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Introduction

The intrinsic volumetric capacitance of conducting
polymers: pseudo-capacitors or double-layer
supercapacitors?t

Ihor Sahalianov, {22 Sandeep Kumar Singh,? Klas Tybrandt, ©22° Magnus Berggren®
and Igor Zozoulenko & *2°

The capacitance of conducting polymers represents one of the most important material parameters that in
many cases determines the device and material performances. Despite a vast number of experimental
studies, the theoretical understanding of the origin of the capacitance in conducting polymers remains
unsatisfactory and appears even controversial. Here, we present a theoretical method, based on first
principle capacitance calculations using density functional theory (DFT), and apply it to calculate the
volumetric capacitance of two archetypical conducting polymers: poly(3,4-ethylene dioxythiophene)
(PEDOT) and polypyrrole (PPy). Our aim is to achieve a quantitate description of the volumetric
capacitance and to provide a qualitative understanding of its nature at the atomistic level. We find that
the volumetric capacitance of PEDOT and PPy is =100 F cm™ and =300 F cm™>, respectively, which is
within the range of the corresponding reported experimental results. We demonstrate that the
capacitance of conducting polymers originates from charges stored in atomistic Stern layers formed by
counterions and doped polymeric chains. The Stern layers have a purely electrostatic origin, since the
counterions do not form any bonds with the atoms of the polymeric chains, and no charge transfer
between the counterions and conducting polymer takes place. This classifies the conducting polymers
as double-layer supercapacitors rather than pseudo-capacitors. Further, we analyze contributions to the
total capacitance originating from the classical capacitance Cc and the quantum capacitance Cq,
respectively, and find that the latter provides a dominant contribution. The method of calculations of the
capacitance developed in the present paper is rather general and opens up the way for engineering and
optimizing the capacitive response of the conducting polymers.

response of PEDOT governs the delivery capacity of the organic
electronic ion pump, an ionic drug delivery device that trans-

Conducting polymers represent a material of choice for many
applications in printed electronics and bioelectronics owing to
their low costs, well-developed synthesis protocols, mixed
electron-ion conduction, as well as biocompatibility. Among all
conducting polymers, poly(3,4-ethylene dioxythiophene)
(PEDOT) and its derivatives, is the most widely used and
explored material system in the aforementioned applications
(for a review on PEDOT see e.g. ref. 1-6). In many applications,
the capacitance of PEDOT determines, and even defines, the
device performance. This includes, for example, PEDOT-based
supercapacitors’™ with a specific volumetric capacitance, C
~ 30-300 F cm ® that approaches the best-ever achieved
performance of porous carbon supercapacitors.' The capacitive
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lates electronic signals into ion fluxes.'® The specific capaci-
tance C is one of two factors which govern the transconductance
g*, which is the-figure-of-merit of PEDOT-based organic elec-
trochemical transistors."”” The switching time of polymeric
electrochromic displays is also directly correlated to the volu-
metric capacitance C of PEDOT."®

Electrolyte-based supercapacitors can be divided into two
prime types, electric double layer supercapacitors (EDLS) and
pseudo-capacitors. In EDLS charge storage occurs in the
Helmholtz (and Stern) electrostatic double layers, which are
formed at the interface between an electrode (electronic
conductivity) and an electrolyte (ionic conductivity). A typical
example of EDLS is the graphitic-based supercapacitors that
exhibit a high specific capacitance thanks to the high internal
surface area, porosity and the high electronic conductivity. The
second type of the supercapacitors, the pseudo-capacitors, rely
on electron transfer between the active electrode material and
the reduction-oxidation materials. One of the most common
types of pseudo-capacitors is based on transition metal oxides,

This journal is © The Royal Society of Chemistry 2019
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typically RuO,."” In many review papers'>**>* the conducting
polymers, including PEDOT, are classified as pseudo-capacitors
with the redox reaction occurring between the conducting
polymer (CP) and the oxidant in the electrolyte described as*

CP + Oxidant — CP*(Anion~) + Oxidant™ (1)

where “Anion”” correspond to negatively charged counterions
balancing the positive charges (holes) in the backbone of the
conducting polymers. The literature, however, tends to give
vague reports (or no reports at all) on the precise nature of the
redox reactions and specifically on the nature of the oxidants.
(Note that the faradaic oxidation reactions truly do take place in
so-called “redox polymers”,* which are outside the scope of the
present study).

The point of view of considering conducting polymers being
pseudo-capacitors with electron transfer between the polymer
and oxidants (or ions) in electrolyte is prevailing within the
electrochemical community.>® In the physical community the
description of the CP systems, and interpretations of experi-
ments, is usually based on the concept of the coupled electronic
and ionic species and does not involve any assumptions
regarding redox reactions and electron transfer between poly-
mer and redox-active solutes in electrolyte.>**" (For a recent
perspective on how the conducting polymers store charge see
ref. 31). This description typically utilizes the Nernst-Plank-
Poisson equations (also called drift-diffusion equations) and it
successfully describes a variety of systems, based on CP-
electrolyte configuration, including standard cyclic voltamme-
try experiments performed on CP electrodes,*® organic elec-
trochemical transistors,”®*” and the “moving front” experiments
in the electrochemical conversion from the uncharged to the
charged state of conducting polymers.”®? Within this
approach, the oxidation of conducting polymers is given by the
scheme,*

CP + Anion~ — CP*(Anion™) + ¢~ (2)

This equation, in contrast to eqn (1), does not describe
a faradaic reaction involving the electron transfer from the
polymer to redox-active solutes in electrolyte. Instead, the
polymer becomes oxidized (positively charged) due to that pi-
electrons, of the backbone (e™) of the CP, are repelled to the
contacts (electrodes) by negative anions that migrates towards
the polymer from the electrolyte promoted by the applied
voltage. This means that the underlying mechanism of charging
the CP is conceptually equivalent to the charging of the active
conductive material in EDLS. In fact, eqn (2) equally well
describes charge storage in EDLS (where “CP” then is replaced
by the corresponding material used in EDLS, e.g. porous
carbon). It is noteworthy that a precise nature of conductivity
and charge carriers in the material (polarons/bipolarons as in
conjugated polymers®* or band electrons as in carbon) is not
relevant to the charging of the EDLS.

Several recent studies addressing the capacitance of PEDOT
have challenged the view on this material as a redox pseudo-
capacitor.”**?%%! It is important to stress that a quantitate and
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even qualitative description of various electrochemical
phenomena in conducting polymers (such as e.g. cyclic vol-
tammetry) is not possible without introducing a phenomeno-
logical parameter corresponding to the intrinsic volumetric
capacitance of the conducting polymers.®**-** Numerous recent
experimental studies reporting volumetric capacitance of
PEDOT do not really touch upon its microscopic origin.”****
Without proper understanding on this subject further
advancement on the materials and/or tailored design for better
device performance remains difficult.

So far, there have been no reports on the first principle
calculations of the intrinsic capacitance of conducting poly-
mers, nor any theoretical formalisms presented for these
calculations. Our study represents a step in this direction where
we present a method for the first principle capacitance calcu-
lations based on the density functional theory (DFT) and apply
this method to calculate the volumetric capacitance of PEDOT,
aiming at understanding the nature of the fundamental
capacitance of CPs and its quantitate description on the atom-
istic level.

The DFT approach is a powerful tool to calculate the capac-
itance in nano-scaled and molecular systems. It has been used
to estimate the capacitance of few-electron semiconductor
quantum dots electrostatically defined by split-gates in a two-
dimensional electron gas,***” the capacitance of carbon nano-
tubes®® and graphene nanoribbons,* and the capacitance of
molecular clusters and layers.*”*' In this paper, we use this
approach for the case of conducting polymers, particularly
focusing on PEDOT. For our calculations, we find that the
volumetric capacitance of PEDOT is on the order of 100 F cm ™3,
which is within the range of reported experimental measure-
ments. We analyze the calculated capacitance in terms of
contributions from the classical and quantum capacitances,
where we find that the latter appears to be the dominant one.
We demonstrate that the capacitance of conducting polymers
originates from the charges stored in atomistic Stern layers
formed by counterions and doped polymeric chains. This clas-
sifies the conducting polymers as double-layer supercapacitors
rather than pseudo-capacitors relying on charge transfer
between polymer and redox-active solutes in electrolyte.

The method of calculations of the capacitance developed in
the present paper is rather general and can be applied to any
conducting polymer such as polyaniline, polyacetylene, poly-
thiophenes, polyphenylene vinylene and others. We demon-
strate this by performing capacitance calculations for another
archetypical conducting polymer, polypyrrole (PPy). We hope
that our work will motivate further studies on this topic, both
theoretical and experimental research focusing on a better
understanding of the nature of the capacitance in CPs and
material design for improved performance. In particular, we
believe that the developed theoretical approach opens up
a pathway for engineering and optimization of the capacitance,
including the investigation of the effects of water, solvents,
ionic liquids, counterions, functional groups and many other
factors that can affect the capacitive response of the conducting
polymers.

RSC Adv, 2019, 9, 42498-42508 | 42499
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Methods

Basics

Differential volumetric capacitance, C = describes the

aQ
AV’
change of charges, AQ, stored in the unit volume of the system
at equilibrium in response to the infinitesimal change of the
potential of charge carriers, AV. The electrochemical potential
of the system n = u — eV at equilibrium is constant, and
therefore the changes in the electrical potential are directly
related to the changes in the chemical potential u,

eAV = Au (3)

This defines the capacitance in the form,3*37:404>43

AQ
C=e-=,
eAM’

4)

which in electrochemical literature is often called electro-
chemical capacitance or redox capacitance.*” For N-particle
atomistic system, one can consider a change of the chemical
potential when the total number of charges carriers is changed
by one from Nto N + 1 (i.e. AQ = g, and Au = u(N + 1) — u(N)),
which gives

S 5)

e TEi)

where C(N) corresponds to the volumetric capacitance of the
system with N charge carriers, and q is the charge of a charge
carrier. (Note that for the case when charge carriers are
polarons, g = e; for the case when charge carriers are bipolar-
ons, g = 2¢). Using a definition of the chemical potential via the
total energy of the N-particle system, u(N) = E(N) — E(N — 1), eqn
(5) transforms to***74%4*

A ©)

C(N) = E(N+1)—2E(N)+E(N—1)

This equation will be our starting point in the calculation of
the volumetric capacitance of conducting polymers.

For a quantum system, it is instrumental to represent
a change of the chemical potential, eqn (1), as a sum of two
terms’39,4o,45

Ap = eAV = eAVc + eAVq, (7)

where the first term describes a change of the potential due to
classical Coulomb charging, and the second term accounts for
the quantum mechanical nature of electron states and the finite
DOS of the system at hand. Apparently, for a classical
conductor, the DOS is infinite and therefore AVq = 0.>"*' Using
eqn (7) and the definition of the capacitance, eqn (4), we can
separate the total volumetric capacitance C(N) into classical and
quantum contributions,**"*
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where Cc(N) = g, and Cq(N) = AQ are the corresponding
classical and quaritum capacitances, respectively, of the N-
particle system. Eqn (7), along with a definition of the capaci-
tance, eqn (4), provides an intuitive explanation why the total
capacitance can be presented as series coupled classical and
quantum capacitances. Note that a concept of the quantum
capacitance and a representation of a capacitance of a nano-
scaled device as series coupled quantum and classical capaci-
tances, eqn (8), have been put forward in a seminal paper of
Luryi.*® The derivation of eqn (8) using the DFT is due to Bueno
et al." The quantum capacitance Cq(N) is given by***

o)~ Frono(V) = Erowo(N), ©)
where Eyomo(N) and Epymo(N) are the corresponding HOMO
and LUMO Kohn-Sham orbital energies. Note that a similar
expression for the quantum capacitance Cq(N) is also obtained
for the case of N-particle semiconductor quantum dots.***
Recently, a concept of quantum capacitance was discussed for
electrically active molecular layers.***” The validity of eqn (8)
and (9) for the present system is discussed in the results and
discussions section.
The classical capacitance of the N-particle system in eqn (8)
is related to the classical Coulomb electrostatic energy,**
2 e
ge 1 ge ,Ap(r)Ap(r)d?_/)
2Cc(N) ~ 2 4me ” ‘ T

= (10)

F—r

where Ap(¥) = py41(F) — py(7) is the change of the charge
density in the system when the number of charges changes
from N to N + 1. For practical implementations, a more conve-
nient way to compute the electrostatic energy is to relate it to the
local electric field E = —VV, such that the classical capacitance
is

o2
||

w0

where W is the Coulomb electrostatic energy, and V is the
potential.

CC(N) = %7

dxdydz (11)

Model

In order to define a model for the capacitance calculations, let
us first discuss the morphology of PEDOT. Experimentally the
morphology of conducting polymers has been studied using
various methods including Grazing Incidence Wide Angle X-ray
Scattering (GIWAXS), Atomic Force Microscopy (AFM), and
high-resolution transmission electron microscopy (TEM).
These studies indicate that PEDOT represents largely amor-
phous materials with a limited crystalline order. In crystallites,
the polymeric chains are assembled in small - stacked
crystallites typically consisting of 3-6 chains.*** These findings
are also confirmed by molecular dynamics simulations.>*® We
calculate the total energy of the system, E(N), using the DFT
approach. Because of the computation limitations of the DFT
approach we apparently cannot consider a system of size even

This journal is © The Royal Society of Chemistry 2019
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comparable to a dimension of the polymeric thin film (10-100
nm). We therefore consider a small part of a realistic system,
and average over many configurations, such that eqn (6)
transforms into

eq

<C(N)>R = <AE>R,

= <E(N+ 1)>R - 2<E(N)>R + <E(N - 1)>R7

(AE)
(12)

where (...)r stands for averaging over different realizations. In
our calculations we consider three representative systems of the
chains (12, 16 or 20 monomer units) surrounded by counter-
ions. We also calculate the bilayer and trilayer crystallites with
77 stacked monomers. The corresponding results are essen-
tially the same as those generated from single chains, see ESI
(Fig. S1t). For the choice of a counterion we follow previous
computational studies of thiophene-based polymers®” and use
Cl;, which is motivated by the computational efficiency as
compared to the case of larger counterions such as tosylate. It is
important to stress that results and conclusions presented in
this paper are not related to a particular choice of counterions:
our previous studies of the effect of different counterions shows
that neither chemical bonds form nor electron transfer takes
place for the case of other counterions such as tosylate, ClO, ",
NO; ™, PhenylPO, 2, (OTf); .**%® The results of the molecular
dynamics simulations®*?® are used as a guidance to distribute
counterions around polymer chains and crystallites. In partic-
ular, the counterions are positioned randomly on the average
distance of 4 A from the polymer chains as suggested by the
distribution functions obtained from the MD simulations (see
e.g. Fig. 3e and f in ref. 52, and Fig. 3g and h in ref. 56). Also,
each counterion is situated at least 8 A apart from neighbouring
ones. Representative distributions of the Cl; counterion is
illustrated in Fig. 1 and in S2 in ESL¥

We charge the system by oxidizing the chains by removing/
adding electrons as illustrated in Fig. 1. This then corre-
sponds to a typical electrochemical setup where the polymer is

N-1 charge carriers

N charge carriers
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oxidized/reduced during cyclic voltammetry. Note that charge
carriers in p-type conjugated polymers are positive quasiparti-
cles termed polarons and bipolarons. They represent electronic
states that are localized within the polymeric backbone due to
a strong electron-lattice interaction. (A detailed analysis of the
polaronic and bipolaronic states in PEDOT was recently given in
ref. 32). The charging of the polymer chains is accompanied by
the addition of the negative counterions to the system to
maintain the electroneutrality as prescribed by eqn (2). Note
that the above model of capacitive charging of conjugated
polymers used in the present study corresponds to the one
outlined in ref. 31, as well as presented in ref. 9,28,29. In
addition to the calculation of the capacitance as described
above, we also perform calculations of the self-capacitance. In
this case the charging of the polymeric chains is performed in
the same way as for the capacitance calculations, but no coun-
terions are then added to the system (i.e. the charge neutrality is
not maintained, and the charge of the total system is therefore
equal to the number of removed electrons). A comparison of the
capacitance and self-capacitance provides an efficient way to
outline the effect of counterions. Details of the calculations of
the total capacitance, and the classical and quantum capaci-
tances, are given in the next section.

Calculations of the total, quantum, and classical capacitances

The total capacitance and the self-capacitance are calculated
based on eqn (12), and the quantum capacitances are calculated
based on eqn (9), where the total energies E(N) and Exomo(NV)
and Epumo(N) are calculated using the DFT method as imple-
mented in the Gaussian16 package.** The range-separated
hybrid exchange-correlation functional ®wB97XD is used.®
This functional accounts to 100% Hartree-Fock (HF) at the long
range, and 22% of the HF at the short range, and it is particu-
larly suited for description of localized polarons/bipolarons in
polymeric conjugated systems.**** For the basis set we chose 6-
31G(d) since it represents a balance between accuracy and

N+1 charge carriers

Fig.1 Schematicillustration of charging a polymer where the number of charge carriers changesas N —1 — N — N + 1. The figure illustrates the
case when the charge carriers are bipolarons, where each bipolaron (with a charge g = +2e) is compensated by two negative Clz counterions.
Carbon atoms are shown in grey, oxygens in red, sulphur in yellow, and chlor counterions in green; bipolarons are schematically shown as

orange clouds residing on the polymer backbone.

This journal is © The Royal Society of Chemistry 2019
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required computational efforts. We also performed test runs
with 6-31G(d)+ basis set to ensure that the absence of diffusive
functions does not affect the obtained results, see Fig. S4 for
details. We find that systems with even numbers of electrons
show faster convergence. Hence, to speed up computations we
remove two electrons and add two counterions at the time
starting from a neutral chain. Because of the even number of
electrons in the system at hand we perform the restricted (close-
shell) spin calculations corresponding to the singlet (S = 0) spin
multiplicity (M = 2S5 + 1 = 1). (Note however that even with the
even numbers of electrons the ground state of the system might
be distinct from singlet, in particular for the case of two charges
on the chain,® but in the present calculations we restrict
ourselves to the singlet spin multiplicity).

In the calculation of the capacitance, a full geometrical
optimization of the chain is carried out with frozen positions of
Cl; counterions which are distributed around the polymer
chains. We chose the frozen positions of the counterions
because, as described in the Model section, the system that we
compute represents a small part of a polymer thin film. Hence,
the positions of the counterions are defined not only by their
interaction with the given chain, but also with the surrounding
chains and counterions (which are apparently not included in
the DFT calculations). Thus, in order to account for the effect of
surroundings we choose the position of the counterions in
accordance with the MD prescription and keep them fixed
during calculations.

Calculations of the total capacitance requires averaging over
many spatial realizations of counterions. All the results reported
in this paper correspond to the averaging over 50 different
counterion configurations, see Fig. S5 in ESIT for details.

In experimental studies a volumetric capacitance is typically
reported. To obtain the volumetric capacitance we divide the
calculated capacitance by the effective volume of each polymer
sample, which is calculated as an average volume of the corre-
sponding oligomer (or a crystallite). The same volume is used
for the computational boxes in calculation of the classical
capacitance. The corresponding details are presented in Sec. S6
in ESL T

Note that the full optimization of the chain geometry is
computationally expensive and represents the most time-
consuming step in the calculation of the total energy E(N) for
a given counterion configuration. We also performed calcula-
tions of the capacitance utilizing the pre-optimized geometry of
polymer chains obtained without counterions. For these
calculations we first optimize geometry of a chain (or a crystal-
lite) at a given oxidation level without counterions. Then, using
this pre-optimized geometry we perform single-point energy
calculations for different realizations of counterion configura-
tions. Such calculations are much faster and less accurate than
those with the full geometrical optimization. They are however
still accurate enough to reproduce the total capacitance even
quantitatively, see for detail Sec. S8 and Fig. S8 in ESIL.T We
therefore use these calculations to calculate capacitance of
larger systems such as PEDOT crystallites consisting of two or
three chains (Sec. S1 in ESIt).

42502 | RSC Adv, 2019, 9, 42498-42508
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An important issue of the DFT calculations is the self-
interaction problem. In an ideal case each Cl; must carry
—|e| charge on it. For the case of high oxidation level (>50%),
DFT often fails to calculate correctly the charge density in the
polymer-counterions system which results in a lesser charge on
each counterion. During each simulation we investigate an
average charge on each counterion with natural population
analysis. Successful production run must fulfill the condition
that average charge on Cl; is in the range from —0.95|e| to
—1|e|; otherwise, the production run is discarded. For further
confidence we recalculated some of the main results with the
restricted Hartree-Fock method to ensure that the self-
interaction does not affect the obtained data, see section Sec.
S9 in ESL

The classical capacitance is calculated based on eqn (11),
where electric field E = —VV is calculated using the electrostatic
potential extracted using the cubegen utility of Gaussian16.
Representative electric field (or potential) distributions are
shown in Fig. 4, 5 and S1.1 The sizes of the simulation boxes for
calculation of the potential are depicted in Fig. S7.1 The simu-
lation boxes must be large enough to account the major part of
the electrostatic potential that decays away from the oligomers.
Here, the simulation boxes were consisted of volume of oligo-
mers enlarged with 10 A in all directions. For numerical inte-
gration of the electric field in eqn (11), a cubic grid was used
with a step of 0.2 A in x-, y- and z-directions. For each atom, an
atomic cutoff radius Ry Was used in the integration, where
the electric field for r < Ry iS set to zero. Within this
approximation, atoms are treated as metallic charged spheres
with constant potential and zero electric field inside. A detailed
description of the numerical calculations and their validation
are presented in Sec. S10 in ESL{

Results and discussion

Fig. 2 shows the calculated total capacitance C, quantum
capacitance Cq, and classical capacitance C¢ of PEDOT and PPy
for different oxidization levels (defined as a number of charges
per monomer). The calculated total capacitance is found to be
rather insensitive to the oxidation level. This applies to both
PEDOT and PPy (taking into account the large error bars for the
latter case). This behaviour is expected for a classical system.
However, this is also expected for the present case of a large
quantum system where (after averaging over many configura-
tions) the Coulomb potential variation is approximately
homogeneous in space when the electron density is changed,
and therefore independent on the total charge of the system.*>**
For PEDOT, the calculated total capacitance is Cpgpor = 100 F
cm*, whereas for PPy it is Cppy = 300 F cm ™. (Note that the
calculated capacitance of PEDOT and PPy crystallites show
similar values as those for monomers in Fig. 2, see Fig. S1 in
ESL.T) The difference between the capacitances of PEDOT and
PPy is consistent with experimental observations, where most
studies reported a PPy capacitance that is higher than the one
for PEDOT. Indeed, the reported volumetric capacitances for
PEDOT are as follows (values are in F cm?), 36-40,” 34,° 39,'°
327 (ref. 11) (PEDOT : PSS); 263 (ref. 12) (nanofibrillar PEDOT);

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Calculated capacitance of PEDOT and PPy for oligomers of different lengths (N = 12, 16, 20) as a function of the oxidation level. (a) Total
capacitance C, (b) quantum capacitance Cq, (c) classical capacitance Cc. Upper and lower panels show results for PEDOT and PPy respectively.

138, 115 (ref. 14) (PEDOT : TOS). For PPy the reported volu-
metric capacitances are (values are in F cm ™), 80,%> 60, 332,%
200-350,%° 823-646,°° 523, 1200.°® (Note that many studies
report the mass capacitance Cy, (in F g ') as opposed to the
volumetric capacitance C, (in F cm™?). For these cases we con-
verted C, to C, using the density p = 1.5 g cm* for PEDOT and
p = 2.1 g em > for PPy. Note also that PEDOT : PSS usually
consists of PEDOT-rich and PSS-rich regions of approximately
same size.”’ Since only PEDOT-rich regions presumably
contribute to the capacitive response, thus for the comparison
with the theoretical values, the PEDOT : PSS experimental
capacitance should be multiplied by a factor of ~2). Our
calculated values are then within the range of the capacitance
reported experimentally. However, it should be emphasised that
the precise comparison of the calculated and measured values
is not possible, because of the vast variation of experimentally
measured values of the PEDOT and PPy capacitances. It is not
always clear whether the difference in the reported measure-
ments reflects different morphology of materials or different
characterization techniques. More systematic experimental
studies to clarify these issues are needed.

In order to get insight into the nature of the capacitance of
PEDOT, we then analyse the contributions of the quantum and
the classical capacitances to the total capacitance value. (The
validity of eqn (8) for the system at hand expressing the total
capacitance as classical and quantum capacitances connected
in series, as well as the validity of the definition of the quantum
capacitance, eqn (9), are discussed at the end of this section).
Note that the calculated capacitances show practically identical
behaviour for all systems studied, i.e. for the 12-, 16-, 20-olig-
omer cases as well as for crystallites. Therefore, in the subse-
quent analysis we will focus on one representative system, the N
= 20 PEDOT oligomer. Fig. 3 shows the calculated quantum and

This journal is © The Royal Society of Chemistry 2019

classical capacitances and self-capacitances of PEDOT. It is
noteworthy that the self-capacitance cannot be measured in
a typical electrochemical setup, but the comparison of the self-
capacitance and total capacitance provides an important
insight into the role of counterions.

The calculated classical capacitance increases linearly with
the increase of the oxidation level, whereas the classical self-
capacitance remains more or less constant. This behaviour
can be understood from the analysis of the electric field and
potential distribution. For the case of the self-capacitance (the
systems without counterions), the electric field (and the
potential V) increases linearly in the whole domain when the
total charge of the system Q is increased, see Fig. 4a. As a result,
the self-capacitance, C¥'f = < stays constant. For the case of
the capacitance (the systems with counterions), the electric field
increases only in the regions in the immediate vicinity of the
counterions and rapidly decays outside these regions. Also,
when a new counterion is added, the electric field in the vicinity
of other counterions is not affected, see Fig. 4b. Thus, as the
electric field distribution illustrates (Fig. 4b), each counterion,
together with a part of the polymer backbone in its vicinity, can
be considered as a primitive capacitor C,. The whole oligomer
can therefore be considered as a system of parallel coupled
primitive capacitors, with the capacitance Cc = NcounterChp,
where Neounter 1S @ number of counterions surrounding one
chain. (Note that the total charge is increased as a new primitive
capacitor is added, which corresponds to the case of the parallel
coupling Fig. 4c). The calculated primitive capacitance is C, =
9.6 x 10~ F for PEDOT and C, = 1.4 x 10 ' F for PPy. As
expected, C, for each polymer is practically the same for all
system studied (ie. 12-, 16-, 20-oligomers). The primitive
capacitance for the case of PPy is larger as compared to PEDOT,
because the counterions are located close to the backbone due

RSC Adv, 2019, 9, 42498-42508 | 42503
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capacitance Cq, and classical capacitance Cc. Figures (c) and (d) compare 1/C and 1/Cq + 1/Cc according to egn (8). Results correspond to the

PEDOT oligomers of the length N = 20.

to a smaller size of monomers. This apparently translates into
the larger value of the classical capacitance of PPy, see Fig. 2c.

We conclude the discussion of the calculated classical
capacitances by an important remark. Namely, there is
a fundamental ambiguity in the definition of the classical
capacitance for a system such as an oligomer, which by defini-
tion is essentially the quantum one. Indeed, to calculate the
classical capacitance, the contribution from the interatomic
potential inside the atoms, due to the electron-nucleus inter-
action, must be excluded from the simulated system. This is
done by introducing the atomic cutoff radius R.uof (See Method
section for details). Within this approximation, atoms are
treated as metallic charged spheres with a constant potential
and zero electric field inside. As Fig. S3af illustrates, the
calculated classical capacitance is sensitive to Ryt This is not
surprising, since for a quantum system, such as an oligomer, it
is impossible to define a volume of the constant potential as
opposed to the case of metallic plates in a classical capacitor. In
our calculations we use R.uioff = 1.5Ry, Where R, is the van der
Waals radius of the corresponding atoms (which is the radius of
a hard sphere defining the distance of the closest approach for
another atom). Another factor contributing to the ambiguity in
the calculated Cc is that the calculated classical capacitance
also depends on the size of the computational box, see Fig. 3b.
Hence, the obtained values of the classical capacitance should
be treated as a qualitative estimation, rather than exact values.

42504 | RSC Adv, 2019, 9, 42498-42508

The quantum capacitance and quantum self-capacitance
exhibit the opposite trend as compared to the classical ones.
Namely, the quantum capacitance increases with the increase of
oxidation level, whereas the quantum self-capacitance stays
rather constant. This can be understood from the analysis of the
evolution of the band structure of the polymer chain as the
oxidation level increases. According to eqn (9), the quantum
capacitance Cq is inversely proportional to the energy gap
between LUMO and HOMO levels, AE; = E;umo(N) — Enomo(IV)-
For the case without counterions, AE, is not sensitive to the
oxidation level.*> However, for the case of the counterions the
gap between LUMO and HOMO levels gradually decreases as the
ion concentration is increased, which is related to the effect of
the disorder potential caused by counterions.®*”® This is illus-
trated in Fig. 5a and b, that shows the evolution of the energy
structure as the oxidation level changes.

Let us now discuss the validity of eqn (8), separating the total
capacitance into the classical and quantum contributions, as well
as the validity of the definition of the quantum capacitance, eqn
(9). Fig. 3c and d shows a comparison of the calculated 1/C and 1/
Cq + 1/Cc for the capacitance and self-capacitance. (We remind
that C, Cq and C¢ are calculated independently based respectively
on eqn (9), (11) and (12)). For the case of the self-capacitance, the
agreement between 1/C°*'f and 1/C3" + 1/CE™ is very good. The
difference between 1/C**"and 1/C§"" + 1/CE' can be attributed to
the ambiguity in the definition of the classical capacitance as
discussed above, where C is sensitive to the choice of the atomic

This journal is © The Royal Society of Chemistry 2019
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cutoff radius Ryt However, for the case of the capacitance the
agreement between 1/C and 1/Cq + 1/Cc is only qualitative,
improving as the oxidation level of the system increases. Note
also that for two capacitors coupled in series the total capacitance
is always smaller than each of the individual capacitances, which
is apparently not fulfilled for the present system, see Fig. 3a. The
deviation from the ideal behaviour of the series capacitor
coupling, eqn (8), can be attributed to the approximations made
in derivations of this equation within the DFT approach. In
particular, the validity of eqn (8) (as well as eqn (9)) requires that
the potential changes smoothly upon an addition of new
charges.*>** This is satisfied for the case of the self-capacitance
(the system without counterions), but apparently does not hold
for the case of the capacitance, where an addition of each
counterion strongly changes the potential landscape, see Fig. 5c.
Also, for a given oxidation level the gap AE, (and therefore the
quantum capacitance), as well as the potential distribution for
a given oligomer strongly depends on the ion configuration as
Fig. 5c illustrates. This then represents the reason for a strong
sample-to sample variation of the calculated capacitances, which
necessitates an averaging over many counterion configurations.
To conclude, the total capacitance of our system cannot be rep-
resented exactly as the series coupled quantum and classical
capacitors; nevertheless, eqn (8) holds in an approximate
manner, which makes it possible for us to use it as a tool to
analyse the total capacitance.

A comparison of the calculated quantum and classical
capacitances shows that the quantum capacitance is a factor of
~2-4 smaller than the classical one, see Fig. 2 and 3. Thus,
according to eqn (8), it is the quantum capacitance that limits

(b) With counterions
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Fig. 5 Evolution of the electronic structure of PEDOT chains as the total charge of the chains increases, Q = +4, +6, +8, +10; (a) chain without
counterions; (b) chain with counterions. (c) Electronic structure and potential distributions for two representative PEDOT chains with the same
charge (Q = +4), but with a different configuration of counterions (shown in the inset).
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the resulting total capacitance of the conducting polymers. It is
also important to stress that neither electron transfer occurs
between the polymer and counterions, nor the counterions
form covalent bonds with polymer chains. (A typical distance
between the Cl; counterions and atoms in the polymers exceeds
3 A, which is much larger than e.g. C-C bond length, ac_c = 1.5
A). This means that the capacitance of PEDOT has a purely
electrostatic origin and is not related to any redox reactions
giving rise to electron transfer. Hence, the capacitive energy
storage in conducting polymers can be understood as a result of
the formation of atomistic Stern layers composed of respectively
polymeric chains and counterions in the vicinity of polymeric
chains. Alternative (but very related) view is that a polymeric
chain can be regarded as parallel coupled primitive capacitors,
each of them representing a negative counterion and a segment
of polymer backbone (as illustrated in Fig. 4b). In a typical
electrochemical setup, the application of the external potential
causes charging or discharging of these layers (or primitive
capacitors), in a similar way as charging or discharging takes
place in porous carbon supercapacitors.”® Hence, our first
principle calculations demonstrate that conducting polymers
should be regarded as double layer supercapacitors, where
double layers are extended over the whole polymer volume. The
difference with carbon supercapacitors is that for the case of
conducting polymers the quantum nature of the density of
states of polymeric chains limits the total capacitance, whereas
for carbon supercapacitor the classical capacitance dominates
because of the classical character of the DOS in carbon.
Finally, one comment is in order. In our discussion we tried
to avoid terms “faradaic reactions” or “faradaic currents”
because this can lead to some misunderstanding, as in the
literature these terms are often used in different meanings.
Indeed, the International Union of Pure and Applied Chemistry
(IUPAC) defines the faradaic current as “a current correspond-
ing to the reduction or oxidation of some chemical
substance”.’® Literally following this definition, a current in
a carbon-electrode EDLS should be called faradaic, because in
this system a chemical substrate (carbon) gets reduced or
oxidized (charged or discharged) giving rise to a current. The
same applies even to a current in convention silicon metal-
oxide-semiconductor field-effect transistors (MOSFETSs) where
oxidation or reduction (p- and n-doping in semiconductor
terminology) of a chemical substrate (Si or GaAs) leads to
a current. This apparently contradicts a common viewpoint that
EDLSs (not even mentioning the MOSFETS) are never regarded
as faradaic systems. Instead, a faradaic current is often
considered as a current at the interface of a material (electrode),
due to the electron charge transfer through this interface typi-
cally resulting from redox reactions at this interface. In contrast,
non-faradaic systems are typically associated with the system
without redox reaction at the interface, where a transient
current arises due to charge accumulation and double layer
formation at the electrode interface. (A pedagogical discussion
of the difference between faradaic and nonfaradaic processes is
recently given by Biesheuvel and Dykstra’™). Hence, in order to
avoid confusion, in the present paper instead of terms “fara-
daic” and “non-faradaic” systems we use terms EDLSs and
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pseudo-capacitors where the former are associated with charge
accumulation at the electrode interface, whereas the later
correspond to electron transfer between polymer and redox-
active solutes in electrolyte.

We conclude this section by stressing once again that using
the concept of the intrinsic volumetric capacitance of conducting
polymers, one can quantitatively describe cyclic voltammetry
experiments,®?® organic electrochemical transistors,”*** and the
“moving front” experiments>? without assuming any redox
reaction involving the electron transfer between the polymer and/
or redox-active solutes and counterions in electrolyte.

Conclusions

Despite of the wide-spread utilization of conducting polymers
as a capacitive material for charge storage, the fundamentals of
their intrinsic volumetric capacitance remains controversial.
Traditionally, conducting polymers are considered to be redox
pseudo-capacitors where electron charge is transfer between the
polymer and redox-active solutes in electrolyte. However,
several recent studies have challenged this view.>****?! In the
present paper we have developed an approach for the first
principle quantum-mechanical calculations of the capacitance
of conducting polymers based on the density functional theory.
The capacitance is calculated by consecutive charging of the
polymer chains by changing the number of charge carriers (and
corresponding number of the surrounding counterions) as N —
1 — N — N+ 1. Then the total energy of the system is calculated
using the DFT, and is subsequently related to the total capaci-
tance via eqn (6). Further, the total capacitance is presented as
series coupled classical and quantum capacitances, eqn (8),
where the classical capacitance C corresponds to the classical
Coulomb charging, whereas the quantum capacitance Cq
describes the effect of the quantum mechanical density of
states. The quantum capacitance is calculated via HOMO and
LUMO Kohn-Sham orbital energies, eqn (9), and the classical
capacitance is computed by integrating the classical electro-
static energy density, eqn (11).

We demonstrate that the capacitive energy storage in con-
ducting polymers can be understood as a result of the formation
of atomistic Stern layers due to counterions in the vicinity of
charged polymeric chains. The counterions together with the
corresponding segments of a polymer backbone can be regar-
ded as primitive capacitors coupled in parallel. The Stern layers
have a purely electrostatic origin because neither the counter-
ions form bonds with atoms belonging to polymeric chains, nor
charge transfer occurs between the counterions and the poly-
mer chains. Our results thus show that the conducting polymers
should be considered as double-layer supercapacitors rather
than pseudo-capacitors.

For PEDOT, the calculated total capacitance is found to be
Cpepor = 100 F cm ™, whereas for PPy it is Cppy, = 300 F cm ™,
and these values are rather insensitive to the oxidation levels
of the polymers. The calculated values are within the ranges
reported experimentally (~30-300 F cm® for PEDOT and
~60-1200 F cm ™2 for PPy, respectively); they are also consis-
tent with the experimental observations, where most studies

This journal is © The Royal Society of Chemistry 2019
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report PPy capacitance that is higher than the one for PEDOT.
We discuss the calculated total capacitance in terms of the
series coupled quantum and classical capacitances according
to eqn (8). We analyze the validity of eqn (8) and conclude that
for our system it holds in an approximate manner, which
makes it possible to use it as a tool to analyse the total
capacitance. A comparison of the calculated quantum and
classical capacitances shows that the quantum capacitance is
a factor of ~2—-4 smaller than the classical one. Thus, accord-
ing to eqn (8), it is the quantum capacitance that limits the
calculated total capacitance of the conducting polymers. Thus,
the difference with traditional double layer carbon super-
capacitors is that for the case of conducting polymers the
quantum nature of the density of states of polymeric chains
dominates the total capacitance, whereas for carbon super-
capacitor the classical capacitance governs because of the
classical character of the DOS in carbon.

The method of calculations of the capacitance developed in
the present paper is rather general and can be applied to any
conducting polymer. We hope that our study would motivate
further studies, both theoretical and experimental ones,
focusing on better understanding of the nature of the capaci-
tance in conducting polymers, and to develop materials and
device configurations with better performance. Because of the
computational limitations in our study we were able to calculate
rather small systems, consisting of oligomers or small crystal-
lites. It would be interesting to develop computational tech-
niques (based e.g. on tight-binding DFT or first principle
molecular dynamics method) allowing to address the capaci-
tance of realistic and larger thin film systems. This would allow
to outline the effect of various factors on the capacitance
including water content, solvents, ionic liquids, porosity and
various counterions. As far as experimental results are con-
cerned, more systematic studies are needed to clarify whether
the significant difference in the reported data even for the same
polymers reflects different material morphology or different
measurement techniques.
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