-
hard base IL.

using EAN. Such an observation further highlights that the
chemical nature of the IL and ICP is important in defining their
interaction.

Optical memory

The phenomenon displayed in Fig. 3¢, slow relaxation of optical
properties after disconnecting the electrical stimuli, is commonly
referred to as “optical memory”.*°*> This refers to the ICPs
ability to retain its switched optical state for extended periods
of time once the externally applied electric field is removed
(the external power source is disconnected, ie. open circuit). The
decay in optical properties to the neutral state from either the
reduced or oxidised state shown in Fig. 2c were made in a test
cell (Fig. S13, ESIY), having an electrode separation of several mm,
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Fig. 3 (a) The architecture of the prototype metal-free fuel cell. One PEDOT-
Tos electrode is reduced, the other is oxidised, and they are bridged with an
ion channel using the inert IL. An example of the working ICP-IL fuel cell is

presented, showing the reduction and oxidation occurring at each half of

the cell. (b) The power output for the prototype device is 0.5 pW cm™2 or

31 mW g~ of PEDOT-Tos, with (c) the output voltage being recovered
after discharge by introduction of more IL “fuel”.

without full encapsulation of the polymer electrodes and IL. For
the TFSI and BF, based ILs the optical memory can be as long
as several hours. In contrast, the EAN system has an optical
memory relaxing from the reduced to the no bias state of the
order of only several minutes. These different electrochromic
behaviours for the different ILs using the same ICP represent
advances for practical applications of such devices. Firstly, the
long optical memory obtained for the TFSI and BF, based ILs is
suitable for low power consumption ‘“‘smart window’’ applica-
tions such as architectural glazing, where a short voltage pulse
every few hours is sufficient to keep the device in the desired
optical state. In contrast, the short optical memory returning to
the oxidised state for the EAN system is suitable for applica-
tions requiring a safety fail-safe such as dimmable automotive
rear view mirrors (a power failure returns it to a conventional
reflective mirror).

Based on this knowledge, we fabricated a series of prototype
devices that demonstrate the impact of the ICP-IL interaction
for energy related applications.

Smart window

A smart window (Fig. S15, ESI{) was fabricated in which BMP-
TFSI was encapsulated in a working active OED with high

J. Mater. Chem. C, 2016, 4, 1550-1556 | 1553
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doped PEDOT-Tos as the working electrode, and PPy as the
counter electrode (both electrodes were deposited onto ITO
coated glass substrates). The resulting device has a persistence
of the switched state out to greater than 12 h. Conversely, devices
prepared using THTDPh-BisPhos did not function, and those
using EAN persisted in the switched state for only a few hours.
It is noted that the change in electrochromic cell geometry from
Fig. S13-S15 (ESIt) leads to much longer optical memory of the
device. Also, these are significantly longer times than those
reported for other electrochromic devices.*>*?

Supercapacitors

A symmetric supercapacitor device using solely conducting
polymers (commonly known as Type I**) was fabricated using
high doped PEDOT:Tos as both electrodes, and different ILs as
the spacer medium. Through changes in the IL chemistry, the
specific capacitance of the supercapacitor was increased by
an order of magnitude (Fig. S16, ESIT), despite these ILs being
estimated to have comparable dielectric constants.’” Using
BMP-TFSI yielded a capacitance of ca. 70 F g~ by weight of
the two PEDOT electrodes, compared to only 1 F g~* for the
THTDPh-BisPhos, at a voltage scan rate of 100 mV s~ '. The
highest value herein compares favourably to other symmetric
PEDOT based supercapacitors such as those of Kaner and
co-workers for structured PEDOT electrodes®” and Yang et al. for
bulk PEDOT electrodes.*® However these results were achieved
using high concentration HCI or H,SO, electrolytes, as opposed
to the simple ILs herein. Conversely the PEDOT-based super-
capacitors fall short of the capacitance values obtained for
protic ILs used with carbonaceous electrodes (>120 F g~ *).*’
Significant modification of the specific capacitance for this
simple supercapacitor demonstrates how the knowledge of
chemical interactions of ILs and ICPs can inform the design
of future energy storage devices.

Fuel cell

Deviating from capacitor and electrochromic properties (storage
of charge), we show the relevance of the ICP-IL interactions for
the fabrication of a fuel cell that generates power solely based on
the ICP-IL interactions. The prototype fuel cell device in Fig. 3a
uses a THTDPh-BisPhos to reduce PEDOT-Tos, and EAN to
oxidise the same PEDOT-Tos. These two half cells are bridged
using a TFSI based IL to create an ion conductive bridge, in a
configuration typical of a galvanic cell. Such prototype devices
yield voltages of up to 1 V across the two PEDOT electrodes
(electrodes fabricated from the same PEDOT thin film). The
mechanism by which this fuel cell operates is not understood.
However, it is hypothesized that the IL anion is intercalating
within the PEDOT-Tos structure, in a manner similar to the
intercalation of Li cations in a Li-ion battery. Analysis (Fig. 3b)
of the fuel cell performance reveals the fuel cell generates up to
0.5 uW cm > (ca. 30 mW g of PEDOT-Tos) of power, at 0.45 V
and 1.25 pA cm™ 2. Measurement of a non-zero power density
for this symmetric cell (i.e. both electrodes are the same
material) opens the possibility for an ICP-IL redox flow battery
to be fabricated. Such non-aqueous redox batteries are of interest
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owing to the potential for higher energy density devices.*® The
definition of a fuel cell arises from the fact that during discharge
experiments (Fig. 3c) the addition of more IL (fuel) leads to
a sharp increase in voltage, highlighting the IL is being
“consumed” in this process. Employing only ICPs and ILs to
create a metal-free fuel cell highlights the potential impact the
new knowledge of ICP-IL interactions will have on next generation
energy-related devices.

Conclusion

In summary, we have demonstrated that ILs can oxidise or
reduce ICPs in a similar manner to observations of chemical
redox reactions with acids/bases and ICPs. Interaction between
the two can be viewed as a combination of processes driven by
the chemical nature of the IL and ICP, and any externally applied
electric field. These interactions can be categorised as, hard base
anions (NO;- and Cl-) induce oxidation or reduction of the ICP
when paired with N+ or P+ cations respectively. Employing soft
base anions (TFSI, BF,, PFs) results in no observable chemical
reaction irrespective of which cation is utilised. The applicability
of this new knowledge extends the manner by which optical
switching of ICPs is now understood, and furthermore it helps
explain the relaxation processes involved with the commonly
observed optical memory phenomenon for ICPs. Implementing
this into prototype devices (fuel cell, supercapacitors and smart
windows) has demonstrated excellent performance, with the
case of the novel fuel cell achieving voltages up to 1 V, and a
power output of ca. 0.5 uW cm™ 2. We believe the observations of
redox reactions between ILs and ICPs will help to unlock future
opto-electronic device performance, leading to the creation of
efficient novel organic electronic devices.

Experimental section
Materials

The ionic liquids, 1-butyl-1-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide (BMP-TFSI), 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI), 1-butyl-3-methyl-
limidazolium bis(trifluoromethylsulfonyl)imide (BMIM-TFSI),
1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(OMIM-TFSI), 1-decyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (DMIM-TFSI), 1-dodecyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (DDMIM-TFSI), tributylethyl-
phosphonium diethyl phosphate (TBEP-DEP), tributyl(tetra-
decyl)phosphonium dodecylbenzenesulfonate (TBTDP-DDBS),
ethylammonium nitrate (EAN), 1-butyl-3-methyllimidazolium
tetrafluoroborate (BMIM-BF,), trihexyl(tetradecyl) phosphonium
bis(2,4,4-trimethylpentyl)phosphinate (THTDPh-BisPhos) and
trihexyl(tetradecyl) phosphonium chloride (THTDPh-Cl) were
purchased from Iolitec and were of at least 98% purity.
3,4-Ethylenedioxythiophene (EDOT, Clevios V2) and iron tosylate
(Fe(Tos)s;, Clevios CB-40 V2) were purchased from Heraeus.
Poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol)
(PEG-PPG-PEG, Pluronic P-123), M,, = 5800 g mol and lithium

This journal is © The Royal Society of Chemistry 2016
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perchlorate was obtained from Aldrich. The ionic liquids were
purified before use. All other chemicals were used as received.

Sample preparation

PEDOT, polypyrrole (PPy) and polythiophene (PTh) were fabri-
cated via VPP using Fe(Tos); as the oxidant in butanol solvent,
with added PEG-PPG-PEG triblock copolymer (5800 Da M,,) to
create high doped PEDOT (see ESIt). These ICP substrates were
exposed to a variety of ILs; namely BMP-TFSI, BMIM-TFSI, EAN,
BMIM-BF,, THTDPh-BisPhos and THTDPh-CI.

Analysis

Atomic force microscopy was employed to determine the change
in thickness of the high doped PEDOT-Tos, comparing the ‘in-air’
thickness with that upon exposure to the IL, and upon electro-
chemical reduction or oxidation due to an applied bias (see
Fig. S1-S5, ESIt). Importantly the thickness is measured in-situ
when fully immersed in the IL, avoiding capillary forces and effects
coming from static electrostatic charge on the tip and the sample,
minimising adhesion force between the AFM tip and the ICP
substrate, and thus avoiding significant error in the thickness
measurement. The electrochromic behaviour of the high doped
PEDOT-Tos in combination with the different ILs was tested using
a test cell consisting of the PEDOT-Tos as one electrode, ITO as the
counter electrode, and the IL sandwiched between as the electro-
lyte (Fig. S13, ESIT). Optical transmission was measured using a
HunterLab UV-Vis spectrophotometer, while a LED/Photodiode
detector pair was used to determine the change in transmission
versus time for optical memory measurements. The prototype fuel
cell was fabricated from high doped PEDOT:Tos, which was cut
into two electrodes. Each electrode was exposed to either EAN or
THTDPh-BisPhos, and the two halves of the cell bridged using a
cellulose fibre mat presoaked with BMIM-TFSI (an inert ion bridge).
This cell was interrogated using an EZstat-Pro potentiostat/
galvanostat (NuVant System Inc.) to measure the current density
and power density of the fuel cell.
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