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Conjugated Polyelectrolyte Thin Films for Pseudocapacitive
Applications

Benjamin Rui Peng Yip, Ricardo Javier Vázquez, Yan Jiang, Samantha R. McCuskey,
Glenn Quek, David Ohayon, Xuehang Wang,* and Guillermo C. Bazan*

A subclass of organic semiconductors known as conjugated polyelectrolytes
(CPEs) is characterized by a conjugated backbone with ionic pendant groups.
The water solubility of CPEs typically hinders applications of thin films in
aqueous media. Herein, it is reported that films of an anionic CPE, namely
CPE-K, drop cast from water produces single-component solid-state
pseudocapacitive electrodes that are insoluble in aqueous electrolyte. That
X-ray diffraction experiments reveal a more structurally ordered film, relative
to the as-obtained powder from chemical synthesis, and dynamic light
scattering measurements show an increase in aggregate particle size with
increasing [KCl] indicate that CPE-K films are insoluble because of tight
interchain contacts and electrostatic screening by the electrolyte. CPE-K film
electrodes can maintain 85% of their original capacitance (84 F g−1) at 500 A
g−1 and exhibit excellent cycling stability, where a capacitance retention of
93% after 100 000 cycles at a current density of 35 A g−1. These findings
demonstrate that it is possible to use initially water soluble ionic-organic
materials in aqueous electrolytes, by increasing the electrolyte concentration.
This strategy can be applied to the application of conjugated polyelectrolytes
in batteries, organic electrochemical transistors, and electrochemical sensors,
where fast electron and ion transport are required.

1. Introduction

Current electrochemical energy storage technologies cannot
match the energy and power output of internal combustion en-
gines efficiently and reliably.[1] Batteries are the leading plat-
form for electrochemical energy storage as they can provide
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high energy densities (≈100 Wh kg−1) by
storing charges through faradaic processes.
However, batteries are limited by diffusion-
controlled kinetics, resulting in low power
densities (≈102 W kg−1).[2] Supercapacitors
store charges through surface-controlled
processes, such as electrostatic adsorption,
surface redox reaction, and pseudocapaci-
tive intercalation, which allow supercapaci-
tors to exhibit high power densities (≈104 W
kg−1) and long cycling life.[3–6] However,
mainstream electrification depends on
developing materials that can deliver
high energy densities without sacrificing
power densities and cycling stability.[3,4,7,8]

Pseudocapacitive materials hold the
promise to deliver intermediate power
and energy densities simultaneously, occu-
pying a niche position between batteries
and electric double layer capacitors.[5,6]

Pseudocapacitive properties arise from
rapid near-surface redox reactions and
counter ion intercalation/adsorption
into or onto the material to stabilize the
electronic charge, allowing it to have
faster kinetics than battery materials.[9]

Representative pseudocapacitive materials include transition
metal oxides,[10,11] sulfides and nitrides,[12,13] covalent organic
frameworks,[14] MXenes,[15] and related composites.[16,17] Or-
ganic semiconducting materials have also attracted interest due
to alternative processing options and the ability to form flex-
ible electrodes. One class of such materials are conjugated
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Figure 1. a) Mechanism of reversible pseudocapacitive charge storage in CPE-K. b) Thickness measurements of CPE-K films as a function of mass
loading measured by profilometry. c) Cross-sectional SEM image of pristine CPE-K film deposited on ITO glass (2.24 mg cm−2). d) X-Ray diffraction
pattern of CPE-K film (2.24 mg cm−2) compared to its prefabricated powder form. e) Atomic Force Microscope image of pristine CPE-K film surface
deposited on glassy carbon electrode (0.28 mg cm−2).

polymers (CPs), which exhibit pseudocapacitance by reversible
doping/de-doping processes accompanied by counter ion inter-
calation/adsorption into the bulk material.[18,19] However, most
CPs are undoped in their neutral state, leading to low electronic
conductivities which give rise to limited rates.[20] In addition, re-
peated ion intercalation/adsorption between charge cycles lead to
challenges in cycling performance when compared to inorganic
counterparts.[20] One example is PANi with a specific capacitance
of 480 F g−1 at a specific current of 1 A g−1, which maintains
≈70% of its specific capacitance at 10 A g−1.[21] Furthermore,
PANi has been shown to have a cycling performance of ≈50% re-
tention after 1000 charge/discharge cycles. To address challenges
of this type, strategies have emerged to improve the rate perfor-
mance and cycling stability of CPs by incorporating carbon based
composites[22–24] and/or morphology control.[25–27]

Conjugated polyelectrolytes (CPEs) are conjugated polymers
with ionizable pendant side chains that give rise to dif-
ferent physico–chemical properties, relative to their neutral
counterparts.[28] They form part of a set of materials known as or-
ganic mixed ionic–electronic conductors, which exhibit the abil-
ity to simultaneously conduct ions and electronic charges.[29,30]

CPEs thus possess properties that may grant them unique ad-

vantages over conventional conjugated polymers, including wa-
ter processability, self-doping properties, and enhanced ionic
conductivity. It is the latter two properties that may allow
CPEs to stand out from conventional conjugated polymers in
terms of electrochemical energy storage applications. Previous
efforts have shown that the anionic CPE known as CPE-K, see
Figure 1a, in its hydrogel form exhibits a specific capacitance of
85 F g−1 and retains 76% of the initial capacitance after 100 000
cycles at 2.5 A g−1.[31–33] However, the electrochemical proper-
ties have yet to be investigated in the solid-state form, since
spun coated films were initially anticipated to redissolve in pure
water.

We report here that slow-evaporation from water solution pro-
motes the formation of crystalline domains in the CPE-K thin
films. Moreover, CPE-K films are stable in KCl electrolyte at con-
centrations higher than 0.1 m. Thin-film electrodes based on
CPE-K possess a specific capacitance of 82 ± 2 F g−1 with ca-
pacitance retention of 93% after 100 000 cycles at a rate of 35
A g−1. The use of aqueous electrolytes, along with water process-
ability, could allow the development of CPE based pseudocapaci-
tive materials with differentiated properties within the context of
sustainability.
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2. Results and Discussion

2.1. Fabrication and Characterization of CPE-K Films

CPE-K was synthesized as previously reported.[31] Briefly,
molar equivalent amounts of potassium 4,4′-(2,6-dibromo-
4H-cyclopenta[2,1-b:3,4-b′]dithiophene-4,4-diyl)bis(butane-1-
sulfonate) and 2,1,3-benzothiadiazole4,7-bis(boronic acid pinacol
ester) were polymerized under Suzuki cross-coupling conditions
(see Supporting Information). The resulting crude CPE-K was
purified by dialysis (MWCO = 3500 kDa) and was subsequently
lyophilized to obtain a metallic-looking dark blue powder that is
soluble in H2O and insoluble in common polar organic solvents.
To fabricate electroactive films on a glassy carbon electrode
(GCE; ø = 3.0 mm), CPE-K was dissolved in Milli-Q water to
obtain solutions of concentrations ranging from 2.0–16.0 mg
mL−1.

Thereafter, the CPE-K solution was drop cast on polished GCE
surfaces and was allowed to slow-dry overnight under ambient
conditions. Dark blue films were thus obtained, which were used
in subsequent studies without further treatment. By this method
we obtained CPE-K films with mass loadings of 20, 40, 80, and
160 μg, as obtained by drop casting 10 μL of polymer solution at
concentrations of 2.0, 4.0, 8.0, and 16.0 mg mL−1, respectively.
The CPE-K films will be referred to CPE-K/20, CPE-K/40, CPE-
K/80, and CPE-K/160, respectively, from now on, named after the
mass loading in micrograms. These films have loading densi-
ties ranging from 0.28 to 2.24 mg cm−2 (Figure 1b), calculated
based on the area of the GCE surface (≈0.0707 cm−2). This cor-
responds to the same order of magnitude as required for prac-
tical applications (>1.0 mg cm−2).[34] Using a stylus profilome-
ter directly on the GCE revealed that the thickness of the CPE-K
films range from ≈2.1 ± 0.6 to 19.0 ± 0.7 μm (Figure 1b), which
are within the range of typical coin cell electrodes (<26 μm).[35]

A linear relationship between film thickness and mass loading
density can be seen in Figure 1b, from which the slope can be
used to obtain a gravimetric density of ≈1.23 g cm−3, consis-
tent with what has been observed with other conjugated polymer
films.[36,37] The cross-section of the films was also imaged by SEM
and the thicknesses obtained were close to profilometry measure-
ments (Figure 1c).

X-ray diffraction measurements were performed with CPE-K
in its pre-deposited powder form and with CPE-K films (see Sup-
porting Information). The CPE-K film exhibited a strong peak at
10.1o indicative of ordered domains that is not observed in the
powder form (Figure 1d). Our current thinking is that the slow-
drying process enables dynamic processes in solution that favor
organization of crystalline domains. Conversely, the purification
process to obtain CPE-K powder includes precipitation, dialysis,
and lyophilization, which presumably lock the polymer in a more
soluble disordered state. The diffraction peak at 2𝜃 = 10.1° cor-
responds to a Bragg spacing of d = 8.8 Å. This agrees with pre-
viously reported GIWAXS measurements on spin coated CPE-K
films, which also exhibited similar scattering features (qz = 0.75
Å−1, d = 8.3 Å).[38] Notably, this peak is not due to lattices typi-
cally observed in neutral conjugated polymers, for example cor-
responding to lamellar spacing or 𝜋-𝜋 stacking. Instead, it is rea-
sonable to assign the feature to an ionic lattice stemming from
the presence of ionic functional groups. This assignment is also

supported by It is also relevant to point out a previous report
that studied in detail the structure of CPE-K in its hydrogel state
and found that unstructured aromatic interactions and electro-
static interactions comprise the driving force for self-assembly.[39]

Therefore, it is reasonable that the films formed via drop casting
evolve their final structure from this morphology, since drying
from solution under ambient conditions will cause the solution
to self-assemble into its hydrogel form on the way to forming the
film.

Thermogravimetric analysis shows that CPE-K film has more
water content than CPE-K powder based on the ≈5.5% and 11.5%
weight loss at 150 °C, respectively (Figure S5, Supporting Infor-
mation). This suggests that hydration of ions in the film state is
an important component of the final structure, and that water
may aid in achieving the final organization. As a result, the first
heating traces in the differential scanning calorimetry measure-
ments are dominated by the enthalpy of water desorption and
fail to reveal any melting transitions in either the thin film or
powder forms of CPE-K (Figure S5, Supporting Information). In-
deed, this challenge in obtaining insights into the thermophys-
ical properties of conjugated polyelectrolytes has been reported
previously.[40]

We subsequently investigated the effect of salt concentration
on the stability of CPE-K films. We found that CPE-K films were
susceptible to dissolution when immersed into electrolytes of low
ionic strength (<0.1 m KCl). Conversely, CPE-K films were found
to be stable at higher salt concentrations (≥0.1 m KCl). Related
to these observations is the increased aggregation of CPE-K in
aqueous solution with increasing salt concentrations as deter-
mined DLS (see Supporting Information). These studies showed
that the aggregate particle size increases from 101 to 103 nm as
[KCl] increased from 1 mm to 1.0 m (Figure S10, Supporting In-
formation). This phenomenon can be explained by electrostatic
screening which occurs in the presence of excess K+ ions. This
decreases the extent of repulsion between the sulfonate pendant
groups of the conjugated polyelectrolyte and, in turn, suppresses
the solubility of CPE-K films.[41,42] Despite the evidence of crys-
talline domains (Figure 1d), CPE-K films possess a relatively flat
surface with an RMS of 0.71 nm, as revealed by atomic force mi-
croscopy (Figure 1e). Overall, that CPE-K films are stable in aque-
ous electrolytes is attributed to a more ordered morphology upon
slow drying and the electrostatic screening between the sulfonate
pendant groups by the excess K+ ions once a critical concentra-
tion is achieved.

2.2. Electrochemical Characterization

The electrochemical performance of the CPE-K films was eval-
uated by galvanostatic charge/discharge (GCD) measurements.
Electrochemical measurements were performed using a 3-
electrode cell setup in 2.0 m KCl using an Ag/AgCl reference
electrode and carbon felt as the counter electrode (see Supporting
Information). A potential of 0.6 V versus Ag/AgCl was applied
for 300 s before GCD measurements with the purpose of satu-
rating the CPE-K film with ions. GCD measurements from 0.0
to 0.6 V versus Ag/AgCl exhibited a trace, which was non-linear
below a potential of 0.2 V versus Ag/AgCl (Figure S11, Support-
ing Information). Therefore, the potential window selected for

Adv. Mater. 2023, 2308631 © 2023 Wiley-VCH GmbH2308631 (3 of 8)
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Figure 2. Electrochemical measurements were performed using a 3-electrode cell setup with an Ag/AgCl reference electrode and carbon felt as a counter
electrode in 2.0 m KCl. a) The specific capacitance of CPE-K films as a function of specific current determined by GCD. b) Representative GCD trace for
CPE-K films at 1, 10, 100, and 500 A g−1. c) The specific capacitance at various current densities as a function film thickness. d) The cycling stability test
of CPE-K/20 film at a current density of 35 A g−1.

GCD measurements was chosen from 0.2 to 0.6 V, since a lin-
ear charge/discharge response was observed in this range. The
specific capacitance, Cs, can be calculated using Equation (1).

CS = IΔt
mΔV

(1)

where I is the constant discharging current, Δt is the discharge
time, m is the mass of CPE-K, and ΔV is the magnitude of the
change in potential during discharging (excluding any IR drop).
Reference to Figure 2a reveals that the Cs values for the films do
not differ within statistical certainty in this specific current range
(0.25–10 A g−1) and converge to ≈82 ± 2 F g−1.[31,33] All CPE-K
films exhibit GCD traces with a triangular-shaped profile with
negligible IR drop (Figure 2b) below 10 A g−1.

Capacitance decay as a function of film thickness was observed
at a given specific current (Figure 2a,c). For example, CPE-K films

show Cs values of 78, 74, 67, and 41 F g−1, at 100 A g−1 which,
relative Cs at 10 A g−1, correspond to capacitance losses of 8%,
9%, 16%, and 51% in order of increasing thickness. The loss of
capacitance was mainly due to IR drop as seen from deviations
from an ideal triangular-shaped profile as a function of thickness
and charging rate (Figure 2b). As an illustration, we note that the
magnitude of the IR drops at 100 A g−1 are 230 and 120 mV for
CPE-K/160 and CPE-K/80, respectively and are less pronounced
for CPE-K/40 and CPE-K/20 films, at 60 and 30 mV, respectively.
Of relevance is that CPE-K/40 and CPE-K/20 films can still ex-
hibit a capacitive performance of 46 and 71 F g−1 at 500 A g−1, al-
beit with IR drops of 140 and 65 mV, respectively. Hence, a capaci-
tance retention of 57% and 84% has been obtained for CPE-K/40
and CPE-K/20 films up to 500 A g−1. Of particular significance
is that all films showed less than 20% capacitance decay at 50 A
g−1, which highlights the excellent rate performance of CPE-K
films (Figure 2c). For clarity, Table S2 (Supporting Information)

Adv. Mater. 2023, 2308631 © 2023 Wiley-VCH GmbH2308631 (4 of 8)
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Figure 3. Electrochemical measurements were performed using a 3-electrode cell setup with an Ag/AgCl reference electrode and carbon felt as a counter
electrode in 2.0 m KCl. a) Representative cyclic voltammograms of CPE-K films at 10 mV s−1. b) Cyclic voltammogram of CPE-K/20 film from 10–
10 000 mV s−1 (See Supporting Information for other film thickness). c) Log–log plots of peak current density versus the scan rate as a function of CPE-K
film thickness. d) Proportion of surface-controlled capacitance of CPE-K/160 at 20 mV s−1.

summarizes the rate performance and other relevant aspects of
single component conjugated polymers in the context of energy
storage.

Cycling stability was evaluated using prolonged GCD cycles.
The specific current selected for evaluating the cycling stability
was 35 A g−1 for CPE-K/20 as it shows the highest specific capac-
itance (80 F g−1). These studies revealed that CPE-K/20 exhibits a
Cs retention of 93% after 100 000 cycles (Figure 2d). In addition,
coulombic efficiencies of more than 99% were observed over the
course of the cycling stability test for CPE-K/20 (Figure 2d), which
confirms minimal degradation under prolonged cycling.

Cyclic voltammetry (CV) was used to gain insight into the
charge storage kinetics. Qualitative scans from −0.5 to 0.6 V ver-
sus Ag/AgCl were initially carried out on all film thickness at
a scan rate of 10 mV s−1 (Figure 3a). These scans show a re-
versible, quasi-rectangular shape profile combined with a “tail”
before the onset potential, in agreement with a pseudocapacitive
charge storage mechanism.[31,33,43] Additional CVs with a simi-
lar potential window to GCD (0.0 to 0.6 V vs Ag/AgCl) were also
carried out to further highlight the quasi-rectangular shape pro-
file (Figure S11, Supporting Information). One feature that was
observed with increasing thickness is an increase in the onset
potential and appearance of a oxidation peak. This phenomenon
is associated with hole transport/charge transfer resistance in
mixed ionic and electronic conductors.[44] Note that the films
show a gradual loss of quasi-rectangular shape at increasing scan
rates (Figure 3b and Supporting Information).

The relationship between the response current and the scan
rate obeys the power law in Equation (2):

i = avb (2)

where i is the peak current obtained from the cyclic voltam-
mogram, a is an arbitrary constant and v is the scan rate, and
b is a value between 0.5 and 1.0, which gives information on
the charge storage kinetics. Generally, b-values close to 1.0 in-
dicate surface-controlled kinetics, whereas a b-value close to 0.5
is attributed to the presence of diffusion-limited process.[34] At
scan rates up to 1000 mV s−1, a linear dependence of peak cur-
rent on the scan rate (b ≈ 1) is observed regardless of thickness,
indicating surface-level charge storage mechanism (Figure 3c).
At scan rates >1000 mV s−1, CPE-K/40 and CPE-K/20 still ex-
hibit a linear peak current versus scan rate relationship, up
to 8000 and 10 000 mV s−1, respectively. The dependence of
peak current on the scan rate for thicker films, that is, CPE-
K/80 and CPE-K/160, showed deviation from unity above 3000
and 1000 mV s−1, respectively. This reflects a reduced con-
ductivity or increased charge transfer resistance in the thicker
films.[45]

The proportion of surface controlled versus diffusion-
controlled current can be deconvoluted based on
Equation (3).

i = k1 𝜐 + k2𝜐
1∕2 (3)

Adv. Mater. 2023, 2308631 © 2023 Wiley-VCH GmbH2308631 (5 of 8)
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Figure 4. Results of electrochemical impedance data of CPE-K films of different thicknesses. a) The equivalent circuit used for modeling; b) Representa-
tive Nyquist plot with enlarged high-frequency region; c) Correlated increase of RCT and RD as a function of increasing thickness. Values were obtained
from equivalent circuit fitting.

where i is the current density at a specific potential in CV, v is the
scan rate, and k1 and k2 are constants that can be derived from the
slope and the intercept from the linear plot of i/v1/2 as a function
of v1/2. From the results of this analysis, the proportion of capac-
itance arising from surface-controlled redox reactions of ≈96%
was obtained, even for CPE-K/160 (Figure 3d). These results on
the whole indicate fast and reversible electronic and ionic trans-
port within the films albeit with a non-negligible ohmic loss at
higher scan rates and/or specific currents, which is more evident
in the thicker films.

Electrochemical impedance spectroscopy (EIS) was used to
gain further insight into the electronic and ionic resistances of
the system. EIS was conducted at a potential of 0.3 V versus
Ag/AgCl. No evident charge transfer semi-circle was observed in
all film thicknesses, which suggests an interfacial charge transfer
resistance of <1.0 Ω (Figure S7, Supporting Information).[34,44]

On closer inspection, one observes a Warburg region which did
not increase significantly despite a thickness increase of eight
times. Therefore, we used a finite length diffusion or short War-
burg (Ws) to model the Nyquist plot of the thin films, which is
defined by Equation (4).[46]

Ws = RD

coth
√

j𝜔𝜏D
√

j𝜔𝜏D

(4)

where j is (−1)1/2, 𝜔 is the angular frequency, 𝜏D is the diffusion
time constant, and RD is the diffusional resistance. In addition,
there is an associated diffusional pseudocapacitance which can
be described by Equation (5).[46]

CD =
𝜏D

RD
(5)

where CD is the diffusional pseudocapacitance. Components
used for the EIS circuit include Rs which describes equivalent
series resistance (ESR), a charge transfer element made by RCT
and CCT circuit in parallel, and CDL which describes the double-

layer capacitance upon doping of CPE-K (Figure 4a). This circuit
has been used to model similar systems with varying thicknesses
successfully.[46,47] In fact, when this model was applied to our sys-
tem, excellent fits were obtained with 𝜒2 (goodness of fit) values
of <0.1.

Table 1 summarizes the results from the equivalent cir-
cuit fitting. Here, Rs (ESR) is found to be independent of the
film thickness. This observation agrees with previously reported
work, where Rs is weakly thickness dependent but instead, in-
versely proportional to the electroactive surface area.[47,48] In con-
trast, all other parameters exhibit strong dependence on the
film thickness. The charge transfer resistance (RCT) is small
(<1.0 Ω) even for CPE-K/160. Similarly, the diffusional re-
sistance (RD) scales with an increase in film thickness due
to the increased distance that the ions have to travel. It is
worth noting that RCT and RD scale almost proportionally with
each other (Figure 4c). We believe this to be due to the pres-
ence of strong ionic–electronic coupling within the CPE-K
films which is known to be present in mixed ionic–electronic
conductors.[29]

The diffusion time constant 𝜏D is related to the diffusion
coefficient (D) and diffusion length (L), and is related by
Equation (6)

𝜏D = L2

D
(6)

Initially, we expected that the diffusion coefficient (D) would
be consistent throughout all thicknesses. However, this is not ob-
served from circuit fitting results and instead an increase in the
apparent diffusion coefficient (D) along with diffusion length (L)
was observed. One possible explanation could be that the diffu-
sion length (L) is shorter than the thickness of the film, indicat-
ing that the film is easily accessible to ions. Another explanation
could be that a larger volume of film could swell to a greater extent
and allow faster ion diffusion within the film.[49] It is worth not-
ing, that if we assume the diffusion length (L) to be the thickness

Adv. Mater. 2023, 2308631 © 2023 Wiley-VCH GmbH2308631 (6 of 8)
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Table 1. Results from equivalent circuit fitting of electrochemical impedance measurements in 2.0 m KCl electrolyte.

Rs [Ω] RCT [Ω] RD [Ω] 𝝉D[s] CDL [mF] La) [μm] Db) [×10−6 cm2 s−1]

CPE-K/20 7.82 0.265 2.34 0.013 2.32 2.1 3.95

CPE-K/40 7.82 0.281 2.72 0.030 4.19 4.9 6.09

CPE-K/80 7.90 0.406 4.01 0.079 8.76 7.6 7.38

CPE-K/160 7.75 0.554 6.72 0.248 18.27 18.9 14.46
a)

Determined by profilometry and cross-sectional SEM;
b)

Calculated based on film thickness L and Equation (6).

of the film, the calculated diffusion coefficients within the film
approach the diffusivity of Cl− in water of similar concentration
(2.0 × 10−5 cm2 s−1, Table 1).[50,51] In fact, a similar impedance
studies of PEDOT:PSS resulted in diffusion coefficients of com-
parable magnitude.[46,47] This feature may be the reason for the
enhanced rate performance of CPE-K films when compared to its
hydrogel form.

3. Conclusion

In summary, it is possible to use CPE-K to fabricate thin-film
pseudocapacitive electrodes with high-performance operability
in aqueous electrolytes. That the films can be prepared from wa-
ter, yet are stable in aqueous electrolyte media, is attributed to
an increased interchain order, due to slow evaporation, and a de-
crease of electrostatic repulsion between chains due to the pres-
ence of electrolyte ions. The latter point is supported by DLS
studies that demonstrate how increasing the salt concentration in
aqueous solutions of CPE-K leads to more pronounced aggrega-
tion. CPE-K films have a specific capacitance that converges to 82
F g−1 regardless of loading density. A 2 μm thick CPE-K film can
be charged at rates as high as 500 A g−1, while maintaining 85%
of its original capacitance (84 F g−1). At a typical mass loading
(1.12 mg cm−2, thickness ≈ 8 μm), it was possible to charge the
CPE-K electrode at 100 A g−1 while maintaining 67 F g−1. Such
performance enables cycling of CPE-K films at higher current
densities than those used for other conjugated polymers. Cycling
stability measurements showed that CPE-K films retain 93% of
its original capacitance after 100 000 cycles when cycled at 35
A g−1. Cyclic voltammetry measurements revealed that surface-
controlled pseudocapacitive behavior dominates the CPE-K elec-
trodes, since b ≈ 1 was obtained in scan rates up to 1 V s−1 for all
the mass loadings in this study. CV and EIS characterization sug-
gest facile ionic diffusion within the CPE-K films. We attribute
this to the presence of an ionic lattice in the ordered structure
of the CPE-K films, which can enhance the transport of ions.
These findings provide a new perspective for the applications of
organic mixed ionic–electronic conductors typically not used as
solid-state materials in the presence of aqueous electrolytes. The
strategy of decreasing water solubility by controlling counterion
condensation and/or electrostatic screening opens opportunities
in applications such as batteries, organic electrochemical transis-
tors, or electrochemical sensors, where fast electron transfer and
ion transport are desired.
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