Supplementary Note 1: Determination of effective DOS from cyclic voltammetry

We utilize the electronic current measured in cyclic voltammetry as our starting point to derive a
“density of states”. As discussed in previous work,"? the current density in a voltammetry
experiment is
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where e is the elementary charge, d is the film thickness, n is the concentration of electrons, u is
the chemical potential, U is the applied potential, v is the potential scan rate, p is the
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concentration of holes (in the form of polarons and bipolarons) and il ﬁ because

n+p=Ngr=const (N being the density of 1 orbitals).
The chemical capacitance per unit volume, also referred to as redox capacity, redox
capacitance, or pseudocapacitance, is defined as'3
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where A is the geometric film area.

In electrochemical doping specific to our system, the presence of excess holes resulting from
oxidization must be accompanied by anions to maintain electroneutrality. In other words, an
observed change in the chemical potential y with hole concentration p (and hence the chemical
capacitance) is also due to ion intercalation. Because the polaronic signature in conductive
polymers is easily tracked in spectroelectrochemistry, as opposed to the ion concentration,
convention has followed that of classic semiconductors and capacitance is defined by the hole
concentration. This has been accounted for in the literature by describing u as the sum of an
electronic and an ionic contribution and/or via electron-ion interaction terms.’24

Based on the chemical capacitance calculated from the voltammetric current, we estimated the
density of states, DOS, using the approximation (valid for doping levels > 10%)°
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The thus-obtained DOS should indeed not be understood as a strictly electronic density of
states comparable to the DOS in the solid state, but rather as an effective DOS that includes the
influence of ion intercalation.

Supplementary Note 2: Estimation of k° from cyclic voltammetry using Nicholson’s
method

Nicholson® has numerically derived and tabulated a relationship between the separation of
anodic and cathodic potentials (AE,) in cyclic voltammetry and the factor
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where Do and Dk are the diffusion coefficients of the oxidized and reduced redox species, a is
the transfer coefficient, k°is the standard rate constant, n is the number of electrons transferred



in the oxidation/reduction reaction, F is the Faraday constant, R is the gas constant, T is the
temperature, and v is the potential scan rate used in the cyclic voltammetry measurement.
Provided the scan rate and diffusion coefficients are known, this allows calculating k° from AE,.

Electrodeposited P3HT

The experimental peak potential separation for the oxidation and reduction of FcDM at
electrodeposited P3HT is approximately 275 mV (cf. Fig. 1c in the main paper). While
Nicholson’s model does not extend to such high values of AE,, a rough approximation of the
corresponding factor  was obtained by plotting Nicholson’s tabulated w(AE,) values, fitting with
a x' function, and extrapolating to higher peak potential separations. This way, we obtained y =
0.11. Using eq. (5) with Do =710 cm? s, n =1, T=298 K, v=0.05 V s™, and assuming that
Do = Dg,® this results in a standard rate constant k® = 7-10“ cm s™.

Platinum disk electrode

Supplementary Figure 1 shows the cyclic voltammogram of 1 mM FcDM in 0.1 M TBAHFP in
acetonitrile measured at a Pt disk electrode (diameter = 2 mm) at a scan rate of 0.05 V s™. The
peak potential separation is 87 mV, which according to Nicholson corresponds to ¢ = 0.9. The
analysis was repeated at 11 additional scan rates between 10 mV/s and 10 V/s, yielding an
average value of the standard rate constant of k° = 6-102 cm s™' (+/- 0.9-103 cm s™).

Supplementary Note 3: Discussion of assignment of spectral features in EIS spectra

Our construction of an equivalent circuit (Supplementary Figure 4) started from an approach
routinely followed in the conductive polymer literature, which is based on the modified Randles
circuit.>'® An additional parallel RC element was introduced to account for the experimental
observation of two interfacial features (semicircles) in the Nyquist plot of the impedance (cf. Fig.
3 in the main text). This type of circuit is applicable to substrate/polymer/electrolyte systems both
with and without a redox-active species in the electrolyte. Specifically, the addition of a redox
couple causes a transition from purely ionic charge transfer to hybrid electronic-ionic charge
transfer at the polymer/electrolyte interface accompanied by a change in magnitude and
frequency of the observed interfacial resistance (R.). This is indicated by the reference
measurement without ferrocenedimethanol (Supplementary Figure 5) and has previously been
discussed in the literature.%-1?

Discussion of the capacitive elements CPEro and CPEy

The only capacitances directly visible in the equivalent circuit are the (electrostatic) double-layer
capacitances at the ITO/polymer (Ciro) interface and at the polymer/electrolyte (Cqa) interface.
Both have been generalized into constant phase elements CPEy and CPEro to account for non-
ideal frequency dependence. The fits for these two elements are plotted in Supplemental Figure
3 as a function of applied potential. Briefly, the capacitive-like elements showed nearly no
dependence on the applied potential, as expected for double layer capacitances. The magnitude,
as well as the frequency range (see below), further confirm that the two elements are associated
with interfacial capacitances. As expected, the Ciro was found to be smaller than the Cy, as it is
possible that the polymer double layer capacitance is occurring over more than a few atoms of
thickness (increase in effective surface area).



It is important to note that these two circuit elements are observed in the higher frequency
regime of the Nyquist plot (regions 1 and 2 in Fig. 3 of the main paper) as semicircles resulting
from parallel combination of CPEy and R and of CPEro and Riro, where Rt and Riro are the
charge-transfer resistances at the respective interfaces.'?'? It was this higher frequency range,
at which the potential modulation is too fast for ions to follow and interfacial processes dominate
the impedance, that we were most interested in in our present work. On the other hand, coupled
ionic-electronic charge transport in the polymer film as well as charging (doping and de-doping)
of the polymer are known to dominate the low-frequency part of the impedance spectrum
(region 3 in Fig. 3).%1214

Insights on chemical capacitance

The doping/de-doping of the polymer in particular is described by the chemical capacitance C,,
which is a bulk property of the polymer and is therefore expected to scale volumetrically. To clarify
the relationship between C, and our equivalent circuit in Supplementary Figure 4, it should first
be pointed out that a more accurate description of the low-frequency behaviour of polymer
electrodes has been obtained by others by modification of the Randles circuit with a more general
diffusion element Zp replacing the Warburg impedance W. This element Zp is directly correlated
to the chemical capacitance_of the polymer:'*
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where d is the film thickness, and D is the diffusion coefficient. At frequencies w << D/d?, Zp is
dominated by C,, while at w > D/d?, a limiting behaviour equivalent to that of a Warburg impedance
is approached.

Since our present study was focused on the charge-transfer resistance dominant at much higher
frequencies, we simplified the fitting procedure by limiting the fitting range to frequencies that
excluded the capacitance-dominated ultralow-frequency regime, and used a simple Warburg
element in place of the more complex diffusion element Zp. Note that a non-ideal Warburg
element’® with flexible exponent in the impedance function (as opposed to a fixed exponent of
0.5) was required to account for non-ideal experimental slopes in the Nyquist plot of > 45°. Such
non-ideality is not unusual and has been ascribed by Lang and Inzelt'® to inhomogeneities in the
film thickness perturbing both Warburg and capacitive regime. Moreover, the low-frequency
impedance can be affected by slow mass transport of the redox couple to the polymer surface.

Supplementary Note 4: Additional simulations of Rt according to the Marcus-Gerischer
model

If the charge transfer associated with oxidation of a redox mediator at an electrode occurs
mainly around the energy of the valence band edge E., as is the case in conventional inorganic
p-type semiconductor/electrolyte junctions that show band bending, the Marcus-Gerischer
current density of eq. (1) in the main paper simplifies to"”
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where ES, is the energy of the valence band edge at the surface and all other parameters
are defined in the main paper. Eq. (7) can be written as'’
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in which ps is the surface hole density. Since the exponential term in eq. (8) is independent
of the applied potential, variation of the potential in this case only modulates ps through

changing the band bending and, hence, the separation of E\, and E; at the surface. The
dependence of ps on the applied potential is determined by the Boltzmann distribution function

ps = poexp (<) 9)

where po is the bulk hole density, Ags is the potential drop across the space-charge layer
associated with band bending, and changes in applied potential are assumed to be equal to
changes in Ags.."” Inserting eq. (9) into eq. (8) and applying eq. (4) of the main paper yields a
formula for R that was used for a simulation, see green curve in Supplementary Figure 6. For
comparison, Supplementary Figure 6 shows the experimental data and a simulation for a simple
Gaussian DOS without band bending according to eq. (5) in the main paper with a standard
Gaussian function inserted for DOS(Ey).

Supplementary Note 5: Relationship between standard rate constant k° and Marcus-
Gerischer tunnelling constant k'

In terms of a simple, pseudo-first order rate law, eq. (1) in the main paper can be expressed as
J = ek(Eg)cred (10)

Comparison of this with eq. (1) of the main paper yields an expression for the pseudo-first order
rate constant:

k(Ep) = ke [,DOS(E)- (1~ F(E,Ep) - exp (%) dE (11)

Applying the zero temperature approximation of the Fermi-Dirac function F(E,E;), we obtain:
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The integral was numerically solved in OriginPro for a range of E; values, using the experimental
DOS, E° = +0.07 V vs. Ag/Ag*, A= 0.6 eV, and kT = 0.027 eV. Along with k' = 1.6:10?2 cm*s™
(obtained from the fit of the potential-dependent R, see Fig. 4 in the main paper), this resulted
in k(Ef) as plotted in Supplementary Figure 7 (black curve). For small voltages, the k vs. E;
behaviour can be approximated by a Butler-Volmer type exponential relationship (cf. fit in
Supplementary Figure 7, and corresponding equation and fitting parameters k° and A in the
inset of the figure). This allows to extract a standard rate constant of k° = (5.4+/-0.1)-103 cm s
and a symmetry coefficient a = A-kT = 0.33.
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Supplementary Figure 1 | Cyclic voltammogram of 1 mM ferrocenedimethanol at Pt.
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Supplementary Figure 2 | Potential-dependent impedance spectra of electrodeposited
P3HT in contact with ferrocenedimethanol solution. (a)-(c) Nyquist plots for a series of
applied potentials between 0 V and 1.0 V vs. Ag/Ag*. (d)-(f) Bode plots of the imaginary part of
the impedance for the same applied potentials.
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Supplementary Figure 3 | Potential-dependent resistances and capacitances obtained
from fits of the impedance spectra. (a) Resistance of the interface between ITO and e-P3HT,
Riro. (b)-(c) Values of the pre-factor in the constant phase elements (CPE) associated with the
non-ideal capacitances at the ITO/e-P3HT interface (Ciro) and at the e-P3HT/electrolyte interface
(Ca)). Error bars in (b) and (c) correspond to the fitting uncertainty.
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Supplementary Figure 4 | Modified Randles circuit used to fit the electrochemical
impedance spectra. R; is the series resistance, Riro and CPEro are the resistance and constant-
phase element associated with charge transfer and accumulation at the ITO/polymer interface, W
is the Warburg impedance, CPEy is the double layer capacitance (constant-phase element) of
the polymer/electrolyte interface, and R is the charge-transfer resistance that reflects charge
transfer at the polymer/electrolyte interface.
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Supplementary Figure 5 | Potential-dependent impedance spectroscopy of

electrodeposited P3HT in background electrolyte. (a) Nyquist plots of the impedance of e-
P3HT in 0.1 M TBAHFP in acetonitrile. (b) Potential-dependent charge-transfer resistance

obtained from fits of the spectra in (a).
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Supplementary Figure 6 | Experimental values and simulations of the energy-dependent
charge transfer resistance. Experimental results of R of an electrodeposited P3HT film in
contact with ferrocenedimethanol solution (error bars show the fitting uncertainty) are compared
to two simulations according to the Marcus-Gerischer model: (i) for a simple Gaussian DOS
without band bending as observed in polymeric semiconductors (—), and (ii) for a square root-
type DOS with band bending as characteristic for conventional inorganic semiconductors (—).
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Supplementary Figure 7 | Estimation of a standard rate constant k° corresponding to the
Marcus-Gerischer kinetic parameter k'. The voltage-dependent pseudo-first order rate constant
for the charge transfer between e-P3HT and ferrocenedimethanol calculated from experimental
parameters including k' (—) was fitted using the Butler-Volmer model (- - -) to estimate k°.
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Supplementary Figure 8 | Molecular structure of 3-hexylthiophene. The structure of the
monomer unit was drawn and measured using the software Avogadro, yielding a calculated length
of the hexyl side chain of 7.69 angstroms (see bottom of figure).
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