¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online
View Journal | View Issue

PERSPECTIVE

Exploiting mixed conducting polymers in organic

’ '.) Check for updates ‘
and bioelectronic devices

Cite this: Phys. Chem. Chem. Phys.,

2022, 24, 19144 bc

Scott T. Keene, i Viktor Gueskine, (2 +°© Magnus Berggren,
George G. Malliaras, (2?2 Klas Tybrandt €2 °“ and Igor Zozoulenko {2 *°¢

Efficient transport of both ionic and electronic charges in conjugated polymers (CPs) has enabled a wide
range of novel electrochemical devices spanning applications from energy storage to bioelectronic
devices. In this Perspective, we provide an overview of the fundamental physical processes which
underlie the operation of mixed conducting polymer (MCP) devices. While charge injection and
transport have been studied extensively in both ionic and electronic conductors, translating these
principles to mixed conducting systems proves challenging due to the complex relationships among the
individual materials properties. We break down the process of electrochemical (de)doping, the basic
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feature exploited in mixed conducting devices, into its key steps, highlighting recent advances in the
study of these physical processes in the context of MCPs. Furthermore, we identify remaining challenges
DOI: 10.1039/d2cp02595g in further extending fundamental understanding of MCP-based device operation. Ultimately, a deeper

understanding of the elementary processes governing operation in MCPs will drive the advancement in
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1. Introduction

Mixed ionic-electronic conduction is a critical feature in a wide
range of emerging electrochemical devices which utilize their
unique ability to modulate the charge carrier concentration
through the bulk of the active material. Mixed ionic-electronic
conductors (MIECs) based on conjugated polymers (CPs) have
recently emerged as a promising class of materials due to their
relatively large free volume facilitating ion transport with
relatively low activation energy barriers. These materials have
been utilized for a wide range of breakthrough organic electro-
chemical devices (OECDs) including organic batteries," super-
capacitors,” wearable and implantable biosensors,** printed
electronic circuits,> amplifiers,® electrochromic displays,” and
neuromorphic devices.®

The common functionality of all OECDs is the intimate
coupling of ionic and electronic charges throughout the bulk
of the CP film. Along a typical CP-electrolyte interface, charge
polarization and compensation are stabilized by dipole moments
extending only over short charge separation distances. For mixed
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both materials design and device performance.

conducting polymers (MCPs) which allow transport of both
electronic and ionic charges through the bulk of the material,
the CP-electrolyte interface extends through the bulk of the
material allowing for OECDs which operate at low voltages and
respond to chemical, physical, or biological features. In addition,
this tight coupling of ions and electronic charges allows for the
construction of devices which operate volumetrically rather than
at a nanoscale interface. This volumetric operation facilitates
production of “robust” OECDs and systems which operate at
low voltages. Thus, the overall performance and device para-
meters of OECDs are to a large extent dependent on the energetics
for injection, transport, and coupling of electronic and ionic
charges.

So, how is charge polarization established in CP-electrolyte
systems? At one extreme, the ions of the electrolyte can only
compensate and polarize the electronic charges of the CP along
the planar CP-electrolyte interface, akin to a double layer
capacitive electrode (see (i) in Fig. 1a). In this case, the charge
polarization is preceded by displacement of ions in the electro-
Iyte along with injection and transport of electronic charges
within the CP towards the interface. The boundary at the
CP-electrolyte interface, which prevents motion of either elec-
tronic or ionic carriers, leads to the formation of an electric
double layer, typically reaching an areal capacitance value in
the range of 1 to 10 puF cm 2.° This double-layer formation
results in a box-like characteristic in the cyclic voltammogram
(see (i) in Fig. 1b) due to the linear relationship between surface
charge density and voltage. Such double layer formation at the
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Fig.1 Schematic of electrochemical processes for conjugate polymer (CP) electrodes in contact with an electrolyte. (a) Schematic and
(b) corresponding representative cyclic voltammograms comparing (i) capacitive, (i) faradaic and (iii) volumetric doping processes for a CP electrode
in contact with an electrolyte. (c) Schematic outlining the processes involved in volumetric electrochemical doping. We note the order shown in the
schematic is not representative of the order with which these processes occur.

electrode-electrolyte interface, including the accumulated 2-D
interface of electronic charges residing in the CP, defines
the mode of operation of electrolyte-gated organic field effect
transistors (EGOFETs)"*™'* and EGOFET sensors.">™*

In addition to the case described above, one should also
account for possible charge transfer between the CP phase and
components of the electrolyte system (see (ii) in Fig. 1a). Such
a faradaic process (relative to the solution components)
can include any reduction or oxidation (redox) process with
reactants present in the electrolyte system. If a redox molecule
is added to the electrolyte in contact with a CP electrode,
the electric double layer stores charge, while the charges at
the CP-electrolyte interface can be transferred to the redox
molecule. The resulting CP electrode thus expresses the per-
mutation of capacitive and redox characteristics, where a dis-
tinct redox peak can be observed in the cyclic voltammogram
(see (ii) in Fig. 1b) due to both the exponential dependence
between current and potential as well as the diffusion-limited
current of the redox-active molecule. CP films have also been
explored as the faradaic electrode in various electrocatalytic
experiments and systems, exemplified by the electrocatalytic
production of hydrogen (H,)'*'® and as the cathodic catalyst
for the reduction of hydrogen peroxide (H,O,) to water."”

In organic mixed conducting materials, the CP bulk includes
percolating pathways for ions. In many cases, the CP is com-
plexed or decorated with hydrophilic moieties to favor ion
transport and/or electrolyte uptake.'®' Then, the transport
of ions and electrons occurs within a bi-continuous conducting
network, where double layers are formed along the boundary
between the two phases. The shape and size of this two-phase
system depends on the morphology of the amalgam, often
resulting in very large specific surface areas reaching far beyond

This journal is © the Owner Societies 2022

100 m*> g ~.*° Thus for MCPs, charge accumulation and ion
compensation occur within a 3D network and produces a bulk
capacitance of typical values in the range of ca. 10 to 1000 F g~
and scales with volume instead of the area of the CP film (see
(iii) in Fig. 1a).>"** The reversible accumulation-depletion switch-
ing and charge polarization of the CP thus include injection and
transport of both electrons and ions into and within the CP bulk
volume, respectively (see (iii) in Fig. 1a). Such bulk switching
allows reversible control of the electronic carrier density of the CP
bulk, a phenomenon that is utilized in electrochromic displays,>
organic electrochemical transistors,>* polymer supercapacitors,>
and conjugated polymer actuators.>®

The performance of a CP film while operating in an electro-
chemical device is to a large extent dictated by the charging-
discharging properties, following any of the processes in
Fig. 1c. The wide range of physical processes involved in bulk
ionic doping of CPs complicates the analysis of the cyclic
voltammogram, which tends to include both box-like capacitive
features as well as diffusion limited peaks (see (iii) in Fig. 1b).
These non-linearities due to charge injection, ionic/electronic
diffusion, non-constant electron mobility, and/or redox poten-
tials distributed over large voltage regions make a simple
description of the bulk charging process invalid.

Here, we scrutinize the individual physical processes
involved in bulk electrochemical doping, and identify the effect
of CP morphology/organization on the process, and the impact
of each process on the performance of OECDs. In the following
sections, we will examine the following processes required for
bulk electrochemical doping, noting the interdependence of
the individual steps: (1) electronic charge injection across the
CP/metal interface, (2) electronic charge transport through the
CP, (3) ionic charge injection at the CP/electrolyte interface,
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(4) ionic charge transport, and (5) charge coupling between
ionic and electronic carriers within the CP (Fig. 1c). Finally, we
will compare the electrochemical reactions observed for MCPs
to classical capacitive and faradaic electrodes and describe how
the pseudocapacitive and faradaic properties of MCPs can be
exploited in heterogeneous electrocatalysis. With this thorough
examination, we aim to summarize the state-of-the-art under-
standing of conjugated polymer-electrolyte systems and its
bearing on some of the critical device parameters of OECDs.
Additionally, the outlooks aim to provide direction for further
characterization and understanding of the operational mechanics
of MCP devices and systems.

2. Electronic charge injection

Electronic state energy alignment has long been an important
direction of study to understand the physics of organic devices
such as organic field-effect transistors (OFETs),>” organic light-
emitting devices (OLEDs),”® and organic photovoltaics (OPVs).>’
By understanding how charges move across conjugated polymer
(CP)-metal heterojunctions, the field of organic electronics has
achieved significant advancements in device design and per-
formance. For instance, interfacial engineering has played a
significant role in the improvement of OPV power conversion
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While it is apparent that charge injection will
certainly dictate the operation of organic electrochemical
devices (OECDs) as well, there are far fewer studies on these
systems. In this section, we explore how the models and
descriptions of metal-organic interfaces can extend to ‘“wet”
systems.

When CPs are put in contact with metals, such as in OLEDs
or OFETs, a barrier for charge transport is formed do to the
band-bending of electronic states at heterojunction, leading to
a device contact resistance (R)*” for electronic charge injection
(Fig. 2a). In addition to the mismatch of Fermi levels between
the metal and CP, the misalignment at the interface can be
greatly affected by the formation of surface dipoles,* hybridi-
zation of molecular orbitals with the metal electronic states,*
and, for the case of surface monolayers, covalent bonding at
the metal surface.®® Often contact engineering can improve
performance of these organic optoelectronic devices using
materials layers which ease the barrier for charge injection or
extraction.*® However, this picture of electronic energy align-
ment is complicated by the inclusion of an electrolyte in the CP.

Water-semiconductor interfaces (Fig. 2b) can largely be
described with similar band bending models considering the
polarizability of water molecules and the electrolyte. Polarization
between the solid electrode and liquid electrolyte is described by
the formation of an electric double layer (EDL) that screens the
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Fig. 2 Electronic energetic landscape at the contact. (a) Schematic showing the band structure at the contact/polymer interface charge injection
proceeding via either thermionic or tunneling. (b) Schematic of band bending in an organic semiconductor due to electric double layer formation at the
water polymer interface. (c) Schematic structure near the contact-mixed conducting polymer (MCP) interface showing the ions, solvent, and polymer
which leads to the complex band bending near the electrical contact in MCPs.
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potential difference between the two phases. This EDL is roughly
analogous to the depletion region in semiconductors, where a
local electric field is screened by the local rearrangement of
charges and/or dipoles. The structure and charge distribution
of the EDL can be estimated using models with increasing
complexity to account for the arrangement of ions and solvent
dipoles at the interface (e.g. Helmholtz, Gouy-Chapman),
solvent and/or ion electrosorption to the surface,®”*®* and
the accumulation/depletion of charges at the semiconductor
surface.*

Many OECDs operate with aqueous electrolytes and are
designed to readily uptake water into the bulk of the material,
easing the transport of ionic species through the CP." This
presence of water in the bulk introduces complications to
understanding the band alignment at the CP-electrode hetero-
junction (Fig. 2c¢). For example, the inclusion of ions and
solvent (water) in the CP can result in the formation of an
EDL at the heterojunction, further altering the electron ener-
getic landscape. This has been explored for light-emitting
electrochemical cells, which were observed to have charge
injection voltages near the bandgap of the emitter without
the use of charge injection layers.”’ Further investigation
revealed that the presence of ions in the polymer shrink the
width of the depletion region at the contact due to the for-
mation of an EDL, thereby reducing the tunneling distance and
facilitating charge injection.*' Recent organic electrochemical
transistor (OECT) models have predicted nonuniform ion
distribution within the CP during steady-state operation,*>
indicating that an accurate description of ion distributions
could assist in understanding both electronic charge injection
as well as transport.

While many OECDs demonstrate ohmic electronic contact,
it is still critical to characterize electronic charge injection to
understand and improve OECD engineering. First, polarization
of electrolyte in the CP could have implications for the maxi-
mum speed of operation in OECDs. For amplifiers*® and
memory devices™ where speed is a critical metric, understanding
the time associated with internal EDL formation at the contact is
crucial. Furthermore, parasitic charge injection plays a significant
role in OECD operational stability.*> Thus, understanding the
parasitic reactions between the electrolyte and contact could be
leveraged to further design contacts for more stable OECDs.
Finally, the contact resistance and ion accumulation at the
contacts could play a significant role in modulation in gated
(transistor-like) OECDs.">" For example, the use of contact
passivating layers has proven to significantly improve the perfor-
mance of organic electrochemical transistors.*® While there is a
great wealth of knowledge regarding contact engineering from
research on OLEDs, OFETs, and OPVs, a better understanding
charge injection in OECDs would inform device design and reveal
which strategies are relevant.

Characterizing the energy landscape of the three-phase
interface between the metal, CP, and solvent/electrolyte has
proven challenging. The large degrees of molecular freedom for
the solvent and electrolyte introduce computational complexity
for first principles modeling of the interface. Additionally, the
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presence of water complicates traditional measurements of
electronic energies such as with ultraviolet photoelectron
spectroscopy/low energy inverse photoelectron spectroscopy
(UPS/LEIPS) due to the requirement of a high vacuum. Tradi-
tional electrochemical analysis is also somewhat convoluted
due to the presence of two polarizable interfaces — one at the
electrode-CP junction and one at the CP-water interface.
Electrochemical techniques such as spectroelectrochemistry,
cyclic voltammetry, chronopotentiometry, and chronoampero-
metry can reveal information about electronic doping profile,
injection potentials, and injection rates; however, these tech-
niques do not differentiate between ion and electron limited
injection. There are numerous other effects associated with
water such as deep traps sites*® and parasitic redox reactions,>°
which further convolutes measurements of electronic charge
injection.

To overcome these challenges associated with characterizing
electronic charge injection, it is critical to consider the full
electrochemical doping process when analyzing experimental
results. When possible, the specific electrochemical processes
being investigated (i.e., ionic/electronic ejection or expulsion,
faradaic reactions) should be isolated. This isolation can
also be achieved by combining traditional electrochemical
measurements with orthogonal measurements such as optical
microscopy®'/spectroscopy,”® mapping potential across the
material,*> characterizing the contact resistance,> electron
spin resonance,”* Raman spectroscopy”>/microscopy,’® quartz
crystal microbalance,?”*® ellipsometry,” neutron reflection,*®
grazing-incidence X-ray diffraction,®" etc. These in situ and
operando techniques allow for characterization of the evolving
microstructure, chemical bonding environment, solvation of
ions/polymers, mass uptake across a wide range of time and
length scales, which improves the microscopic and energetic
understanding of ion and electronic injection kinetics and
greatly advances physical models of OECD operation.

3. Electronic structure and charge
transport

Electron transport in CPs has been the subject of intensive
studies for many decades®” and has become the primary metric
for quantifying CP material performance in optoelectronic
devices. It is generally accepted that electronic charge carriers
in CPs are transported via phonon-assisted hopping consisting
of both intra- and interchain jumps. This conclusion is based
on the character of the temperature dependence of the con-
ductivity (¢) in most conductive polymers, where ¢ increases
with temperature, which is the characteristic feature of the
hopping transport.®*®* However, we note that in some rare
cases, CPs can also exhibit semi-metallic, band-like transport
where the conductivity decreases with increasing temperature,®
which, however, still can be attributed to the hopping transport.®*
The intense study of the electronic structure and transport in CPs
has led to the emergence of a “traditional,” widely accepted
polaronic picture®® where charges are localized on a polymer
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Fig. 3 (a) lllustration of the transfer integral defining a hopping probability between two polymer chains in the film (adapted from ref. 79 with permission

from American Physical Society, copyright 2018). (b) Schematic density of states (DOS) of doped conductive polymers (adapted from ref. 80 with
permission from John Wiley and Sons, copyright 2018). (c) Snapshot of molecular dynamics simulations of PEDOT:TOS illustrating a charge hopping
between the chains in the film (adapted from ref. 81), and (d) corresponding charge hopping in the energy space illustrating hopping between localized
states on polymer chains. £r and Eqansp define the Fermi energy and the transport energy respectively. (e) Multi-scale calculations of the mobility in
conductive polymers as a function of the chain length N and water content W (adapted from ref. 79 with permission from American Physical Society,

copyright 2018). The inset to the right illustrates a formation of percolative paths in polymer film (marked in green) (adapted from ref. 82).

chain over several monomer units due to a strong electron-lattice
interactions.®”

The hopping transport of polarons in CPs consists of a series
of jumps between localized states along the CP backbone and/
or between neighboring chains (Fig. 3a-d). The charge carrier
hopping can be qualitatively described in either real space
(Fig. 3c) or in energy space (Fig. 3d) where the localized states
have different energies due to the disordered electrostatic
potential due to the local surroundings (counterions, neigh-
boring chains, water molecules, etc.). The phonon-assisted
hopping probability between localized states, as described by
the Miller-Abrahams formula,*® depends on the distance
between the localized states and their energy difference.
In order to account for the reorganization energy of the polymer
chains during the hopping event, the Marcus hopping rate is
often used.® To capture charge transport in disordered organic
conductors and CPs, Bissler et al. developed Monte Carlo
simulations to analyze the dependence of the carrier mobility
on temperature, electric field, and carrier concentration.”
These ideas were further developed by Arkhipov et al. who
utilized the concept of the transport energy (Eiansp), Which
represents the energy to promote a carrier from the tail of the
DOS to a mobile (i.e. conducting) electronic state (Fig. 3d).”"
The energy from phonons is needed to promote carriers from
the lowest energy electronic states into higher energy states
which exist at a much higher concentration in the film. Then,
from this higher energy state, charges can perform a random
walk over the sites centered at Eirangp in the energy space.

In these and further works, various semi-analytical models
for charge transport (often combined with Monte Carlo

19148 | Phys. Chem. Chem. Phys., 2022, 24,19144-19163

calculations) were developed, providing quantitative descrip-
tion of the experimental temperature and the concentration
dependences of the electronic mobility in a wide range of CP
systems.”>”* For example, the experimental conductivity and
the Seebeck coefficient in PEDOT:PSS and PEDOT:Tos®>”> were
modeled in ref. 64, 73 and 74. In these works, the experimental
results were successfully fitted using a hopping model of
localized polarons extending over 2-3 monomer units, with
typical jumps over a distance of 3-4 units, with energetic
disorder (i.e. broadening of the DOS) estimated to be ca.
0.1 eV.”>”* When extended to mixed conducting systems, the
model has predicted that, for low carrier concentrations, the
number of mobile carriers contributing to the transport is only
a small fraction of the total carriers.”*’* A possible explanation
offered for this observation is that the electron percolation
network is broken by the morphological changes to the polymer
film during ion injection/expulsion, causing a transition to
non-conductive state.

Many MCPs consist of both ordered and disordered phases,
and it is therefore important for the material and device design
to understand how (or whether) crystallinity and the polymer-
ization degree affect the charge transport. Based on the analysis
of reported mobilities for a wide range of CPs, Noriega et al.
concluded that mobility is rather insensitive to the polymeriza-
tion degree at high molecular weights, but shows a rapid
decrease for CPs with short chain lengths.”® They argued that
a high degree of crystallinity (i.e. long-range crystalline order)
is of less importance for efficient charge transport; instead,
it is the short-range connection between local aggregates or
crystallites that are important for the enhancement of charge

This journal is © the Owner Societies 2022
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transport in the entire film. One critical pathway for this inter-
grain transport is via long chains which bridge crystallites
(i.e. tie chains).”® Similar conclusions were reached by Zhang
et al. and Wang et al, who demonstrated that CPs lacking
significant long-range order can outperform highly ordered
CPS‘77,78

Achieving a detailed microscopic understanding of the
morphology-mobility dependence in MCPs requires appro-
aches that go beyond simplified cubic-grid Monte Carlo or
idealized semi-analytical models developed in earlier works.
Such understanding can be achieved by modern multi-scale
computational approaches that start with the calculations of
the realistic material morphology using the molecular
dynamics simulations.®*’***"%> Based on this morphology,
the calculation of the hopping rates is then performed, fol-
lowed by the mobility calculations utilizing the Monte Carlo or
master equation techniques. Such calculations were recently
performed for PEDOT:Tos and analyzed in terms of transfer
integral distributions and percolation thresholds.®*”®%* The
percolative analysis shows that it is the effective n-n stacking,
not the long-range order, which is essential for formation of the
percolative paths across the film. In the same analysis, expo-
nential growth of the electronic mobility with increasing chain
length was shown for low degrees of polymerization, providing
theoretical support for the findings of Noriega et al.”®

For mixed conducting systems, it is also critical to account
for the change in charge transport properties in the presence of
ions and electrolyte. Recently, density functional theory (DFT)
was applied to the description of the electronic structure of
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MCPs in the presence of ionic charges which resulted in a
qualitatively different picture as compared to the “traditional”
one (Fig. 4a—c).”’%"%% At low oxidation levels, the presence of
negatively charged counterions in the vicinity of a polymer
chain gives rise to the formation of an unoccupied polaron
state above the valence band (Fig. 4a and d). As more counter-
ions/dopants are present, the oxidation level of polymer
increases and more polaronic states appear in the gap
(Fig. 4b, e and f). As the oxidation level increases further, the
overlapping polaronic states start to form an (unoccupied)
polaronic band in the film (Fig. 4c and g). At high enough
oxidation states, the polaronic band may even reach the filled
valence band edge, leading to the observation of semi-metallic
behavior.®**

While intuitively one might expect a change in the electronic
transport properties of CPs in the presence of water, recent
findings by Wieland et al. show that the electrical conductivity
of PEDOT:PSS films are essentially unaffected by increasing
water content.”’ Multiscale transport models provide further
insight into performance of CP films in the aqueous environ-
ment. For example, it is predicted that the mobility of holes in
PEDOT-based MCPs is independent of the water content, which
is explained in terms of formation of the extended network of
n-1 stacking connections throughout the system which remain
unimpacted by water penetration.””® Multiscale mobility cal-
culations for MCPs can also be used to predict side-chain
distributions which optimize the performance of mixed ionic-
electronic conductors.®>*> For example, Khot et al. predicted
that electronic mobility is maximized when all of the side-chains
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(a—c) Representative snapshots of molecular dynamics simulations of a conducting polymer illustrating morphological changes and ion intake

during cyclic voltammetry as the oxidation level is progressively increases (adapted from ref. 90). Polymer backbones are shown in blue, Cl™ counterions
are shown as golden spheres; water molecules are shown as blue dots. Polaronic states in the polymer (depicted by red ovals) are schematic illustration.
(d—f) Evolution of the electronic structure of a polymer as the oxidation level increases showing schematically the electronic structure of (d) one polaron,
(e) a polaron pair, and (f) three polarons in a chain, respectively (adapted from ref. 88). (g) As the oxidation level increases, unoccupied polaronic states in
the gap transforms into the polaron/bipolaron band in the DOS of the thin film (adapted from ref. 80 with permission from John Wiley and Sons,
copyright 2018).
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are hydrophilic rather than form a mixture of randomly distri-
buted hydrophilic and hydrophobic side chains.®> However, the
results found for PEDOT-based MCPs is not generalized to other
systems where, at some threshold, increasing water content/
degree of swelling has been shown to reduce carrier mobility.”>
Thus, further investigation of the effects of ions and water
inclusion on electronic charge transport for a wide range of MCPs
is necessary to develop generalized transport models in these
systems.

4. lon injection and water intake

During recent years, the effect of the ion injection, water intake,
and swelling on the electronic and ionic conductivities of MCPs
has attracted considerable attention. Most devices relying on
the mixed conductivity such as sensors, transducers of bio-
logical activity, and drug delivery devices operate in aqueous
solution or other electrolytes which permeate into the MCP
film. However, increasing the ionic injection and transport in
MCPs can result in reduced electrical mobilities and conductiv-
ities. Thus, the microstructure of MCPs must be tuned to allow
for water intake without substantial disruption of the percola-
tive electronic conduction pathways. For example, Rivnay et al.
demonstrated that a solvent treatment of PEDOT:PSS can result
in improved ionic transport but reduced electronic,”® suggest-
ing that there is a trade-off when tuning film morphology for
either electronic or ionic transport.

While PEDOT:PSS has traditionally been the material of
choice for mixed conductors® and the subject of studies of
morphological and electrical properties during the water and
moisture intake,*”°! a lot of attention has been recently turned
to ethylene glycol functionalized polythiophenes.'®°%°%>7%°
Decorating the CP backbone of various polythiophenes with
polar ethylene glycol side-chains enhances the intake of ions
and water significantly, resulting in a shift from gating CP at
the polymer/electrolyte interface (i.e. EGOFET operation) to
bulk gating of the material (i.e. OECT operation)."® This obser-
vation may lead one to assume that increasing the water uptake
should enhance the performance in MCP applications. How-
ever, while ion uptake is necessary for bulk doping, Savva et al.
demonstrated that increasing the degree of swelling of the CP is
not de facto beneficial for OECT performance.”” Following this
result, Moser et al. carefully designed glycolated polythio-
phenes with different distributions of side chains to optimize
water intake and swelling. The resulting materials displayed
unprecedented performance and stability in an organic electro-
chemical transistor (OECT).>

MCPs can also undergo significant structural changes during
bulk electrochemical gating. For example, Bischak et al. demon-
strated that a conjugated polymer with glycolated side chains
(PB2T-TEG), undergoes reversible structural phase transitions
during water intake and voltage-driven ion injection.’® Using
molecular dynamics simulations, Ghosh et al provided an
atomistic understanding of the structural phase transitions in
the (PB2T-TEG) system.”® They showed that the observed phase
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transition arises due to the interplay between several factors,
including the effect of the underlying surface favoring the edge-
on orientation of the polymer chains and formation of lamella
structure; unzipping of the interdigitated polymer chains during
oxidation; and formation of the n-n stacking at the high oxida-
tion level facilitating the electron mobility in the polymer film.

Another phenomenon observed in MCPs is a transition
between the solid state and the gel phase accompanied by
gigantic swelling,” where the first irreversible volume change
reaches 12 000%, followed by subsequent cycles with reversible
swelling in the range from 280% to 330% (Fig. 5a). Using the
molecular dynamics simulation, the microscopic origin of the
swelling behavior was unraveled and attributed to the total
water intake, where the counterions injected into the film
electrochemically carry water molecules in their hydration
shells. During swelling, the polymer morphology transforms
from a solid phase to a gel with large pores filled by water, while
the CP backbone maintains a percolated network allowing for
high electrical conductivity (Fig. 5b and c). Further studies
outlined the effect of the side chain length on the electro-
chemically induced swelling in glycolated polythiophenes and
on the performance of the OECT.”®*° 1t is interesting to note
that both PEDOT:PSS and PEDOT:Tos, in contrast to ethylene
glycol functionalized polythiophenes, practically do not swell
during electrochemical cycling. However, PEDOT:PSS strongly
swells when a dry film is immersed into water, which is

(a) Experiment

initial state

- =

first cycle expanded

(b) MD simulations: low oxidation

— - 2

Fig. 5 Water intake and swelling in glycolated polythiophene p(gT2)
(adapted from ref. 97). (a) Swelling of the polymer during the first cycle
(The black rod is a working electrode which is coated with the polymer).
Molecular Dynamics (MD) simulations of a polymer film at (b) low (5%) and
(c) high (30%) oxidation levels. Images to the left show representative
snapshots of the polymer film with counterions, and the images to the
right show void volume inside the polymer matrix filled with water.
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attributed to the deprotonation of PSS chains with the conse-
quent water intake due to the hydration shells of hydronium
ions.’®® PEDOT:Tos undergoes pronounced changes in mor-
phology and chemical composition during electrochemical
cycling when tosylate counterions are exchanged by counter-
ions from the electrolyte.'®""%*

While there are clear design rules for promoting or inhibit-
ing solvent and/or ion uptake, the energetics for injection of
ions across the electrolyte/MCP interface remain unclear. While
polar side chains or polyelectrolytes clearly reduce the barrier
for ion injection and transport, understanding ionic charge
injection requires further characterization of the electrochemi-
cal potential of ionic species in the CP relative to the interfacing
water or solvent. Furthermore, recent work by Quill et al
demonstrated that, in addition to ions swelling MCPs during
doping, MCPs can undergo swelling via neutral ion pair
uptake.'® Thus, a crucial aspect in better understanding ion
injection in MCPs is quantifying the relative concentrations of
unpaired ions vs. neutral ion pairs injected during electro-
chemical cycling and characterizing whether ionic doping
redox reactions are a result of ion uptake or expulsion.

5. lonic charge transport

Tonic conductivities vary substantially among different classes
of CPs,'*"'% with densely packed hydrophobic CPs typically
exhibiting very poor ionic conductivities, while CP-polyelectro-
lyte blends, like PEDOT:PSS, show ionic conductivities that
matche those of ion exchange membranes.'® Ion transport is
a complex phenomenon, as it can include many different ionic
species of fixed or varying charge, and it depends strongly on
the ionic interactions within the system, which are affected by
the solvation of ions, ion—ion interactions and interactions with
the polymer matrix. Further, the ion transport within a CP film
can depend strongly on the doping level and on the history of
solvent exposure and doping cycles. The ionic conductivity
(Gionic) is given by the sum of the ionic conductivities of all
the mobile ionic species i:

Tionic = Z En,‘|Zi‘Hl~
i

where y; is the mobility, n; the number density, e the elemen-
tary charge, and z; the ion charge. The ion mobility and
diffusivity can be related by the Einstein relation:

kaT
e

D=

where T is temperature and kg is Boltzmann’s constant. This
simplistic representation of ionic conductivities can be rather
misleading, as it disguises the fact that the ionic mobility, or
diffusivity, depends strongly on both internal and external
factors that can vary over time. It is thus not granted that the
ionic conductivity increases with the concentration of ionic
species, in some cases it is actually the opposite.'®” To achieve a
deeper understanding of the ion transport within various types
of MCPs, one therefore needs to go beyond the simplistic
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representation above and investigate the different ion transport
mechanisms that can be present in MCPs. As the ion transport
in MCP films typically does not occur in the conjugated phase
of the material, knowledge from previous studies on ion trans-
port in non-conjugated polymer systems can be applied to
many MCP systems. Examples of relevant non-conjugated
polymer systems are polymer electrolytes and polyelectrolytes,
the latter often in the form of crosslinked membranes.

In dry polymer systems without solvent and solvation of
ions, ion transport can be facilitated by segmental motion of
polymer side chains or the polymer backbone."'% Here, the ion-
polymer interaction is of uttermost importance, often resulting
in large differences in mobilities for cations and anions. This
type of ion transport is also sensitive to temperature which
strongly affects the segmental motion in polymers.'* In solvated
polymer systems, the full or partial solvation of the ions render
them mobile within the solvated phase of the material. The
swollen polymer matrix can either be neutral, e.g. poly(ethylene
glycol) (PEG) gels, or containing fixed charges, e.g. polyelectro-
Iytes and crosslinked ion exchange membranes. The degree of
swelling and solvation of ions has a huge influence on the ionic
conductivity and is often more important than other materials
parameters, e.g. the concentration of ions in the system. From
conventional electrolytes, it is well known that the ionic mobility
decreases with increasing concentration, as the ionic interac-
tions increase. In crosslinked polyelectrolytes, this can happen
to the extent that the ionic conductivity can decrease with
increasing concentrations of fixed charges and/or counterions.
The conduction of protons, however, does not behave similarly
to conventional electrolytes, and is instead a special case which
is governed by the Grotthuss mechanism, in which protons hop
from hydronium ions to water molecules across a hydrogen
bonded network.'*® This results in a significantly higher ionic
mobility for protons than other cations or anions.

MCPs can be classified into three groups based on how the
ion transport is facilitated within the materials: pure CPs,
CP-polymer electrolytes, and CP-polyelectrolytes (Fig. 6). Pure
CPs do not incorporate an internal polymer phase intended to
facilitate the transport of ions. Within this category one finds
many of the CPs not intended for electrochemical devices in
the first place. Even a CP like P3HT, which is not generally
considered as a MCP, can be electrochemically doped/
dedoped;'"! however, the ion transport is typically slow, thereby
limiting device performance. There are, however, pure CPs that
are widely used in electrochemical applications, the prime
example being polypyrrole (PPy).>® PPy is a better ion conductor
than many other pure CPs due to its relatively hydrophilic
nature. The ion transport in PPy is improving after the
first electrochemical doping/dedoping cycle, as this process
incorporates significant amounts of solvent and ions into the
polymer (Fig. 6a).

CP-polymer electrolytes systems comprise a polymer phase
which facilitate ion transport, either by segmental motion or
solvated transport (Fig. 6b). PEG chains are often incorporated
for this purpose, either in polymer blends,"'* CP-polyelectrolyte co-
polymers,"*® or conjugated polymer electrolytes."** The method of
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Fig. 6 Classes of mixed conducting polymers. (a) The pure CP polypyrrole is popular in electrochemical applications as its hydrophilic backbone allows
for incorporation of ions and solvent upon doping (recreated from ref. 108). (b) Glycolated side chains grafted to the CP backbone provides an ion
conducting phase that allows bulk ion conduction (reproduced from ref. 19). (c) PEDOT:PSS is a common CP-polyelectrolyte blend, which exhibits
excellent selective ion transport within the polyelectrolyte phase (reproduced from ref. 22 with permission from John Wiley and Sons, copyright 2017).

incorporation has implications on the morphology of the
material as it dictates the length scale of the CP-polymer
electrolyte phase separation. When CP-polymer electrolytes
with PEG chains are brought in contact with electrolyte, the
swelling of the polymer electrolyte phase is mechanically
restricted by the CP phase. The ion concentration within the
CP is determined by the equilibrium with the external electro-
lyte, which also depends on the doping level.

A widely used and popular class of materials is the
CP-polyelectrolyte systems. In similarity to the polymer electro-
Iytes, polyelectrolytes can be incorporated as blends''® or
copolymers'*® with CPs or as conjugated polyelectrolytes.*”
While the early success of aqueous PEDOT:PSS dispersions
(Fig. 6¢) paved the way for this class of materials, more recent
work has often taken advantage of the excellent ionic conduc-
tivity of CP-polyelectrolyte systems, which can be similar to
that of ion exchange membranes. The ion conduction within
these materials is dominated by mobile counterions compen-
sating fixed charges of the polyelectrolyte component. As the
concentration of counterions does not depend much on elec-
trolyte concentration or the doping level, the ionic conductivity
within these materials tends to be rather stable with respect to
these factors.

Characterization of the ion conductivity within CPs can be
quite challenging since the ionic and electronic transport are
coupled. The ionic conductivity is typically well below 1 S cm ™,
thus for doped CPs the electronic conductivity is often orders of
magnitude higher than the ionic conductivity. For a MCP
electrode immersed in electrolyte, the frequency of an applied
voltage perturbation can affect which ionic transport process is
probed. This phenomenon can be picked up by electrochemical
impedance spectroscopy (EIS) and the ionic conductivity can be
extracted by the application of equivalent circuit models.'*® The
latter step is however far from trivial, as the use of various
complex circuit elements, like Warburg diffusion elements or
constant phase elements, is often require to fit the resulting EIS
data making the physical interpretation of the data difficult.
Another challenge for the analysis of thin CP films is that the

19152 | Phys. Chem. Chem. Phys., 2022, 24,19144-19163

electrolyte resistance can dominate the measured ionic resis-
tance, thereby preventing the measurement of the ionic con-
ductivity within the MCP film itself. A useful way around this
problem is to create lateral encapsulated CP films that are only
in contact with the electrolyte at one end.”“®® This creates
the equivalence of a very thick CP film with low electrolyte
resistance, thus enabling the analysis of the lateral movement
of ions within the film. The measurement and optimization of
ionic conductivity in CPs will help to elucidate the relationship
between ionic and electronic transport, leading to improved
device design and performance.

6. Coupling of ionic and electronic
charge transport

Electrochemical applications of CPs can involve many different
electrodes, redox species, and ions. There exist extensive
reviews on the fundamentals and applications of the electro-
chemistry of CPs."'*'*° Our aim here is to focus on the under-
standing of the electronic and ionic movements involved in the
electrochemical transformations of CPs (Fig. 7a). For a detailed
understanding of CPs in these applications, it is necessary to
consider the coupling of the electrostatic potentials, energy levels,
and doping levels throughout the whole system. Tybrandt et al."**
proposed a model for immersed PEDOT:PSS electrodes which
included the work function of the gold contact and the Ag/AgCl
reference electrode, and a Gaussian DOS tail of the PEDOT
(Fig. 7b). By analyzing the system in steady state for different
applied potentials, it was concluded that the Au-PEDOT and the
PEDOT-PSS interface voltages varied with the applied potential.
The model reproduced the experimental doping vs. voltage
characteristics of PEDOT:PSS electrodes, indicating that for low
doping levels the change in chemical potential in the DOS tail of
the CP dictated the behavior, while for higher doping levels
capacitive charging of the electric double layer was dominant.
To describe the transient characteristics of CP systems,
the coupled ionic and electronic transport of the CP should
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Fig. 7 Coupling of ionic and electronic transport. (A) Schematic of distribution of electronic and ionic charge upon application of a voltage for different
situations. (B) Schematic of the energy levels in a gold-PEDOT:PSS-electrolyte stack for doped and undoped systems (reproduced from ref. 121).
(C) Lateral doping fronts can be utilized to study coupled electronic and ionic transport (reproduced from ref. 51 with permission from John Wiley and
Sons, copyright 2013). (D) In ion transport limited systems, different portions of a film can be accessible depending on the frequency of the applied

voltage (reproduced from ref. 122).

be added to the steady state description (Fig. 7a). The ionic and
electronic transport, described in preceding sections, occurs in
different parts of the materials (electrons are exchanged with
the electrode, ions with the electrolyte) but are coupled through
the charge compensation between ionic and electronic charge
carriers. In the case of ion-free domains in the CP, electronic
charge carriers can exist as space charge (OFETs, CP diodes),
however at lower concentrations than for ion compensated
electronic charges.'*® The local changes in doping level will
be determined by the ionic and electronic transport, in combi-
nation with the energetic cost of doping (charging) the
material. One should note that since CP electrodes interact
with many different ionic species, they will typically not be
screened by a supporting electrolyte. Therefore, migration
rather than diffusion is often the dominating ionic transport
mechanism within CP systems. The geometry of electrochemical
CP devices dictates the directions and length scales over which the
electronic and ionic transport occurs. Indeed, the rate limiting
factors for the ionic and electronic movements accompanying
electrochemical switching of a CP are fundamentally different.
The accessibility of the bulk for ions, most likely solvated,
depends on morphology and mechanical relaxation of the MCP.
Its accessibility for electrons (or holes) is determined by electronic
conductivity, drastically changing over the course of doping/
de-doping of the CP. However, electroneutrality requires that the
rates of both processes being equal.

Devices with parallel ionic/electronic transport within the
material can either have vertical architecture (e.g. electrodes,
supercapacitors,’* and LEECs'?®), which results in shorter
transport distances through the film thickness, or lateral
architecture (e.g. lateral LEECs,'*® LETs,'”” electrochromic
moving front devices®'), in which the transport occurs over
longer distances. Devices with parallel ionic/electronic transport
are often limited by ionic transport, as the ionic conductivity
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typically is orders of magnitude lower than the electronic con-
ductivity of doped CPs. Electrochromic moving front studies in
lateral devices are useful for analyzing the mixed transport in
CPs (Fig. 7¢). The configuration allows for optical measurements
of the electrochromic response of the film, providing a direct
measurement of the moving doping front within the film, which
has been used to analyze the ionic transport.”"** For PEDOT:PSS
electrodes, the PEDOT is initially reduced at the electrolyte
interface,”® indicating that the ionic transport is limiting. One
should notice that the broad transition region in the doping level
in such experiments not only arises due to diffusion but also the
changes in the Fermi level within the CP resulting from different
doping levels. Inhomogeneous ion transport within CPs>® has
not been widely studied but recent results indicate that it might
be responsible for some of the non-idealities found in the
characterization of CP electrodes."*® For example, electrochemi-
cal quartz crystal microbalance measurements have been used to
explore the timescales for coupling of ions, solvent uptake, and
polymer reconfiguration."**"*" As ionic transport often is the
limiting factor in electrochemical CP devices, including energy
devices, electrodes, OECTs, and electrochromic displays, it is one
of the most critical material parameters to consider when
designing novel materials for these applications. This can be
demonstrated by the long-term success of PEDOT:PSS and recent
activities in the development of pegylated'® CPs with high ionic
conductivity. For undoped CPs, limitations in the ionic transport
can also result in that different portions of a film are accessible
depending on the frequency of the applied voltage (Fig. 7d)."**
For high frequencies, only the EDL at the CP-electrolyte interface
is charged, while for lower frequencies a larger portion of the
bulk of the film is affected.'*

For devices with orthogonal electronic/ionic transport
(electrodes with side contact, OECTs, and some neuromor-
phic devices)'?* electronic transport can be limiting despite
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significantly higher electronic than ionic conductivity within
the CP. Since the CP film thickness often is below 1 um, the
lateral electronic transport path can be many orders of magni-
tude longer than the ionic path. For OECTs and electrolyte-gated
OFETs, this effect is manifested as an increase in switching
speed with the reduction of the channel length.'****

For CP electrodes with side contact, moving front experi-
ments by Aoki et al. made the electronic insulator/conductor
(I/C) transitions limiting, while allowing for unhindered verti-
cal ion transport between the film and the solution."*>'3® These
spectroelectrochemical experiments revealed that I/C switching
proceeds directly from the current lead and from the surface of
microscopic conductor clusters in electric contact with the lead.
However, trapped conducting clusters surrounded by insulator
during the conductor-to-insulator transition leaves behind in
the film a notable share of the conductive species, forming
fractal geometry (Fig. 8).

This behavior is not limited to a single polymer and mani-
fests in both p- and n-doping."®” Such conductor-clusters, not
even related to morphology, can be detected by scanning Kelvin
probe microscopy (SKPM) on the surface of a CP."*®'% Never-
theless, fluctuations, due to thermal movement or charge
transfer, tend to rearrange the clusters and restore some of
their connections to the electrode, allowing the reduction to
advance slowly. And this builds a bridge to such a manifesta-
tion of electrochemical doping/de-doping asymmetry in CP as
“the first scan” or “slow relaxation” effect:"*° the CV doping
(insulator-to-conductor transition) peak overpotential mani-
fests the logarithmic dependence on time the film had spent
in the insulating state. The effect has been observed for various
CPs,'*! and reveals that equilibrium in conductor-to-insulator
transition is not attained for at least 9 decades of time."*> These
observations underscore the fundamental asymmetry between
doping (insulator-to-conductor) and de-doping (conductor-to-
insulator) processes and help to understand the electrochemi-
cal behavior of CP. A similar two-phase model was recently and
independently put forward'*® to explain the so-called pseudo-
capacitive behavior of an inorganic material.

The shape of CP CVs has created a lot of confusion and
debate over the years. For an electrochemically reversible
system not limited by ion movements, this implies symmetric
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oxidation and reduction I-V characteristics in steady state and
a well understood shift between oxidation and reduction peaks
of the same shape in a cyclic voltammogram. This simple
behavior is indeed observed at electrodes modified with poly-
mers that contain well-defined localized, electrochemically
independent redox sites either as pendant groups or as
part of non-conjugated backbone'**'*> called redox polymers.
Electronic conductivity of redox polymers is assured by redox
hopping between these sites and remains orders of magnitude
lower than that of the CP in doped states. Further discussion of
redox polymers is beyond the scope of this Perspective. The
distinctive feature of a CP is its conjugated backbone that
undergoes multiple redox itself, so that separate electroactive
sites cannot be delimited. Furthermore, this electrochemical
doping and de-doping is accompanied by drastic increase and
decrease, respectively, in electronic conductivity, implying the
same backbone. One probably should not be surprised that
even at very low scan rates, when one would normally expect
electrochemical reversibility, a CP displays manifestly asym-
metric CV. This CV typically comprises a box-like region,
associated with capacitive charging, and asymmetric redox-
like peaks close to the undoped state, which has often led to
the conclusion that there are two different charging mecha-
nism in CPs which either faradaic or capacitive. Though this
debate is beyond the scope of this Perspective, it is worth
noting that for any nanoporous material in a conducting state,
the very conceptual boundary between the processes becomes
blurred. This ambiguity is because faradaic (redox) reactions
of redox centers located near the material surface (i.e. at a
distance I « (2Dt)"?, where D is the diffusion coefficient for
charge-compensating ions) are electrochemically indistinguish-
able from purely capacitive, double-layer charging.'*®

Over the years a variety of models have been proposed to
describe ion-electron coupling in MCP devices. Early models
were based on the classical electrochemical Butler-Volmer
equations but had to add a phenomenological term to account
for capacitive currents."*”'*® More recently, drift-diffusion
approaches have been popular and have managed to reproduce
some aspects of mixed organic conductors;'>*'** however,
such approaches have often failed to reproduce the experimen-
tally observed volumetric capacitance as they have not included

AD

Electrode

Fig. 8 CP microstructural evolution during conductor-to-insulator transitions. (A) Schematic showing the trapping of conductive clusters (C, light blue)
within the insulating domain (I, dark blue) during rapid conductor-to-insulator transitions and (B) the subsequent insulator-to-conductor conversion
where the conductive domains can rapidly connect to the electrode (recreated from ref. 135).
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the energetic cost of charging the material. A theoretical
formalism for the calculations of the volumetric capacitance
based on the density functional theory (DFT) was developed by
Sahalianov et al.'**'>* and applied to two archetypical conduc-
ting polymers: PEDOT and polypyrrole (PPy). The volumetric
capacitance of PEDOT and PPy was calculated to be ca. 100 F cm >
and ca. 300 F cm ™, respectively, which is within the range of
the corresponding reported experimental results. The DFT cal-
culations unraveled that the volumetric capacitance is originated
from charges stored in the atomistic Stern layers between
oxidized polymeric chains and counterions. Hence, MCPs were
classified as double-layer supercapacitors rather than pseudo-
capacitors.

OECTs have been successfully modelled at moderate carrier
concentrations by combining volumetric capacitance with the
standard OFET equations.'>>'*® Simulations of CP nanopores
have shown that volumetric capacitance can arise from the
interface between the electronic and ionic phases within CP
materials.*®* This concept has been further extended to the
device level drift-diffusion framework by introducing separate
electronic and ionic phases coupled by an EDL. To properly
account for the doping of the material at low doping levels, the
tail of the DOS of the semiconductor had to be considered.
This approach reproduces a wide range of different device
and material characteristics, including those of PEDOT:PSS
OECTs. The approach has also been coupled to conventional
electrochemical reactions of redox molecules to describe redox
enhanced supercapacitors.’**™* This modeling approach is
expected to be useful for capturing a wider range of MCP such
as intrinsic semiconductors which do not include an internal
polyelectrolyte and are expected to transport both anions and
cations.
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7. Redox reactions using CP
electrodes

From electrochemical response of CP themselves it is logical to
proceed to considering redox reactions at CP based or contain-
ing electrodes. It is well known that the rate of an electro-
chemical reaction can vary by orders of magnitude depending
on the material of the electrode at which it takes place. In a
wide and relative sense, catalysis of an electrochemical reaction
is often understood as its acceleration at one electrode com-
pared to another. Note, however, that an electrochemical reac-
tion is overall a complex process comprising heterogeneous
electron transfer and mass transport of reactants and products,
including compensating ion transport. Therefore, the observed
acceleration may be due to improved accessibility and increased
real surface of the electrode; these subtle differences are not
always clearly distinguished in the literature."”” Nevertheless, it
is useful to distinguish electrocatalysis in the strict sense and
redox mediation. Electrocatalysis, the electrochemical counter-
part of heterogeneous catalysis in chemistry, refers to the
increase of the reaction rate constant (at a given potential) due
to chemisorption of the reactant or an intermediate at the
electrode. Redox mediation implies indirect electron transfer
from the electrode to the reactant via an additional moiety, a
mediator, and does not include chemisorption. A redox mediator
can be either immobilized at the electrode or soluble and play
the role of shuttle. To underscore the difference from electro-
catalyst, the term outer-sphere redox mediator can be used."”®
Conducting polymers are notable for undergoing reversible
redox transformations in the form of doping, without making
or breaking chemical bonds. Their role in electrochemical
reactions at electrodes is usually discussed in term of redox

B

electrolyte ©

: OH
OH

current collector

positive
polarization

lon-selective electrocatalysis selecting for the (A) cation or (B) anion transport (reproduced from open access article ref. 170).
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However, design and optimization of a catalyst
should rather extend beyond the molecular level to the device
scale, and MCPs with their intrinsic molecular porosity and ion
exchange ability naturally allow for this.

In the context of composing an electrode material to drive
an electrochemical reaction, MCPs can serve as an additive to
boost the performance of the catalyst proper, which itself may
be not sufficiently electronically and ionically conductive.®%*¢*
This role of a CP, however important, can still be considered
passive. The ability of a CP itself to drive a target electroche-
mical reaction also attracts attention, a notable milestone here
being the demonstration by Winther-Jensen et al.'®* of efficient
oxygen reduction reaction (ORR) at PEDOT. This behavior was
later confirmed'®>'®* and a theoretical framework was success-
ful in describing the role of a CP in the ORR.'®>'°

Quinone/hydroquinone (Q/HQ) redox reactions are omni-
present in living nature and are being extensively studied for
organic redox flow batteries."®” Electrocatalysis of Q/HQ trans-
formations by CPs was noticed and attracted attention to
polythiophenes,'®® in particular in the context of bio-
sensors.'®® However, the molecular mechanism of such activity
remains unclear. In a recent study,'’® we went a step further by
taking a polythiophene analog PEDOT as electrode material,
choosing an ionic quinoid reactant, and making use of the ion
exchange properties of the CP to allow or not the reacting ions
to penetrate its bulk (Fig. 9). When PEDOT:PSS is used as the
electrode film, an anionic reactant in solution (tiron) was
repelled from the bulk due to the immobile doping anions on
PSS (Fig. 9A). In contrast, when the electrode film is PEDOT
doped with mobile anions (Tos), tiron anions are involved in
the congruent ionic transport along with the dopant anions,
leading to enhanced redox currents linearly scaling with the
film thickness (Fig. 9B). This novel phenomenon, called Ion-
Selective ElectroCatalysis (ISEC), was used in an all-organic
redox flow battery to improve device performance.

The unique offerings of MCPs make these materials a
promising choice for heterogeneous electrocatalysis. Not only
do MCPs increase the effective surface area of catalysts because
of their porosity, but they also add functionality and/or selec-
tivity for redox reactions. For example, the careful design of the
internal charge or electronic energy levels helps select for
reduction or oxidation reactions as discussed above. Finally,
the excellent electronic transport properties can improve elec-
trically connectivity between catalytic sites and the electrode
without impeding diffusion of redox species.

8. Conclusions and outlook

Mixed conducting polymers (MCPs) present a highly promising
materials system for organic electrochemical devices (OECDs)
including bioelectronic devices, electrochemical charge sto-
rage, printed electronics, electrochromics, and emerging mem-
ory devices. The unique behavior of MCPs is a result of both
their ability to intimately couple with interfacing electrolytes,
ideal for biological systems which are governed by largely by

19156 | Phys. Chem. Chem. Phys., 2022, 24,19144-19163

View Article Online

Perspective

ionic rather than electronic transport, as well as their ability to
go beyond the surface doping modulation found in most
electronic materials, undergoing bulk doping which gives rise
to high gain. While these materials are already emerging into
commercial application, the widespread use is still limited by
the lack of well-established engineering constraints resulting
from the limited fundamental understanding of the electro-
chemical doping process. A deeper understanding of the indi-
vidual processes which govern OECD operation as well as the
co-dependence of these processes would greatly improve device
performance and stability.

As outlined in this Perspective, the operational mechanism
for electrochemical doping in MCPs is complex and is the result
of a cascade of processes rather than just one step. This
complexity makes traditional experimental data difficult to
interpret. Thus, the path forward for understanding ionic
doping in MCPs requires isolation and investigation of elemen-
tary processes from the injection of ionic or electronic charges,
their transport through the bulk, to their electrostatic coupling.
Creative experimental protocols which target specific elementary
steps can provide insight into the key parameters governing such
processes. Then, these individual pieces can be reassembled to
gain insight to the full picture of electrochemical doping in
MCPs. Through fundamental understanding of the polymer
energetics and the spatial distributions of electrons, ions, and
electric fields, OECDs could be optimized for performance
metrics such as gain, operational frequency, and sensitivity while
mitigating undesirable characteristics which lead to instability.
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