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ABSTRACT: Organic mixed conductors (OMCs) are of great interest for a variety of electrochemical
device applications because of their ability to support both ionic and electronic transport. Device
operation relies on ion accumulation from the electrolyte within the bulk of the OMC, yielding a
capacitance that scales with the film volume. However, this volume-dependent capacitance has been
reported to hold only within limited ranges of voltage and film thickness, constraining device
performance. Here, we investigate the origin of this limitation and its correlation with the Ag/AgCl-
doping electrode properties. To this end, we fabricated capacitor-like devices based on poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) with constant surface area and varying film thicknesses, employing commonly used
nonpolarizable Ag/AgCl pellets as doping electrodes. Our results show that the breakdown of the linear capacitance−volume
relationship arises from an increasing voltage drop at the Ag/AgCl−electrolyte interface. According to the Butler−Volmer equation,
electrochemical reactions at a nonpolarizable electrode surface proceed at a finite rate. When the current demand surpasses this rate,
the electrode can no longer behave ideally, resulting in increased charge-transfer resistance and accumulation of charge at the
interface, resulting in a transition toward polarizable-like behavior. This transition is marked by the growing voltage drop at the Ag/
AgCl−electrolyte interface, which reduces the effective channel voltage and, consequently, the capacitance of the OMC. These
electrical findings were corroborated by depth-profile X-ray photoelectron spectroscopy (XPS), which revealed a significant decrease
in the cation concentration with depth. Overall, this study underscores the critical role of doping electrode properties in the design
and optimization of OMC-based electrochemical devices.
KEYWORDS: OMC, PEDOT:PSS, capacitor-like device, volumetric capacitance, nonpolarizable electrode

■ INTRODUCTION
Organic mixed conductors (OMCs) are materials capable of
efficiently supporting both ionic and electronic transport.1−4

When in contact with an electrolyte, ions can permeate the
bulk of the OMC under an applied voltage, leading to
electrochemical interactions that modify the film’s electrical,
optical, and morphological properties.5 This ion uptake
depends on the OMC volume, giving rise to the so-called
volumetric capacitance (C*).6,7 Owing to this property, OMC-
based electrochemical devices function as highly efficient ion-
to-electron transducers. For instance, organic electrochemical
transistors (OECTs) can achieve ion−electron transconduc-
tance values of tens of millisiemens, whereas electrolyte-gated
organic field-effect transistors (EGOFETs), where ions
accumulate primarily at the electrolyte−polymer interface,
reach maximum transconductance in the microsiemens
range.8,9

Although widely accepted, the linear relationship between
capacitance and film volume has its limitations.10,11 For
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) films, this linear dependence holds only up to a
critical volume (∼106 μm3). Beyond this threshold, the
capacitance plateaus, indicating that further increases in
volume do not yield additional charge storage. The origin of

this breakdown is not yet fully understood, but several
hypotheses have been proposed, including incomplete film
hydration, intrinsically inaccessible regions within the film,
electrostatic screening by nearby ions, compositional inhomo-
geneities, and energy disorder in ion-binding sites.7,10,11

However, limitations in volumetric charging must also be
considered in the broader context of device architecture,
particularly regarding the doping electrode. The efficiency of
electrochemical devices, such as OECTs, depends strongly on
the type of gate electrode used.12,13 Polarizable electrodes,
such as gold (Au) and platinum (Pt), form a double-layer
capacitor at the gate/electrolyte interface.14 This interfacial
capacitance divides the applied voltage via its capacitive
reactance, effectively reducing the voltage across the electro-
lyte/channel interface and lowering the overall device
capacitance. To minimize this gate-electrode bottleneck, the
gate capacitance must be substantially larger than the channel
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capacitance. In contrast, nonpolarizable electrodes, such as Ag/
AgCl pellets, operate in a Faradaic regime.14 In this case, the
voltage drop at the gate/electrolyte interface is minimal due to
negligible charge-transfer resistance,15 enabling more efficient
gating and improved device performance. When properly
implemented, nonpolarizable gating prevents charge accumu-
lation at the gate/electrolyte interface. For Ag/AgCl electro-
des, ions are instead neutralized according to the following
electrochemical reaction, rather than accumulating at the
interface

Ag(s) Cl (aq) AgCl(s) e+ + (1)

Here, silver (Ag) reacts with chloride ions (Cl−) in solution
to form solid silver chloride (AgCl) while releasing an electron
(e−). It is worth noting that, according to the Butler−Volmer
equation,16,17 the current through a nonpolarizable electrode
scale with its surface area (A), as shown in eq 2 below, and
depends on the kinetic constant of the electrochemical
reaction.16
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where I is the net electrical current, n is the stoichiometric
number of electrons transferred during the process, F is the
Faraday constant, A is the electrode area, R is the ideal gas
constant, and T is the temperature. The constants k0(f) and
k0(b) are the standard heterogeneous rate constants for the
forward and backward reactions, in units of m.s−1. The terms
αox and αred are, respectively, the number of activities of the
oxidized and reduced species, with units of mol.m−3. The terms
αc and αa are the transfer coefficients of the forward (cathodic)
and backward (anodic) half-reactions, respectively. Parameter
χ (chi) is the overpotential measured relative to the standard
balance potential, as shown below

E Ef bp(0)= (3)

where Ef is the Fermi potential and Ebp(0) is the standard
balance potential.

From eq 2, the current through a nonpolarizable electrode is
inherently limited by its surface area, which determines the
number of available sites for charge-transfer (as described in eq
1). In electrochemical devices with low capacitance, the
charge-transfer process at a standard Ag/AgCl pellet typically
meets the ionic demand. In these cases, the reaction kinetics
are sufficiently fast to neutralize the necessary ions without
limiting current throughput. However, in devices with higher
capacitances, the situation becomes more complex. As the film
volume increases, more ions must be neutralized at the gate
electrode to sustain the device current. Depending on the
electrode area, the Ag/AgCl electrode may be unable to
efficiently neutralize ions, increasing charge-transfer resistance
and causing ion accumulation at the gate. This results in a
voltage drop at the gate/electrolyte interface, creating behavior
analogous to that of a polarizable electrode.16,18

Here, we investigate the origins of volumetric capacitance
limitations in PEDOT:PSS films and their correlation with the
choice of doping electrode. To this end, we fabricated
capacitor-like devices with a constant surface area of 1.43
cm2 and film thicknesses ranging from 100 to 2500 nm. To
evaluate the effect of the doping electrode, two nonpolarizable
electrodes with different film-to-electrode surface area ratios

(1.4 and 18) were employed. The devices were characterized
using transient measurements, and the experimental data were
analyzed using the Faria−Duong (F&D) model.19 Further-
more, morphological characterization was performed via
depth-profile X-ray photoelectron spectroscopy (XPS) to
examine ion distribution across the film thickness. By inducing
a transition from nonpolarizable to polarizable behavior in the
doping electrode, we show that the Ag/AgCl surface area must
be carefully chosen to match the properties of the OMC film
and electrolyte in order to preserve nonpolarizable behavior.
These findings provide critical insights into the factors
governing volumetric capacitance in OMCs and highlight the
limitations of standard Ag/AgCl pellets commonly used in
electrochemical device fabrication.

■ EXPERIMENTAL SECTION
Materials. 4-Dodecylbenzenesulfonic acid (DBSA), ethylene

glycol, (3-glycidyloxypropyl)trimethoxysilane (GOPS), potassium
chloride (KCl), and magnesium chloride (MgCl2) were purchased
from Sigma-Aldrich Co. Poly(3,4-ethylenedioxythiophene):polystyr-
enesulfonate (PEDOT:PSS) aqueous solution (Clevios PH1000) was
obtained from Heraeus Ltd. The pellets used were obtained from
Harvard Apparatus. Small doping electrode: code E200, with diameter
1.5 mm and 3 mm thick; and Big doping electrode: code E204, with
diameter 12.5 mm and 1 mm thick.
Device Fabrication. Glass slides were cut into dimensions of 1.5

cm × 1.5 cm. The slides were initially washed with soap and water,
followed by ultrasonic cleaning for 15 min at 60 °C in a soap-to-water
solution (1:10 v/v). Subsequently, the slides were rinsed with
ultrapure water and subjected to a second ultrasonic cleaning for 15
min at 60 °C in ultrapure water. The substrates were then immersed
in isopropanol and ultrasonicated for 15 min at 60 °C. Finally, the
slides were dried under a nitrogen stream and exposed to UV light for
10 min. The cleaned glass slides were coated with a 10 nm chromium
layer followed by a 100 nm gold layer. The deposition was performed
by resistive thermal evaporation under a pressure of 10−5 bar, at a
deposition rate of 3 Å/s. The source temperatures were 1560 °C for
chromium and 1063 °C for gold.

The active layer was prepared using a PEDOT:PSS (Clevios
PH1000) solution, modified with 5% v/v ethylene glycol, 1% v/v
GOPS, and 0.1% v/v DBSA. Specifically, 19 mL of PEDOT:PSS was
transferred into a clean vial, followed by the sequential addition of 1
mL of ethylene glycol, 200 μL of GOPS, and one drop of DBSA. The
mixture was then sonicated at 24 °C for 20 min in an ultrasonic bath
to ensure homogeneity. Films were deposited via spin-coating at
speeds ranging from 1500 to 300 rpm for 1 min, with thickness
controlled by multiple sequential layers as needed. Between each
deposition, substrates were annealed at 90 °C for 1 min. After the final
layer, films were annealed at 120 °C for 20 min and then immersed in
Milli-Q water for 24 h to remove residual low-molecular-weight
compounds.20

The active layer was defined as the region of the PEDOT:PSS film
in contact with the electrolyte. To prevent direct contact between the
electrolyte and the contact needle, a 0.4 mm-wide tape barrier was
applied (Figure S1). After applying the tape, the dimensions of the
exposed area were measured using a caliper, yielding an average active
area of (1.43 ± 0.05) cm2. The electrolyte volume used was 0.250 mL.

Film thicknesses were measured using a Veeco Dektak 150 stylus
profilometer. A narrow scratch was made on the film using a steel
punch to expose the gold surface. Scans were performed across the
film−scratch interface, and the film thickness was determined from
the average height difference between the intact film surface and the
exposed substrate (Figure S2). Measurements were taken at three
different positions on each sample, and the reported thickness
corresponds to the mean value, with the error estimated as the
standard deviation.
Electrical Measurement. Electrical characterization was per-

formed using a Keithley 2636B source meter, controlled via custom
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Python code. Transient measurement was employed, applying a
constant voltage of +0.3 V to the doping electrode and recording the
resulting current over time. Before measurement, each film underwent
a preconditioning cycle21 involving a series of square voltage pulses
from 0.1 to 0.5 V with a step of 0.1 V. This sequence was repeated five
times. After four cycles, the electrical response stabilized, indicating
that a reproducible operation had been achieved (see Figure S3).

The transient current was analyzed using the Faria−Duong (F&D)
model,19 which describes the system with the equivalent circuit shown
in Figure 1a. The model provides estimates of the electrolyte
resistance (Rs), the film charge-transfer resistance (Rd), and the film
capacitance (Cd). Additionally, the F&D model defines the voltage
drop at the electrolyte/film interface (Vfilm), which is critical for
subsequent analyses. The equations describing the ionic current and
the voltage across the film as a function of time are

I t
V

R R

V R

R R R
e( )

( )
R R C R R tapp

d s

app d

s d s

( / )d s d d s=
+ +

+

(4)
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V
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( / )d s d d s=
+

[ ]+

(5)

Depth-Profile X-ray Photoelectron Spectroscopy. Depth-
profile XPS measurements were performed using a ScientaOmicron
ESCA+ spectrometer equipped with a high-performance hemi-
spherical analyzer (EA 125) and monochromatic Al Kα radiation
(hν = 1486.6 eV) as the excitation source. Analyses were conducted
under ultrahigh vacuum (UHV) at a pressure of 2 × 10−9 mbar.
Energy steps of 0.5 and 0.05 eV were used for survey and high-
resolution spectra, respectively. To investigate the penetration profile
of ionic species, the sample surface was progressively removed via
argon ion-beam etching at a kinetic energy of 3.5 keV. Different
sputtering times (0−30 min) were applied, and the corresponding

depths were measured using a Veeco Dektak 150 profilometer (see
Figure S11). Prior to measurement, the samples were polarized until
steady state was reached, after which the electrolyte was removed
using a nitrogen gun. This procedure effectively immobilized the ions
within the bulk of the film for analysis.

■ RESULTS AND DISCUSSION
Figure 1a illustrates the architecture of the PEDOT:PSS-based
capacitor device used in the transient measurements. All
devices had a surface area of (1.43 ± 0.05) cm2 and thicknesses
ranging from 100 to 2000 nm, corresponding to volumes
between 1.8 × 107 μm3 and 2.3 × 108 μm3. To investigate the
effect of the film-to-doping-electrode surface area ratio (Afilm/
ADop), two nonpolarizable Ag/AgCl pellets with different areas
were used as doping electrodes: Afilm/ADop = 1.4 (referred to as
the “big doping electrode” − BE) and Afilm/ADop = 18 (referred
to as the “small doping electrode” − SE). An aqueous 100 mM
KCl solution was employed as the electrolyte in all
experiments, unless otherwise specified.

Electrical characterization was performed using transient
measurement, where a square-wave potential is applied to the
doping electrode and the resulting current is recorded over
time. In its pristine state, PEDOT:PSS is a highly doped p-type
semiconductor, with PEDOT chains carrying positive polar-
onic/bipolaronic charges and PSS acting as the doping ion
(Figure 1a).22 During measurements, a positive voltage of 0.3
V was applied to the doping electrode, causing cations from
the electrolyte to penetrate and swell the PEDOT:PSS film.
This process screens the PSS anions, depleting the polaronic/

Figure 1. (a) Schematic of the capacitor-like device, equivalent circuit proposed by the F&D model, and the chemical structure of PEDOT:PSS.
(b,c) Transient measurements (current vs time under a fixed voltage) for a device with a thickness of (1650 ± 30) nm using BE and SE,
respectively. A voltage of 0.3 V was applied to the doping electrode. The red lines represent the fits obtained using the F&D model. Insets display
the data on a logarithmic scale to better visualize the agreement between the experimental results and model. The measurements were conducted
using a KCl solution with a concentration of 100 mM as the electrolyte. R.Square: BE = 0.99461 and SE = 0.98406.
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bipolaronic charges and inducing dedoping of the polymer
film.

Figure 1b,c present transient measurements for a device with
a thickness of (1650 ± 30) nm, analyzed using the BE and SE
doping electrodes, respectively. Comparison of the two panels
reveals that the device tested with BE exhibits a higher peak
current and a faster decay to zero, indicating that the Afilm/ADop
ratio directly influences both capacitance and system kinetics.
To further analyze these results, the transient curves were fitted
using the Faria−Duong (F&D) model, which represents the
device as an Rs − Rd||Cd equivalent circuit (Figure 1a).19 Here,
Rs denotes the total electrolyte resistance, including possible
contributions from charge-transfer resistance and capacitive
reactance at the doping electrode/electrolyte interface, Rd

represents the charge-transfer resistance in the OMC bulk,
and Cd is the film capacitance. The red lines in Figure 1b,c
show the F&D model fits, demonstrating excellent agreement
with the experimental data. This agreement is particularly clear
in the inset, where the time axis is plotted logarithmically to
enhance visibility. Fits for the remaining samples are provided
in the Supporting Information (Figured S4 and S5, Tables S1
and S2).

The volumetric capacitance corresponding to each measured
film was calculated using the capacitance values obtained from
the F&D model, taking account the contact area of the
PEDOT:PSS film with the electrolyte and the film thickness
estimated by profilometry. For BE, the average volumetric
capacitance remains constant at (21 ± 1) F·cm−3 across the

Figure 2. (a,b) Volumetric capacitance of each film versus thickness for the BE and SE, respectively. The dashed line indicates average volumetric
capacitance. The background colors in (b) indicates the region where there is the transition from nonpolarizable to polarizable regime. The
measurements were performed using a KCl solution as the electrolyte.

Figure 3. (a,b) Charge transfer resistance (Rd) and electrolyte resistance (Rs) obtained using F&D model for BE and SE (c) Resistances (upper
box) and capacitances (bottom box) obtained fitting the date from SE using the equivalent circuit Rg||Cg − Rs − Rd||Cd. The background colors in
Figure 3c (bottom) indicates the region where there is the transition from nonpolarizable to polarizable regime. The pink line is provided as a guide
for the eye. (d) Voltage on the film (Vfilm

steady) after reaching the steady state as a function of the film thickness calculated using eq 5 (F&D mode).
The measurements were performed using a KCl solution as the electrolyte.
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full thickness range (Figure 2a). For SE, however, a decrease in
C* is observed for thicknesses above 800 nm (Figure 2b).
These findings indicate that the volumetric capacitance of the
film is strongly influenced by the choice of doping electrode,
particularly the Afilm/ADop ratio. Specifically, they suggest that
for nonpolarizable electrodes, a high kinetic demand for ion
neutralization can induce a transition toward polarizable-like
behavior, limiting device performance by increasing the charge
transfer resistance and introducing parasitic capacitive
reactance (defined in the Supporting Information).

Although volumetric capacitance is generally regarded as an
intrinsic property of the active layer, previous studies have
shown that parameters such as the electrolyte composi-
tion9,21,23 and the applied voltage24 can also affect the
measured values. This suggests that the assumption of intrinsic
behavior holds true only under ideal conditions, and that
comparisons between volumetric capacitance values should be
made under identical experimental conditions. Furthermore,
the results presented in Figure 2b introduce another parameter
that should be considered, the geometry of the doping
electrode, which can influence the impedances within the
equivalent circuit and, in turn, impact the experimentally
determined volumetric capacitance.

Figure 3a shows the charge-transfer resistance of the film
(Rd) for both doping electrodes across different thicknesses. Rd
decreases exponentially from approximately 35 kΩ to an
average of (7 ± 1) kΩ as thickness increases, consistent with
previously reported results.7,25 As expected, Rd is independent
of the doping electrode, as it depends solely on the physical
and chemical properties of the polymer−electrolyte system. In
contrast, the electrolyte resistance (Rs), shown in Figure 3b, is
strongly dependent on the doping electrode size but
independent of film thickness. For BE, the average Rs is (50
± 10) Ω, whereas for SE it increases to (500 ± 200) Ω. This
difference arises from two main reasons. First, the electrolyte
resistance follows the Ohm’s law,14,26 and therefore system can
be modeled as a resistor with a variable cross-sectional area
(see Figure S12). In such a geometry, the resistance is given by
eq 6

R
d

A r( )s
film Dop

1/2=
× (6)

where ρ is the electrolyte resistivity, d is the distance between
the gate and the channel and rDop is the radius of the doping
electrode. This relation predicts that reducing the electrode
radius increases Rs; for the electrode geometries used here, this
contribution increases Rs by a factor of ∼8.3. Additional
fluctuations are expected due to variations in d during the
experiments.

The second reason can be understood using the Butler−
Volmer equation: when the doping electrode area is
substantially reduced, the current demand from the OMC
film exceeds the electrode’s capacity to neutralize ions. As a
result, there is an increasing the interfacial charge-transfer
resistance and ions starts to accumulate at the Ag/AgCl−
electrolyte interface creating a parasitic capacitance. In the
F&D model this additional interfacial impedances manifests as
an apparent increase in Rs.

To decouple these two contributions, the data obtained
using the small electrode were fitted with an equivalent circuit
that includes an additional RC loop, to account for a
polarizable behavior of the Ag/AgCl (Rg||Cg − Rs − Rd||Cd,

for further information refer to the Supporting Information,
Section S7). Here, Rg refers to the charge transfer resistance
and Cg to the capacitance of the doping electrode. To constrain
the fit and ensure physically meaningful values, Rd was fixed to
the value obtained for the BE configuration (given that Rd
must be independent of the Ag/AgCl geometry).

Figure 3c, presents the values obtained (the fits for all
samples are provided in Figure S14 and Table S5). We observe
that Rs yields a value lower than that obtained from the F&D
model fitting, as it now represents solely the resistance
predicted by Ohm’s law. The obtained Rg lies in the range of
few hundred ohms and shows no clear dependence on film
thickness. Cg is in the order of millifarads, increasing up to
∼800 nm, plateauing afterward. We also noted that Cg is
slightly larger than Cd for thin films, but became slightly
smaller for thicker one (above ∼800 nm). Both transitions
occur at the same point at which the volumetric capacitance
decreases (Figure 2b), corroborating our hypothesis that the
doping electrode undergoes a transition in operating regime
toward a polarizable-like behavior. Finally, Cd is consistent with
the value obtained using F&D model, resulting essentially in
the same trend of volumetric capacitance versus thickness
(Figure S15). This confirms that the additional impedance at
the doping electrode−electrolyte interface is accounted in
electrolyte resistance in the F&D model.

Due to the increase in impedance at the doping electrode−
electrolyte interface, part of the applied voltage is now dropped
across this interface rather than at the electrolyte−film
interface - the latter being essential for driving cations into
the bulk channel. Since both models yield the same
conclusions, we adopt the F&D model for all subsequent
analyses. For thick films tested with SE, Rs becomes
comparable to Rd, leading to a substantial voltage drop across
the electrolyte and consequently reducing the voltage at the
electrolyte−film interface. The F&D model allows extraction of
this interfacial voltage as a function of time (eq 5) and
determination of the voltage across the electrolyte−film
interface. Figure S6 shows the time-dependent voltage.
Initially, the voltage across the film is zero, as the device
perceives the applied voltage as a high-frequency pulse, with
the capacitor effectively acting as a short circuit due to its low
capacitive reactance (refer to the Supporting Information,
Section S8). As the capacitor charges, the capacitive reactance
of the film increases, producing such a voltage division. Once
fully charged, the capacitor behaves as an open circuit, and the
voltage division is determined by the Rd/Rs ratio.

Figure 3c shows the steady-state voltage drop across the film
(Vfilm

steady), which was determined in the limit of t → ∞, for both
doping electrode configurations. For BE, Vfilm

steady remains
constant across all devices, averaging (298 ± 1) mV�very
close to the nominal applied voltage of 300 mV. In contrast, for
SE, Vfilm

steady decreases systematically with increasing film
thickness, indicating that the reduction in volumetric
capacitance is linked to a diminished electrical driving force
for cation injection into the film bulk. This behavior is
commonly observed in OECTs with polarizable electrodes,
where the double-layer capacitance at the gate reduces the
voltage drop at the electrolyte−channel interface, leading to
lower modulation of the drain current.12,13,27 These results
emphasize the critical role of the doping electrode in
maintaining effective volumetric capacitance and highlight
the importance of optimizing electrode design to ensure
efficient ionic modulation in electrochemical devices. Im-
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portantly, they also demonstrate that merely using a non-
polarizable electrode is not sufficient: the electrode’s geometric
and electrochemical properties must be carefully considered, or
it may exhibit polarizable-like behavior.

To investigate the distribution of cations within the film,
depth-profile X-ray photoelectron spectroscopy (XPS) was
performed on thick films dedoped using SE. Samples were
prepared according to the protocol described in the Materials
and Methods section, which traps potassium ions within the
film bulk after the system reaches steady state. Figure 4a shows
the K(2p) spectra for two samples, revealing a decrease in

signal intensity with depth, indicative of reduced potassium ion
concentration further from the surface. To quantify this effect,
the area under the K(2p) peak was calculated (inset, Figure
4b) and normalized values were plotted as a function of the
depth-to-thickness ratio (Figure 4b). The results show an
exponential decrease in potassium concentration, reaching
approximately 80% of the surface value at the deepest regions.
In contrast, thin films (150 nm) exhibit a uniform ion
distribution throughout the bulk, with ion concentrations even
higher than at the surface (Figure S10). These findings indicate
that ions can readily permeate and occupy the entire volume in

Figure 4. (a) Depth-profile XPS spectra showing K(2p) signals for thick films (2500 nm) dedoped with the SE (b) Normalized area under the
curve as a function of the ratio depth/thickness. Depth is defined as the distance from the surface to the region where the spectra was obtained.
Inset: Calculus of the area under the curve using the software CasaXPS. (c) Depth-profile XPS spectra showing S(2p) signals for thicker film
dedoped with SE for two similar samples. (d) Illustration of the PEDOT:PSS morphology. Matrix of PSS (light blue) with aggregates of
PEDOT:PSS (dark blue).

Figure 5. Volumetric capacitance for capacitor-like devices tested in 100 mM aqueous solution of MgCl2. (a,b) Volumetric capacitance of each film
versus thickness for BE and SE, respectively. The dashed line indicates the average volumetric capacitance. The background colors in (b) indicates
the region where there is the transition from nonpolarizable to polarizable regime. The transient current data with fittings for all the samples are
shown in Figures S7, and S8. The charge transfer resistance (Rd), the electrolyte resistance (Rs) and voltage on the film (Vfilm

steady) are shown on
Figure S9.
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thin films, whereas in thick films they preferentially accumulate
near the surface.

The results discussed above can be related to the
morphology of PEDOT:PSS. Depth-profile XPS of S(2p)
(Figure 4c) reveals vertical phase separation, with a PSS-rich
region near the surface and a PEDOT:PSS-rich region closer to
the substrate. Combining these observations with previous
literature reports,28−30 the PEDOT:PSS morphology can be
represented as a PSS matrix interspersed with PEDOT:PSS
agglomerates, whose concentration increases toward the
bottom of the film (Figure 4d). It is well established that
water-hydrated ions are transported more efficiently within the
PSS-rich phase28,29,31,32 due to its amorphous, hydrophilic
nature, which offers lower impedance compared to the more
crystalline PEDOT regions. When ions penetrate the denser,
PEDOT:PSS-rich regions, they must either shed part of their
hydration shell23 or be driven by a sufficiently strong electric
field,33 both energetically demanding processes. Consequently,
in systems using SE and thick PEDOT:PSS films - where a
significant voltage drop occurs across the Ag/AgCl−electrolyte
interface - there is insufficient energy to drive ions throughout
the full film volume. This limited ion penetration results in a
reduction of the effective volumetric capacitance.

The volumetric capacitance of OMCs has been shown to
depend on the ionic species present in the electrolyte.21,23,34

To assess whether the ionic species also influence the limit of
the linear relationship between capacitance and thickness/
volume, we repeated the electrical measurements on a new
batch of devices using an aqueous MgCl2 solution as the
electrolyte. Devices tested with MgCl2 exhibited similar trends
(Figure 5). For BE, the volumetric capacitance remained
constant across the entire thickness range, averaging 26 F·
cm−3. For SE, deviation from linearity was observed for
thicknesses above 1000 nm (volume ≈ 1.425 × 106 μm3).
These results are consistent with our previous work,21 which
showed that PEDOT:PSS-based OECTs exhibit higher
volumetric capacitance when operated in MgCl2 compared to
KCl. This behavior is attributed to the superior ability of Mg2+

cations to swell the PEDOT:PSS film. In the present case, the
enhanced hydration of PEDOT:PSS by Mg2+, combined with
its smaller ionic radius relative to K+, contributes to extending
the linear range of the capacitance−thickness/volume relation-
ship.

■ CONCLUSIONS
Our findings demonstrate that volumetric capacitance is not
solely determined by the combination of the active layer
material and the electrolyte, but is also strongly influenced by
the choice of doping electrode. Transient measurements on
PEDOT:PSS-based capacitor-like devices, analyzed using the
F&D model, revealed a threshold beyond which the
capacitance of OMC films no longer scales linearly with
volume. Depth-profile XPS further showed that, for films
exceeding this volume, the ion concentration decreases with
depth, whereas in smaller-volume films it remains uniform.
This deviation originates from an increasing voltage drop at the
Ag/AgCl-electrolyte interface, a behavior inconsistent with
ideal nonpolarizable electrode operation. According to the
Butler−Volmer equation, this indicates a transition toward
polarizable-like behavior. Our study highlights that the surface
area of the Ag/AgCl doping electrode must be appropriately
matched to the OMC film and electrolyte properties to
preserve nonpolarizable behavior. These results provide critical

insights into the factors governing volumetric capacitance in
OMCs and underscore the limitations of standard Ag/AgCl
pellets commonly used in electrochemical device fabrication.
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