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Abstract

Polymers that simultaneously transport electrons and ions are paramount to
drive the technological advances necessary for next-generation electrochem-
ical devices, including energy storage devices and bioelectronics. However,
efforts to describe the motion of ions or electrons separately within poly-
meric systems become inaccurate when both species are present. Herein, we
highlight the basic transport equations necessary to rationalize mixed trans-
port and the multiscale material properties that influence their transport
coefficients. Potential figures of merit that enable a suitable performance
benchmark in mixed conducting systems independent of end application are
discussed. Practical design and implementation of mixed conducting poly-
mers require an understanding of the evolving nature of structure and trans-
port with ionic and electronic carrier density to capture the dynamic disorder
inherent in polymeric materials.
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1. INTRODUCTION

The simultaneous transport of both electrons and ions is fundamental to the electrochemical pro-
cesses that drive energy generation and storage devices. Several reviews have highlighted other
applications for which mixed conduction is critical, including polymer-based bioelectronic and
optoelectronic devices (1–3). Despite the potential importance of polymeric mixed conductors in
these applications, a holistic understanding of mixed ionic and electronic conduction remains lim-
ited. Part of the knowledge gap arises from the unshared language between research communities.
The design rules for ionic conduction are different than those for electronic conduction, which
leads to difficulty when the conduction of both carriers is necessary.

Polymers, historically considered insulating, exhibit uniquely different transport behavior
from their conducting ceramic andmetallic counterparts. The mechanical properties and process-
ability of polymers make them especially promising for improving device design. Both processing
history and mechanical properties of polymers are intimately coupled to the conduction of
ions and electrons; therefore, attaining both suitable conductivity and structural performance is
challenging. Current design rules for polymers with high ionic or electronic mobility stem from
studying these charged species separately. Ionic conductivity is coupled to polymer segmental
motion and is therefore dominated by motion through the amorphous regions of a semicrystalline
polymer (4). Conversely, electronic mobility is highest in more ordered domains of the polymer
that allow for stronger electronic coupling between chains than in disordered domains (5). A
critical challenge is to understand if conduction of two charge carrier types simply requires op-
timization of these orthogonal design requirements or if there are exploitable synergies between
these conduction mechanisms.

Multicomponent mixed conducting polymer systems are often tailored to perform in hy-
drated, dry, or other environments. Differences in the intended application make it difficult to
develop robust design principles for mixed conducting polymers that transcend their end use.
The presence of added salts, solvents, and other additives to the polymer in a given mixed con-
ducting system impacts the transport mechanisms for both the electrons and ions. For exam-
ple, aqueous systems, such as hydrogels, polyelectrolytes, and poly[3,4-(ethylenedioxy)thiophene]:
poly(styrenesulfonate) (PEDOT:PSS), typically exhibit ionic conductivity greater than 10−3 S/cm,
but the conductivity drops precipitously as the water content decreases below 50% by weight (6).
Designs based on block copolymers and oligomers (7, 8), polymer blends (9, 10), and homopoly-
mers (11, 12) with mixed ionic and electronic functionality have all been proposed. We choose
not to focus on a specific mixed conductor architecture but identify a few examples of materi-
als for which fundamental relationships have been found and discuss how their behavior can be
generalized to other classes of polymers.

Herein, we review the efforts made to design and understand mixed conducting polymers.We
highlight concepts and insights from the literature on ion- and electron-conducting polymers
that are relevant to mixed conduction in a single materials system and show that simultaneous
optimization of ion and electronic conduction requires new design rules. Section 2 describes the
physics of ion- and electron-conducting polymeric systems. Section 3 describes the nomenclature
and methods used to study these phenomena and efforts to describe simultaneous conduction in
polymeric systems. Section 4 discusses directions and considerations for future research on these
materials systems.

2. THE PRINCIPLES OF MIXED CONDUCTION

2.1. Transport Fundamentals

The mechanisms of ionic and electronic transport depend on electrostatic interactions of all
charged species with the local electric field.Electronic charge conduction has been shown to range
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from hopping-like to delocalized transport depending on the temperature and carrier concentra-
tion (13–15). Reported charge carrier mobilities are longer-range averages of fundamental local
processes. In the same vein, localized liquid-like mechanisms are responsible for ion transport in
ion-conducting polymers (16, 17). Thus, the transport of both ionic and electronic charge carriers
can be described by a species balance around a control volume within a polymer system (18):

∂ci/∂t = −∇ · Ni + Ri, 1.

where ∂ci/∂t is the rate of change of concentration, ∇ · Ni is the divergence of the flux through
a control volume, and Ri is a term that accounts for the generation and consumption of species i
(e.g., chemical reactions).

Mixed conducting polymers typically operate below the melting temperature, where both
amorphous and crystalline phases exist. As such, the bulk of the system does not flow and the
contributions of the velocity field to the flux can be neglected, as generation and consumption
terms usually are. Frequently, the Nernst-Planck extension of Fick’s law is used to describe the
flux of ions and electronic charge carriers (18–22):

Ni = −ziμiFci∇� + civ −Di∇ci, 2.

where zi is the integer charge,μi is the mobility, F is the Faraday constant, ci is the concentration,
∇� is the gradient of the electric potential, v is the velocity field that the species moves with, and
Di is the diffusion coefficient.

From Equation 2, the net flux of either ions or electronic charge carriers is a linear sum of
(a) drift (i.e., migration) due to the electric potential, (b) convection due to the velocity field, and
(c) diffusion due to the concentration gradient.

An equivalent representation of current density for electronic charge carriers is given byOhm’s
law (where v = 0 and ∇ci = 0) (18),

j = −κ∇�, κ = F2
∑

z2i μi pi, 3.

where j is the current density, κ is the conductivity, ∇� is the electric potential gradient, zi is the
integer charge, μi is the mobility, and pi is the charge carrier density (concentration).

To a first approximation, the diffusion and mobility of both ionic and electronic charge carriers
are related by the Nernst-Einstein equation,

Di = RTμi, 4.

where Di is the diffusion coefficient, μi is the mobility, R is the ideal gas constant, and T is the
temperature.

Conductivity can be generalized to both ionic and electronic charge carrier transport. The
measured ionic conductivity represents contributions frommobile cations and anions in the poly-
mer, while the electronic conductivity is dominated by contributions from positive (holes) and
negative (electrons) charge carriers in p- and n-type conducting polymers, respectively. The con-
ductivity of a particular species, i, is given as

σi = pie |zi| μi, 5.

where pi is the ion concentration/charge carrier density, e is the charge of an electron, zi is the
integer charge, and μi is the mobility.

When the application of an electric potential drives the transport of more than one charged
species, it is useful to define the fraction of charge carried by each species. The fraction of total
current carried by a single species, i, is the species transport number,

ti = σi

σtotal
, 6.
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Table 1 Scaling dependencies of the overall diffusion coefficient and the transport number depending on the relative
mobility (diffusion coefficient) of the mobile ion and mobile charge carrier (20)

Relative diffusion coefficient Overall diffusion coefficient scaling Transport number scaling
DX � De D ∼= De tX ∼= 1, te ∼= 0
DX = De D ∼= De ∼= DX tX = (ct − ce )/(ct − c2e ),

te = (1 − ce )ce/(ct − c2e )
DX � De D ∼= DX tX ∼= 0, te ∼= 1

DX ,De, and D are the ion diffusion coefficient, the charge carrier diffusion coefficient, and the overall diffusion coefficient, respectively. tX is the transport
number of the mobile ion, and te is the transport number of the mobile charge carrier. ce is the concentration of the mobile charge carrier, and ct is the
combined concentration of the mobile charge carrier and mobile ion. Table adapted with permission from Reference 20; copyright 1989 American
Chemical Society.

where ti is the transport number, σi is the conductivity of species i, and σtotal is the sum of bulk
conductivity that results from the sum of all σi.

In mixed conducting polymers, the mobility of all charged species may vary drastically, which
affects the resultant diffusion coefficients of the system. A study of mixed conducting polymeric
osmium perchlorate ion-exchange membranes analyzed the limiting cases in which (a) the diffu-
sion coefficient of one species is much greater than the other and (b) diffusion of both species is
equal (20). In this system, electrons are not delocalized but instead hop in a similar fashion to ions.
For the case in which one species (either the ion or the electronic charge carrier) is more mobile
than the other, the local field that results from the more mobile species drives the less mobile
species to minimize the energy of the field. An important finding of this work is that in these lim-
iting cases, the overall diffusion coefficient is proportional to the diffusion coefficient of the less
mobile species.Table 1 summarizes these findings. For the case in which the diffusion coefficients
of the mobile species are equal, the overall diffusion coefficient is also the same. As expected, the
species transport number is greater when the relative diffusion coefficient of the species is greater.
When the diffusion coefficients are equal, the transport number scales nonlinearly according to
the relative concentrations of both the mobile ion and electronic charge carrier.

Typically, the diffusion coefficient of the electronic charge carrier is much greater than that of
ions in mixed conducting systems. For example, the diffusion coefficient for polarons in poly(3-
hexylthiophene) (P3HT) ranges from 10−5 to 10−3 cm2/s [mobility of 10−3 to 10−1 cm2/(V�s)],
depending on the carrier concentration (23). The diffusion coefficient for perchlorate (ClO4

−) in
P3HT is∼10−14 cm2/s (24).When solvent is added, the diffusion coefficient of ClO4

− increases to
values of 10−12 to 10−10 cm2/s (25). These order-of-magnitude differences in the diffusion coeffi-
cient between ions and electronic charge carriers indicate comparable differences in the timescales
of transport; to a good approximation, these processes can be decoupled in time.

Although Fickian transport is used to describe the motion of charges in several materials
classes, the assumptions inherent to Fickian diffusion are not applicable in mixed conductors.
Fickian diffusion is typically well defined only in the dilute limit, at which interspecies interac-
tions can be neglected. Recent work utilizing moving front experiments has provided evidence
that ion transport in a conjugated polymer with glycolated side chains is non-Fickian and,
in fact, reminiscent of ion transport in inorganic materials (26). As discussed in subsequent
sections, charge-charge interactions are unavoidable at application-relevant ion concentrations
(conductivity of ≥10−3 S/cm) (22, 27).

2.2. Ionically Conducting Polymers

Ion conduction in polymer electrolytes is a hierarchical process impacted by both the mesoscale
(∼10–100 nm) and molecular-scale (<10 nm) structure and dynamics of the electrolyte. At the
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molecular scale, ionic transport involves an interplay of polymer segmental dynamics and ion-
polymer solvation interactions, which simultaneously dissociate ions.These effects allow for long-
range migration in response to an electric potential and act as frictional sources for ions, limiting
their mobility on certain timescales. Transport at mesoscopic length scales is believed to require
percolated regions of ion-solvating sites. Since ion-solvating sites are not fixed within the mate-
rial, long-range transport depends on both the equilibrium ionic structure of the material and its
fluctuation dynamics.

Ion transport in amorphous polymers is traditionally viewed as a liquid-like mechanism in
which the local frictional environment dictates long-range ion transport (17, 28). Consequently,
the temperature dependence of ionic conductivity correlates with measures of segmental mobil-
ity, such as the inverse of the segmental relaxation timescale, 1/τα (4, 29, 30). As a result, ionic
conductivity follows commonly known relationships for the temperature dependence of polymer
dynamics such as the Vogel-Tammann-Fulcher (or equivalent Williams-Landau-Ferry) relation-
ship (Equation 7) (31),

σ = σ0(T ) exp
(

− B
T − T0

)
for T > Tg, 7.

where the fitting parameter, σ0, relates to the number of mobile ions; B relates to the activa-
tion energy associated with segmental motion; and T0 is a reference temperature correspond-
ing to the temperature of zero configurational entropy and typically takes on universal values
(T0 ∼= Tg − 50 K, where Tg is the glass transition temperature) (31). It is common either to treat
σ0 as a temperature-independent constant or to assign it to scale withT−1/2 dependence.Figure 1a
depicts how polymer segmental motion gives rise to pathways for ion transport. Strategies to in-
crease ionic conductivity of polymeric electrolytes include adding more salt, which increases the
number of charge carriers (32); increasing the dielectric constant, which enhances salt dissociation
(33); and increasing segmental mobility (lowering Tg) (4).

The ionic conductivity of polymer electrolytes often far exceeds expectations from the liquid-
like mechanism of ionic conduction in glassy and crystalline regions, suggesting an alternative
transport mechanism in which ion motion is decoupled from polymer relaxation (34). In glassy
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Figure 1

Mechanisms of ion conduction. (a) Ion transport is fostered by electrostatic interactions with electron-
withdrawing moieties on the polymer side chain. As segments of the polymer chain move, free-volume sites
become available. (b) When free-volume sites are nearby, ions can hop from one site to another.
Abbreviation: TFSI, bis(trifluoromethanesulfonyl)imide.
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or crystalline regions of the electrolyte, the temperature dependence of ion motion commonly
follows an Arrhenius form (Equation 8) (16, 35),

σ0 = σ0(T ) exp
(

− Ea

kBT

)
, 8.

where the activation energy (Ea) is now associated with ion hopping rather than segmental motion.
Figure 1b depicts how ions might hop via an Arrhenius hopping mechanism. For ordered phases,
ions may hop between free-volume sites within the polymer matrix.

Polymeric mixed conductors are often semicrystalline; the bulk ionic conductivity is a weighted
sum of contributions to ionic conductivity in both the amorphous and crystalline phases. Below
Tg, segmental chain motion is limited and ions are transported by hopping in both phases, as de-
scribed by Equation 8. Because conductivity is greater in the amorphous phase, the design rule
for enhancing ionic conductivity in solely ion-transporting polymers is usually to reduce or re-
move the crystalline fraction. In mixed conducting polymers, the crystalline regions are helpful for
conduction of electronic charge carriers. As a result, ion conduction in mixed conducting poly-
mers is frequently dominated by transport through amorphous domains. Above Tg, motion of
polymer chain segments creates free-volume sites for ion motion, providing another contribu-
tion to ion conduction, as described by Equation 7. However, ion hopping can still occur in both
phases. Figure 2 shows the various temperature regimes in which significant differences in the
mechanism of ionic conduction are observed and how the bulk ionic conductivity might arise
from individual mechanistic contributions. An important distinction between ion conduction in
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An Arrhenius plot of temperature dependence of ionic conductivity in polymers. Approximate values are
estimated from ionic conductivity in representative polymeric ionic liquids (27). In semicrystalline polymers,
the bulk ionic conductivity is a sum of individual contributions in both the crystalline and amorphous phases.
At temperatures below the glass transition temperature, Tg, ion hopping in both the amorphous (σT<Tg,1)
and crystalline phases (σT<Tg,2) is the dominant mechanism of ion transport. At temperatures above Tg, ion
transport mediated by segmental chain motion (σT>Tg,2, σT>Tg,4), along with ion hopping (σT>Tg,1,
σT>Tg,3), can take place in both phases. Log-linear contributions in the Arrhenius plot describe ion hopping
via the Arrhenius equation, while nonlinear contributions describe segmental chain motion–mediated
transport via the Vogel-Tammann-Fulcher equation. Figure adapted with permission from Reference 27;
copyright 2020 American Chemical Society.
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solely ion-conducting polymers and in mixed conducting polymers is that there are at least two
energy barriers to ion motion in mixed conducting polymers. Solely ion-conducting systems are
mostly amorphous, and the primary mechanism is related to ion motion in the amorphous phase.
Because mixed conducting polymers are usually semicrystalline, energy barriers for both ion hop-
ping and segmental motion-mediated transport contribute to ionic conductivity in the crystalline
and amorphous phases, respectively.

Molecular-scale interactions between the polymer and mobile ion also contribute to ion trans-
port. Because cations are typically the mobile ion of interest for many applications, strategies to
increase the dielectric constant and introduce electron-rich moieties facilitate transport of cations
in addition to segmental motion (36). However, stronger interactions can detrimentally affect the
relaxation processes of polymers (37), potentially due to the change in chain dimensions at high
salt concentration (38). This effect likely contributes to the maximum ionic conductivity with salt
concentration observed in many ion-conducting systems (39). Pioneering simulations and exper-
imental work have demonstrated aggregate structures ranging from isolated, spherical aggregates
to percolated, stringy aggregates obtained through modifications in polymer repeat structure, ion
identity, and polymer architecture (40). Materials with ions tethered directly along the backbone
(ionenes) can display highly ordered ion structures, resulting in materials segregated into ion-rich
domains (12) that display well-defined long-range order into unit cells with lattice parameters of
∼3–7 nm below an order-disorder temperature (41, 42).

Analogously, mesoscale segregation of block copolymers and polymer blends has been lever-
aged to generate materials with percolated ionically conductive domains on larger length scales
(10–100 nm) (43, 44). Though modification of an ion-conducting material such as poly(ethylene
oxide) (PEO) with an insulating domain is generally regarded to be detrimental to ionic conduc-
tion, insulating domains are often incorporated to impart structural rigidity. The effect of these
insulating domains can range from a minimal impact on performance in the case of percolating
morphologies to a dramatic insulating character in nonpercolating morphologies (45–47). These
examples serve to demonstrate the importance of continuous connection of ion-conducting do-
mains across all device length and timescales, signifying the hierarchical nature of ion conduction.

2.3. Electronically Conducting Polymers

In purely electron-conducting polymers, transport occurs both through delocalized π-orbitals
along one chain and by hopping between chains if sufficient π-π overlap exists (48). Because most
conjugated polymers are semicrystalline, heterogenous electronic conduction between the amor-
phous and crystalline domains of the polymer results in complex behavior in which the effects of
separate mechanisms, such as charge transport along a polymer chain or charge hopping from one
chain to another, are difficult to deconvolute. Similar to ion-conducting polymers,molecular-scale
interactions andmorphology have a profound effect on the electrical properties of semiconducting
polymers (5).

To increase the electrical conductivity of polymers, carriers are introduced into the material
through doping. Doping involves oxidation (reduction) of the backbone through an extrinsic
molecule or an electrode, which forms a radical/hole (radical/electron) pair along the polymer
backbone (49). In contrast to inorganic conductors, the charge-balancing ion must reside near the
backbone charge, a phenomenon that that has important implications on the double-layer capac-
itance, as discussed in Section 3.3. One central question in doping polymeric semiconductors is
how the presence of these ions affects other material properties of the polymer, which impacts the
resulting transport behavior.

The mobility of electronic charge carriers is highest in the crystalline regions of the system.
The specific transport mechanisms are typically identified through temperature-dependent
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scaling behavior. The electronic mobility or electrical conductivity typically follows a power law
(σ∼T−a) or a stretched exponential (σ∼exp[−T−b]) relationship with respect to temperature.
Common models observed in temperature-dependent measurements of semiconducting poly-
mers include variable range hopping (b = 1/4 − 1/2), nearest neighbor (b = 1), and band transport
(a ∼= −1) (15, 50). The heterogenous morphology of semiconducting polymers complicates the
identification of a primary transport mechanism at a given temperature since the mechanism
may spatially vary with the molecular-scale structure. Convoluting effects, such as changes in
electronic charge carrier densities, can be monitored via thermopower measurements, which are
related to the electronic density of states (51, 52).

Although morphology is important for mixed conduction, the process of crystallization is diffi-
cult to control in semiconducting polymers. The tendency for crystallization in polymers depends
on the specific chemistry, including the regioregularity of the pendant groups along the polymer
backbone; the introduction of other species, such as dopants; and the effects of postprocessing,
such as thermal annealing (53, 54). The conjugated backbone and ring-like structures common in
semiconducting and conducting polymers tend to stiffen the polymer backbone, which increases
the propensity to form liquid crystalline phases and crystallize upon casting. As a result, mixed
conducting polymer systems are often semicrystalline, and few studies to date have reported on
electronic conduction at temperatures above Tm. Figure 3 shows how the molecular structure in
ordered P3HT gives rise to the observedmicroscopic structure and how the alignment of polymer
chains may lead to local anisotropy of electronic conductivity.

A holistic description of molecular-scale interactions between charged species and electroni-
cally conducting polymers is complicated due to the fact that the electron (or hole) resides on the
polymer itself, while the counterion resides in proximity to the backbone with a potentially dif-
ferent energetic landscape (55, 56). Theoretical calculations can explore these effects separately.
Recent simulations of P3HT oligomers using density functional theory compared the π-stacking
distance of the oligomers with and without a polaronic charge on the backbone (57). The cal-
culations determined that even in the absence of dopant counterions, the presence of a positive
charge decreases the π-stacking distance by 0.02–0.08 Å, depending on the number of repeat units
analyzed. The model suggests that relaxation of the polaron between multiple chains leads to at-
tractive forces between units, resulting in a decrease of the π-stacking distance. These results are
in agreement with operando X-ray scattering measurements of electrochemically doped P3HT
(56, 58) but do not rationalize the additional impact of the increasing concentration of counterions
present within the polymer film.

An understanding of how interactions between the charge carrier on the polymer and its
counterion affect the electronic mobility is still evolving. The counterions typically reside in the
amorphous regions of the polymer due to the increased free volume of these domains or within
the side chain region of polymeric crystallites. The low dielectric constant of most conjugated
polymers (typically synthesized with alkyl side chains) can lead to localization of the polaron on
the polymeric backbone since the Coulombic interactions with the counterion cannot be effec-
tively screened. These deleterious interactions have been mitigated by introducing more polar
side chains, causing electrostatic interactions to be screened (59, 60), or by using sterically bulky
dopants, which generally have shallower Coulombic potential wells (61). These design principles
may serve to improve other aspects of transport specific for mixed conduction, such as improving
ion uptake in aqueous environments (62).

The degree of crystallinity and connectivity between neighboring crystallites within semicrys-
talline polymers at the mesoscale (50–500 nm) largely governs the resulting electronic conductiv-
ity. The electronic mobility generally scales with the degree of crystallinity, since energetic trap
states are induced by conformational disorder within the amorphous domains of the polymer.
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Figure 3

Structural orientation of poly(3-hexylthiophene) (P3HT) in a crystallite. (a) A 3D reconstruction of ordered
domain nanostructure from an electron micrograph is shown (98). In this image, the polymer chain is viewed
on its edge, and alkyl side chains extend between backbone stacks and are oriented orthogonally to the
principal axis of the polymer. (b) A grazing incidence wide-angle X-ray scattering (GIWAXS) pattern is
shown for ordered P3HT. The signal near the qz direction corresponds to periodic stacking between
adjacent polymer segments separated by alkyl side chains (h00), while the signal along the qxy direction
corresponds to the π-π stacking distance between adjacent polymer backbones (0/0). (c) The inset shows the
projected ordering as a stack of high-aspect-ratio rectangular prisms. Further magnification shows the
molecular structure of P3HT oriented to match the nanostructure of ordered P3HT observed in panel a.
Vectors showing the h00 and 0l0 direction are labeled to aid in comparison to the GIWAXS pattern shown
in panel b. (d) The molecular structure of P3HT is shown for comparison to the tomography image–aligned
molecular structure shown in panel c. Panels a, c, and d adapted with permission from Reference 98;
copyright 2014 American Chemical Society. Panel b adapted with permission from Reference 64; copyright
2019 Wiley-VCH Verlag.
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Strategies such as altering the casting solvent or the backbone regioregularity were found to in-
fluence the fraction of aggregated regions in the film and their free exciton bandwidth, which
scaled with the electrical conductivity (63, 64). The distance over which polymeric backbones re-
tain alignment with one another, defined as the orientation correlation length (OCL) (65), also
influences the electrical properties of polymers. In contrast to the crystallites themselves,which are
typically ∼10 nm in size, the length scale over which they are connected is a strong determinant of
the electronic conductivity even at similar carrier concentrations.TheOCLs of pristine P3HT are
typically below 50 nm (64) but can reach up to 350 nm in liquid crystalline semiconductors such
as poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (66). Recent studies found that
the doping method can degrade this long-range order, influencing the maximum achievable elec-
trical conductivity (55, 63). These results suggest that retaining the alignment between ordered
domains when ions are present is critical for electronic and mixed conduction.

Tie chains, molecules that connect ordered regions, are also necessary to create a perco-
lated pathway for electronic charge carriers. Tie chains must possess a sufficient contour length
to connect two neighboring crystallites, which requires a minimum degree of polymerization.
In homopolymers, a discontinuous increase in electronic mobility typically occurs at ∼12,000–
15,000 g/mol, or about 70–90 repeat units for P3HT (5). The same effect can be achieved through
mixing small amounts of a high-molecular-weight polymer with the same polymer of lowermolec-
ular weight; analysis of P3HT blends found that only 10−3 of all chains need to act as tie chains
for a percolated network to form, even when the degree of polymerization of the majority phase
is as small as 30 repeat units (67, 68).

3. IONIC, ELECTRONIC, AND MIXED CONDUCTION
FIGURES OF MERIT

3.1. Ionic Transport

While the total ionic conductivity is the most commonly reported metric of ionic transport in
polymer electrolytes, actual electrolyte performance in energy storage and conversion devices
heavily depends on a more comprehensive view of ion conduction. For example, in lithium-ion
batteries, the ionic current carried by Li+ ions is of primary interest and counterion motion can be
detrimental to cell performance. Consequently, the transport number is an important parameter
to approximate the fraction of the total current carried by the ion of interest (see Equation 6) (69).

A quantity known as the Haven ratio (Equation 9) is used to characterize the ratio of the mea-
sured ionic conductivity and the ionic conductivity reproduced from the Nernst-Einstein relation
(Equation 4):

H = σNE

σelectrochem
=

∑
i niz

2
i Di

kTσelectrochem
. 9.

In Equation 9,H is the Haven ratio, σNE is the Nernst-Einstein conductivity, σelectrochem is the
electrochemically determined conductivity, ni is the number of charge carriers i, zi is the integer
charge of the charge carrier, Di is the diffusion coefficient, k is the Boltzmann constant, and T is
the temperature.

A discussion of methods to determine the Nernst-Einstein and electrochemically determined
conductivity is provided in Section 3.4. The Haven ratio often takes on a value of less than unity
for ionic liquids or molten salts (70) but can take on values greater than unity for superionic con-
ductors (71). In some concentrated polymer electrolytes, Haven ratios of near unity are observed,
but authors should take care to note that deviations from the Nernst-Einstein relation are likely to
arise, particularly at high ionic strengths or in the presence of crystalline regimes. As such, Haven

10 Thomas et al.



ratio values far from unity are indicative of intermolecular interactions that lead to differences
between ionic diffusivity and charge diffusivity, such as ion aggregation.

3.2. Electronic Transport

The electrical conductivity, σ , combines the concentration, mobility, and charge of the mobile
species (Equation 5). For doped polymeric semiconductors, the electrical conductivity is the most
commonly reported transport parameter and represents an average of all electronic conduction
mechanisms that occur within the material. The highest reported values for doped polymers are
between 104 and 105 S/cm at ambient temperatures (72, 73). The electrical conductivity at a single
temperature, however, does not reveal the complex relationship between the variables it depends
on (14, 51).

Electronic mobility, μ, provides a metric to understand how carrier concentration influences
transport. In lightly doped polymeric semiconductors (charge carrier density of <1020 cm−3) (23),
many of the carriers are energetically trapped, leading to a carrier mobility of ∼10−3 cm2/(V�s).
For comparison, the ionic mobility of ClO4

− in P3HT is on the order of 10−14 cm2/s (24). Adding
more charge carriers leads to a superlinear increase in the electronic mobility, reaching up to
∼0.1–1 cm2/(V�s) for some of the highest-performing semiconducting polymers.This superlinear
trend is unique to polymeric semiconductors and has been rationalized by several mechanisms in
recent literature (51, 74). Thus, the charge density is a critical independent variable of transport
phenomena in electronic conduction and is necessary to quantify for electronic as well as ionic
and mixed conduction.

3.3. Mixed Conducting Systems

Performance metrics for mixed conducting polymers vary widely based on application; for exam-
ple, when mixed conductors are applied to biological sensors and actuators, a fast response time is
an important figure or merit. In electrochromic devices, the contrast ratio of color and brightness
may be a better metric for performance. The application of polymeric mixed conductors in ion
pumps means that precise control over ion flux is crucial, while sensing applications depend on
changes in electron or ion flux in response to external stimuli. Because of the range of potential
applications, a single figure of merit to describe the performance of mixed conductors has not
been established.

The increasing utility of studying polymeric charge transport through organic electrochemi-
cal transistors (OECTs) (Figure 5a), along with uncertainties in individual measurements of ionic
and electronic mobility, has bolstered the use of the transconductance as a figure of merit for
mixed conduction. Since transistors are used as electrical amplifiers, the transconductance quanti-
fies how much current is gained in the active layer for a given change in the gate voltage. Because
dI/dVg depends on the channel width (W), length (L), and thickness (d), the transconductance
is also a means to normalize across device dimensions. Several factors contribute to the device
transconductance (gm) according to Equation 10,

gm = (Wd/L)μC∗(Vth −Vg), 10.

where μ is the electronic mobility, C∗ is the volumetric capacitance of the active layer, Vth is the
threshold voltage, and Vg is the gate voltage.

While transconductance can be used to describe the performance of transistors, capaci-
tance is a more generalizable figure of merit that can be used to benchmark performance for
all mixed conducting devices. The chemical capacitance, defined by the change in chemical
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A capacitance arising from a crystalline-amorphous interface in a mixed conducting polymer. In p-type
mixed conductors, electron transfer between dopant anions (green) in the amorphous regions and polymer
backbones (blue) in the crystalline regions generates charge carriers (polarons, outlined in orange). The
interaction between multiple charged species can lead to charged complexes, such as a hole-anion-cation-
anion complex.

potential of the material for a change in carrier concentration (75), ultimately mediates other
application-specific figures of merit, such as the contrast ratio in electrochromics (76) and the
flux in ion pumps and membranes (77). Chemical capacitance is an extensive quantity, and thus
proportional to the volume of the sample, and describes both a redox reaction and diffusion of
the external species into the surface and bulk. Because all mixed conductors require this two-step
mechanism, chemical capacitance may be one potential route for a generalized performance
metric in mixed conductors.

The total capacitance also includes contributions from the electrical double-layer (EDL) ca-
pacitance, which arises from the accumulation of charges at the interface between an electrode
and electrolyte material. In an electrochemical cell, a metal electrode is primarily responsible for
electronic conduction, whereas the electrolyte is primarily responsible for ionic conduction, and
the EDL is developed at their interface. Locally, the coupling between ions and charge carriers
can be described by analogy between metal electrodes and crystalline regions and between elec-
trolytes and amorphous regions.Figure 4 shows how a positively charged hole might be balanced
not only by a single anion molecule, but also by electrostatic complexes, such as a hole-anion-
cation-anion complex at the ordered-disordered interface. Because electrical fields and associated
potential gradients couple ions and electronic charge carriers, these distinct transport processes
may be approximated as decoupled in time, but not in space.

It is apparent that EDL charging depends on both electronic and ionic species distributions
within the bulk. Specifically, the applied potential in organic electronic devices drives ions toward
ordered-disordered interfaces where charge carriers are induced and coupled with nearby dopant
ions. Local electric fields arise from this separation of charge and can be accounted for in the
boundary conditions necessary to solve Equations 1 and 2.

Lastly, an important feature that is not often considered in OECTs is the dynamics of ion
transport. Since ion transport occurs on observable timescales (10−3 s), limitations in ion trans-
port may significantly affect device performance and are observable through the transconduc-
tance (78–80). The rate at which output and transfer characteristics (Figure 5b) are obtained
is not often reported as the field of OECTs continues to expand, but understanding the kinetic
component will be critical for rational design of high-performance polymeric mixed conductors
(81, 82).
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Two common platforms to characterize ionic and electronic transport of polymeric semiconductors are the organic electrochemical
transistor and symmetric cell. (a) Ions and electrons travel in orthogonal directions within organic electrochemical transistors, which
decouples ionic and electronic conduction. (b) Output and transfer curves from organic electrochemical transistor operation yield
information about the performance of the mixed conducting device (99). (c) Using AC impedance, both charge carriers travel in the
same direction. (d) A Nyquist plot of the frequency-dependent response is one straightforward visualization of the contributions of
electronic and ionic motion (87). The presence of multiple semicircles in the Nyquist plot indicates motion of more than one chemical
species in the sample. Abbreviations: MIEC, mixed ionic-electronic conductor; OECT, organic electrochemical transistor. Panel b
adapted with permission from Reference 99; copyright 2013 Springer Nature. Panel d adapted with permission from Reference 87;
copyright 2012 American Chemical Society.

3.4. Measurement Methods

The complex impedance measured by electrochemical impedance spectroscopy (EIS), or AC
impedance, is widely used to deconvolute individual contributions of ionic and electronic
transport in mixed conductors (Figure 5c). These contributions are determined through con-
struction of an equivalent circuit model to fit the impedance data (Figure 5d). Generally, the
equivalent circuit is designed with physical phenomena in mind to connect the circuit elements
with the physical behavior in the sample; however, the complex behavior of mixed conductors
can create complications that go beyond simplistic circuit elements. An important advantage of
EIS is its ability to deconvolute processes occurring on widely divergent timescales.

The Bruce-Vincent method is a cell-based method frequently employed to determine the
species-dependent transport number of ionic species (12).This method employs a symmetric elec-
trochemical cell (Figure 5c) and can relate the steady-state DC voltage of the cell to the transport
of a specific species under dilute conditions. Consequently, this method does not give a true trans-
port number under conditions relevant for many applications.The dilute approximation generally
applies only at low ionic strengths (<0.01), which is much less than the ionic strength typical for
an electrolyte (18). Despite the inability to extract relevant transport numbers under common
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conditions, the ease of implementation has resulted in wide propagation of this method, and it
has become standard in the field of ionically conducting polymers. Therefore, the results of this
experiment are important for benchmarking purposes and to compare between materials systems.
Recent developments in cell-based methods may allow better estimation in concentrated solu-
tions, including direct measurement of the concentration gradient along the transport direction
and analysis based on a concentrated solution theory (83).

An alternative family of techniques to examine ion-specific transport utilizes measurements of
ion self-diffusion constants, and their contribution to conductivity is also calculated based upon
the assumptions of theNernst-Einstein equation.Techniques such as pulsed-field gradient nuclear
magnetic resonance spectroscopy can measure the self-diffusion constants of ions (84, 85). Ne-
glecting intermolecular interactions, the ionic conductivity contributions from individual species
are directly related to this constant, their concentration, and valency, allowing for facile computa-
tion of their contribution to the total conductivity. However, experimental reconstructions of the
net ionic conductivity based on these results often fail to reproduce the measured ionic conduc-
tivity, as indicated by the Haven ratio (Equation 9).

As previously mentioned, OECTs are a unique platform to study the principles of mixed con-
duction relevant to many applications of ion/electron conductors. OECTs contain the same com-
ponents as field-effect transistors and typically adopt similar geometries (Figure 5a). They are
distinguished by their use of gate insulators that contain cations and anions that infiltrate the
semiconducting layer upon application of a gate bias. Synthetically tethering the cation or anion
species of the gate dielectric facilitates control over ion diffusion into the semiconductor, prevent-
ing unwanted ion pair infiltration into the material (23, 86). As a result, the semiconductor can
sustain charge throughout the bulk of the layer via ionic motion. OECTs also provide experimen-
tal control over the carrier density of ions and electrons critical in rationalizing the impact of ions
on the mobility, morphology, and electronic structure of the semiconductor (15, 51, 56).

4. EMERGING AREAS IN MIXED CONDUCTION

Separate application of ionically and electronically conducting polymers has led to an imperfect
understanding of mixed conducting materials. Studies purely on one-component charge transport
conclude that the material properties beneficial for one type of transport are detrimental to the
other. Studies in polymeric mixed conductors have shown that this idea may not be the case, which
is counterintuitive to our current understanding (11, 87).This section details the subfields ofmixed
conductors that require more investigation.

4.1. Dynamic Structural and Morphological Disorder

The previous sections have highlighted the importance of morphology for all forms of transport
in polymeric semiconductors. Consequently, the structural changes of semiconducting polymers
upon ion incorporation are key to understanding transport in these materials (88). It is of utmost
importance then to understand how morphology evolves as more ionic species are added to the
material. For example, interactions between electrically and ionically conducting domains can lead
to structural rearrangement, contributing to an increase in mixed conduction.This effect was seen
in P3HT:PEO block copolymers doped with lithium bis(trifluoromethanesulfonyl)imide salt (87).
Upon adding salt to the copolymer, both the electrical and ionic conductivity increased.While the
increase in ionic conductivity is expected, the increase in electrical conductivity implies a structural
rearrangement leading to improved electronic charge transport. Structural rearrangements due to
solvent treatments also improve the mixed conductivity of PEDOT:PSS and poly[6-(thiophene-
3-yl)hexane-1-sulfonate] tetrabutylammonium (89).
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Grazing incidence wide-angle X-ray scattering measurements of poly(3-hexylthiophene) (P3HT) indicate
doping-induced reversible formation of crystallites (64). (a) Broad peaks are observed for regiorandom
P3HT, while (b) clear features near the qz axis appear upon doping with 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane. Figure adapted with permission from Reference 64; copyright 2019 Wiley-VCH
Verlag.

While many studies show an increasing degree of disorder upon adding salts or dopants in
semicrystalline materials, few studies have probed the morphological effects of doping polymers
that are already amorphous. Regiorandom P3HT is primarily amorphous on its own, but it re-
versibly orders and returns to its amorphous state upon the addition and removal of the dopant
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (Figure 6) (64). These results suggest that
the amorphous regions of conjugated polymers may be more structured than previously suggested
and that a rigid amorphous phase may play a role in electronic conduction (90). Since morphology
is critical to the performance metrics of mixed conductors, exploring these ideas will have critical
utility for large-scale implementation of these systems.

4.2. Dielectric Environment

The dielectric environment controls salt dissolution and therefore directly impacts ionic concen-
tration and conductivity, but the impact of the dielectric constant on electronic transport of mixed
conductors is less clear. Though previous work suggests that increases in dopant/polaron distance
do not translate to higher electronic conductivity (91), it has been recently demonstrated that the
formation of dianions within highly polar thienothiophene-based polymers with ethylene-oxide
side chains leads to superior electrical performance (92). This behavior may be a result of the in-
creased dielectric constant of the polar side chains stabilizing the dianion, leading to fewer ionic
charges per electronic charge. Charge-stabilizing effects of an increased dielectric constant were
also observed in a 3,4-ethylenedioxythiophene-based polymer in which oligoether side chains en-
hanced the solubility of the polymer in several solvents, even in its charged state (93). Further
investigation into how charge screening impacts carrier mobility will lead to crucial insights for
designing polymeric mixed conductors both at the molecular level and at the mesoscale.

4.3. Mechanical Properties

The enhancement of the transport performance of mixed conductors is often accompanied by
trade-offs in mechanical performance, which presents a challenge due to the demanding mechan-
ical requirements for many applications of mixed conductors. Studies exploring the effect of strain
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on the electronic mobility of polymeric semiconductors typically show consistent or even im-
proved electronic mobility in the direction of strain due to the alignment of polymeric backbones
(94, 95). This effect is usually coupled with a decrease in carrier mobility perpendicular to the
strain direction. Similarly, ionic conductivity has been observed to increase as a result of increased
strain through in situ studies, in which through-plane and in-plane conductivity increases linearly
with deformation of 200-μm PEO/LiClO4 electrolyte films (96). Models to rationalize the ef-
fects of strain on the output characteristics of OECTs are also in development (97), which can
elucidate fundamental relationships between conduction and mechanics of mixed conductors and
establish practical boundaries for long-term operation. As with all performance metrics of mixed
conducting polymers, the temperature dependence of the mechanical behavior of mixed conduc-
tors is crucial to deconvolute the elastic and viscous response to an applied strain, which can also
evolve as a function of salt concentration. Connecting the fundamental relationships between
conduction and mechanics of mixed conductors will further elucidate their behavior and establish
practical limitations for long-term operation.

5. CONCLUSIONS

The field of polymeric mixed conductors requires an interdisciplinary perspective that combines
knowledge of electronic and ionic transport with principles distinct to mixed conduction. The
semicrystalline structure of mixed conducting polymers, containing percolated pathways for con-
duction of both ions and electrons, represents a clear design constraint for the morphology of
mixed conductors; however, clear relationships between the morphology and various figures of
merit for mixed conduction have yet to be elucidated. Expanding the structure-property relation-
ships between these figures of merit and the percent crystallinity of polymers, which affects the
capacitive component between ions and electrons in the material, has significant potential to cre-
ate a unifying model for practical implementation of mixed conducting systems. This integrated
picture is the ultimate path forward in designing polymeric materials to meet the demand of ap-
plications that require mixed conduction. Knowledge from synthetic chemistry, electrochemistry,
and solid-state physics informs the rational design and processing required for the multitude of
applications for mixed conducting materials. The principles developed in the organic electronics
and polymer electrolyte communities will be helpful in guiding this field, but some relationships
distinct to mixed conduction have yet to be fully realized.
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