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Stable Deep Doping of Vapor-Phase Polymerized Poly(3,4-
ethylenedioxythiophene)/lonic Liquid Supercapacitors

Christoffer Karlsson,* James Nicholas,™ 9 Drew Evans,™ Maria Forsyth,' Maria Stramme,®
Martin Sjodin,® Patrick C. Howlett,') and Cristina Pozo-Gonzalo*!

Liquid-solution polymerization and vapor-phase polymerization
(VPP) have been used to manufacture a series of chloride- and
tosylate-doped  poly(3,4-ethylenedioxythiophene)  (PEDOT)
carbon paper electrodes. The electrochemistry, specific capaci-
tance, and specific charge were determined for single electro-
des in 1-ethyl-3-methylimidazolium dicyanamide (emim dca)
ionic liquid electrolyte. VPP-PEDOT exhibits outstanding prop-
erties with a specific capacitance higher than 300 Fg~', the
highest value reported for a PEDOT-based conducting polymer,

Introduction

Conducting polymers have been the focus of research for
more than 30 years as they have a wide range of applications
such as energy storage, solar cells, actuators, and electrochro-
mic displays." They offer many advantages such as low-
temperature manufacturing methods from inexpensive and
sustainable resources and the possibility to realize flexible de-
vices."“? Energy-storage devices based on conducting poly-
mers bridge the gap between capacitors and batteries in
terms of power and energy capabilities, which means that they
can be electrochemically cycled faster than batteries and can
store more energy than pure capacitors.”>® The use of con-
ducting polymers as the active charge-carrying component in
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and doping levels as high as 0.7 charges per monomer were
achieved. Furthermore, symmetric PEDOT supercapacitor cells
with the emim dca electrolyte exhibited a high specific capaci-
tance (76.4 Fg™") and high specific energy (19.8 Whkg™'). A
Ragone plot shows that the VPP-PEDOT cells combine the high
specific power of conventional (“pure”) capacitors with the
high specific energy of batteries, a highly sought-after target
for energy storage.

supercapacitor devices has been reviewed extensively."“*% Re-
search in this area focuses mostly on the increase of the avail-
able specific charge, energy, and power, for example, by syn-
thesizing nanostructured and composite materials,” by investi-
gating the influence of the electrolyte,”” and so on.” Among
conducting polymers, poly(3,4-ethylenedioxythiophene)
(PEDOT) is a good candidate for supercapacitors because of its
high chemical and electrochemical stability in comparison with
other conducting polymers. However, PEDOT presents a low
theoretical specific capacitance of 210 Fg™' (if we assume a po-
tential window of 1.2 V) because of the low doping level and
high molar mass.'*”" Attempts to increase the specific capaci-
tance have been pursued mostly by the structural modification
of PEDOT.® A sponge-like PEDOT structure synthesized by ul-
trasonic irradiation (100 Fg™"),”) the selective fabrication of
PEDOT nanocapsules and mesocellular foams (155 and
170 Fg ', respectively),"” and PEDOT nanotubes (140 Fg ")"
are some examples.

Vapor-phase polymerization (VPP) has been used to poly-
merize PEDOT for use in a range of energy-related devices
based on thermoelectric energy harvesting,”? batteries,"® and
capacitors.®®' The polymerization process itself relies on the
condensation of the monomer vapor onto a liquid film that
contains an Fe’" salt™ The Fe®" acts as the oxidant and is
subsequently removed during washing, and the associated
anions remain within the PEDOT structure to act as the
dopant. This doping is essential for the creation and stabiliza-
tion of the positive charge carriers along the conjugated back-
bone of the PEDOT. The doping level itself is responsible for
the changes in the electronic and optical properties of
PEDOT."®! If the PEDOT is then placed in an electrolyte, the
doping level can be modified electrochemically. This allows the
PEDOT to store or expel cations/anions, which depends on
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whether the PEDOT is reduced or oxidized. It is this ability to
reduce and oxidize easily and reproducibly that makes PEDOT
an attractive conducting polymer material for use in superca-
pacitors. As an example, Kaner and co-workers utilized VPP-
PEDOT doped with ClI~ to generate symmetric capacitor cells
that had a specific power and specific energy of 3500 Wkg™'
and 2.2Whkg™', respectively, and a specific capacity of
175 Fg~".*¥ Beyond doped PEDQOT, the VPP process affords the
opportunity to incorporate other materials within the film. For
example, polymers, triblock copolymers, and 2D nanomaterials
can be embedded within the polymer thin film to lead to en-
hanced properties such as electrical conductivity, mechanical
strength, and electrocatalytic efficiency.”>'

Although most supercapacitor research has been focused on
either aqueous or conventional organic media as the electro-
lyte, ionic liquids are an alternative and promising type of elec-
trolyte that have received widespread attention as electrolytes
in energy-storage devices, which include batteries, fuel cells,
thermo-electrochemical cells, dye-sensitized solar cells, and su-
percapacitors, because of their outstanding properties.'” lonic
liquids are composed entirely of ions and they are in the liquid
phase below 100°C. They offer many advantages as electro-
lytes such as chemical and electrochemical stability, low
flammability, ionic conductivity, and negligible vapor pres-
sure, which depends on the cation-anion combination."’? Im-
portantly, the enhanced electrochemical stability offered by
ionic liquid electrolytes in a supercapacitor device can be
translated into an increase of the accessible energy density of
the device.

Of relevance to the current work is the recent report of an
ionic liquid electrolyte shown to support the reversible deposi-
tion and dissolution of Zn for reversible Zn batteries."® Simons
etal. studied two different dicyanamide-based ionic liquids,
1-ethyl-3-methylimidazolium dicyanamide (emim dca) and N-
butyl-N-methylpyrrolidinium dicyanamide, as electrolytes to
support the Zn?*/Zn° electrochemistry."” The imidazolium-
based ionic liquid, emim dca, showed the most favorable prop-
erties for the deposition and stripping of Zn metal. As a result
of the abovementioned promising results of conducting poly-
mers in energy-storage devices, we also reported the validity
of a Zn/PEDOT battery using emim dca as the electrolyte,
which showed high efficiency and cycling ability and per-
formed over 320 cycles with no indication of a short circuit.
Both the Zn and PEDOT surfaces showed minimal signs of deg-
radation.’®”’

The use of conducting polymers as the active material in
energy-storage devices is challenging because of several
issues, which include poor stability and low specific charge
and capacitance.""*” In particular, the low practical specific
charge and capacitance are related to the doping level, which
needs to be limited to low values to achieve an acceptable sta-
bility.""2*2" Therefore, the search for conditions under which
conducting polymers can be charged to high doping levels
without overoxidation and degradation is an attractive target.
This has motivated the present study of the performance of
PEDOT as electroactive material in supercapacitors cells with
the emim dca electrolyte.

ChemSusChem 2016, 9, 2112-2121 www.chemsuschem.org

2113

CHEM
Full Papers

CHEM

Although polythiophene and its derivatives have been syn-
thesized and characterized in various ionic liquids previously,
both for energy storage and other applications, emim dca had
not been investigated before our recent study of Zn/PEDOT
hybrid capacitor cells.®® Therefore, in the present study, we
report the electrochemistry of a series of PEDOT electrodes in
emim dca electrolyte, as well as the performance of symmetric
capacitor cells. We employ PEDOT synthesized from liquid solu-
tion with two different oxidants, as well as VPP-PEDOT with an
added triblock copolymer (vide infra), and discuss the similari-
ties and differences with respect to the polymerization condi-
tions.

Results
PEDOT samples

SEM micrographs of the different PEDOT materials are shown
in Figure 1. Chloride- and tosylate-doped PEDOT (PEDOT-CI
and PEDOT-OTs, respectively) exhibited the “cauliflower” mor-
phology that is typical for conducting polymers synthesized
from liquid solution.”??! Both types of PEDOT formed a uni-
form coating on the carbon paper substrate with limited pene-
tration through the bulk of the substrate. Only 5% binder and
no conducting additive was used in the coating mixture, and
an increase of the amount of binder (up to 50%) did not im-
prove the adhesion further.

a) Substrate

b) VPP-PEDOT

c).PEDOT-CI d)-PEDOT-OTs

Figure 1. SEM micrographs of a) the bare carbon paper substrate and b-
d) the carbon paper substrate coated with PEDOT.

VPP-PEDOT exhibited a different morphology (Figure 1b), in
which the individual fibers of the substrate were coated with
a smoother coating throughout the bulk of the electrode. This
type of coverage originates from the VPP process, in which the
initial deposition of the oxidant solution penetrates the fibrous
carbon paper through capillary action along/between the
carbon fibers.” With the current method, however, the
amount of VPP-PEDOT on the substrate (0.25 mgcm™) was
only approximately 20% of the loading achieved for PEDOT-CI
and PEDOT-OTs, although this amount could likely be in-
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creased considerably by the application of additional VPP-
PEDOT layers. Despite the lower mass loading, the VPP-PEDOT
has sufficient activity to generate workable capacitors, as will
be shown later.

Three-electrode electrochemical characterization

Cyclic voltammograms (CVs) of the different PEDOT materials
in emim dca are shown in Figure 2 along with the doping
onset potential (DOP) and open-circuit potential (OCP) after
synthesis and coating. The different PEDOT materials exhibit
similar CVs that are typical of the doping/dedoping proc-
ess 222 with a sharp current increase at the DOP and a small
peak followed by a capacitive response above the DOP until
the onset of overoxidation at high potentials (Figure S1).

For PEDOT-CI, the initial current peak intensity decreases
and the total charge increases. PEDOT-OTs and VPP-PEDOT also
experience a decrease of the peak intensity, but unlike PEDOT-
Cl, the total charge in the CV decreases slightly with cycling.
The DOP of PEDOT-OTs decreases somewhat with cycling, and
this effect is also present to a much smaller degree for PEDOT-
Cl and VPP-PEDOT. The overoxidation process becomes evident
in the CV above 0.2 V versus ferrocene/ferrocenium (Fc”*; Fig-
ure S1), and the onset potential for this process increases with
each CV scan as the overoxidized film loses conductivity. This
effect is present for all of the PEDOT materials, but the overoxi-
dation process also leads to a greatly increased DOP and de-
creased doping currents for PEDOT-CI and PEDOT-OTs. For
VPP-PEDOT, the DOP and doping currents are rather stable de-
spite repeated cycling to the overoxidation region, which ex-
emplifies an enhanced stability for VPP-PEDOT in emim dca,
and only if the material is cycled above 0.5V versus Fc”* does
the polymer eventually become totally electrochemically inac-
tive (although the polymer does not detach from the sub-
strate) and the CV charge decreases rapidly.
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PEDOT/emim dca coin cells

Symmetric capacitor cells that consist of two PEDOT-coated
carbon paper electrodes and emim dca electrolyte were stud-
ied to evaluate the device performance. Coin cells with uncoat-
ed carbon paper electrodes were also assembled to determine
the capacitance of the substrate, which leads to a background
specific charge, energy, and capacitance that do not originate
from the PEDOT. The carbon paper used for the PEDOT-Cl and
PEDOT-OTs electrodes exhibited a very low capacitance (< 1%
of the PEDOT cell capacitance; Figure S2), whereas the poly(te-
trafluoroethylene) (PTFE) coated carbon paper used for VPP-
PEDOT electrodes had a higher capacitance, which gave rise to
approximately 22% of the total charge for the VPP-PEDOT
cells. The specific capacitance, charge, and energy values for
the carbon paper cells at the corresponding currents were sub-
tracted to remove this contribution from the results to allow
a better comparison.

Capacitor cell cycling performance

Cycling the PEDOT-Cl and PEDOT-OTs cells at a constant cur-
rent reveals that they are charged and discharged in a capaci-
tive manner and have a constant capacitance up to approxi-
mately 1.1V cell potential (Figure 3). Above this value the neg-
ative electrode is completely dedoped and decreases rapidly in
potential if the capacitance is lost, which leads to a rapidly in-
creasing cell potential above 1.1V (Figure S3). Further charging
eventually leads to degradation (most likely at the positive
electrode®®") evident as a potential plateau above 2.1V, which
consumes charge irreversibly that is not recovered upon dis-
charge (Figure S3). However, VPP-PEDOT cells were charged
and discharged reversibly from 0 to 2.0V (Figure 3, see inset
for charging to lower cell potentials). Additionally, charging

b) s PEDOT-OTs

2 2 DOP =-0.69 V
= |
- 0
b \j
-4
-1.5 -1.0 -0.5 0.0
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d) 600 - Charging
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~ 200 /
<
2

-200

—
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-1.0 -0.5 0.0
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Figure 2. CVs of a) PEDOT-CI, b) PEDOT-OTs, and c) VPP-PEDOT deposited on glassy carbon in emim dca at 0.1 Vs™'. 50 scans are shown, of which the first
scan is in black and subsequent scans are in a lighter color. d) 50" CV scan of VPP-PEDOT, which shows the charge available for charge (dark colors) and dis-

charge (light colors) of the electrodes in a cell.
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Figure 3. Charge-discharge curves for PEDOT-CI (blue), PEDOT-OTs (green),
and VPP-PEDOT (red) cells at 0.5 Ag™" and inset for VPP-PEDOT up to 0.5
and 1.24 V cell potential at 0.8 Ag™".

curves to higher potentials, 0-2.4V cell potential, that is,
above the safe limits, at 1.0 Ag™' are shown in Figure S3.
Values of specific capacitance, charge, and energy are sum-
marized in Table 1 for both the coin cell and three-electrode
measurements. Specific cell charge and energy at different cur-
rent densities are shown in Figure 4, and specific cell capaci-
tances are presented in Figure S4. Specific charge and energy
values for PEDOT-Cl and PEDOT-OTs are typical of PEDOT!<%"!
and decrease only slightly with current up to approximately
5 Ag~'. VPP-PEDOT exhibits much higher values up to approxi-
mately 15 Ag~'. At higher current densities, the increased re-
sistance in the cells limits the stored charge. The Coulombic ef-
ficiency is close to 100% except at very low current densities
(<50 mAg™', not shown), below which the reversibility deteri-
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Figure 4. Specific cell a) charge and b) energy for PEDOT cells at varying cur-
rent densities. Blue squares: PEDOT-Cl, mean of four cells; green circles:
PEDOT-OTs, mean of five cells; red triangles: VPP-PEDOT, mean of three cells.
Error bars show + one standard deviation.
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orates as a result of the long times at which the positive elec-
trode is held at a high potential, which leads to degradation
reactions.”?"

The doping level of the positive electrode at 1.1V cell po-
tential was calculated (see Supporting Information for details),
and the results are summarized in Table 1.

Stability during cycling and self-discharge

The cycling stability of the cells was investigated by monitor-
ing the capacity fading over several thousand cycles (Figure 5).
After an initial decrease in capacity, the cells exhibited rather
constant capacities at 65-90% of the initial values. The Cou-
lombic efficiency was consistently 100% for the PEDOT-Cl and
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Figure 5. Cycling stability curves that show a) discharge capacity and b) Cou-
lombic efficiency during cycling. PEDOT-CI (blue), PEDOT-OTs (green), and
VPP-PEDOT (red). The VPP-PEDOT cell exhibited some fluctuating behavior
after 2000 cycles (not shown in Figure 5a).

PEDOT-OTs cells (within the measurement error) and somewhat
lower (>959%) for the VPP-PEDOT cells because of the cycling
above 1.1V at which not all capacitive charge is regained
during discharge (Figure 3). To identify any morphological
changes of the polymers during cycling, some electrodes were
examined by using SEM after extended cycling (after the elec-
trodes were washed with ethanol to remove the ionic liquid;
Figure S5).

Cells charged to 1.1V (or 2.0 V for VPP-PEDQT) that were al-
lowed to self-discharge over time lost their potential rapidly
(Figure 6). A very quick initial potential decrease is followed by
a slower but continued decrease that tends to zero cell poten-
tial for all cells. The initial potential decrease is especially fast
for VPP-PEDOT to reach 1.0V (half the initial cell potential) in

Table 1. Specific discharge capacitance, charge, and energy of cells at 0.5 Ag ' and specific capacitance and charge for electrodes at 1 Ag . The capaci-
tance values for VPP-PEDOT correspond to the low cell potential region (0-0.8 V). All values are corrected to remove the contribution from the carbon
paper substrate.
Polymer Max. Cell values Electrode values

doping specific capacitance specific charge specific energy specific capacitance specific charge

level [Fg" [mFcm~3] [mAhg 'l [uAhcm™? [Whkg 'l [uWhcm? [Fg [mFcm~% [mAhg™ 'l [pAhcm™?
PEDOT-CI 0.15 23.2 85.0 7.1 26.0 3.2 1.7 92.8 170.0 284 52.0
PEDOT-OTs  0.13 18.6 69.4 5.7 21.2 25 9.3 74.4 138.8 22.8 424
VPP-PEDOT  0.69 76.4 53.2 334 16.8 19.8 9.9 305.6 106.4 133.6 33.6
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Figure 6. Self-discharge of PEDOT-CI (blue), PEDOT-OTs (green), and VPP-
PEDOT (red) cells. Inset shows the self-discharge rate on a relative logarith-
mic scale versus cell potential: the self-discharge rate is defined as the rate
of charge loss per unit time at certain cell potential values (see Supporting
Information). The y scale in the inset indicates decades.

0.5 h, and the self-discharge is then similar to that of PEDOT-
OTs. For PEDOT-Cl and PEDOT-OTs, half of the cell potential
(0.55V) is reached in 7.8 h and 1.1 h, respectively (for compari-
son, VPP-PEDOT discharges from 1.1 to 0.55 V in 1.7 h). PEDOT-
Cl exhibits a slower self-discharge than the other types, so that
after 48 h, when both PEDOT-OTs and VPP-PEDOT are at 0.0V,
PEDOT-CI still retains 25 % of its initial potential (i.e., 0.28 V).

Impedance

Impedance spectra were recorded at zero cell potential for the
PEDOT cells (Figure 7) as well as for cells that contain only the
carbon paper substrate (Figure S6). All PEDOT cells showed
a semicircle response at high frequencies if the data were pre-
sented in Nyquist plots (Figure 7), and a diffusion-limited be-
havior (45° slope) at intermediate frequencies, which trans-
forms into a blocking response (finite length diffusion) at the
lowest frequencies, evident as a sharp increase in the absolute
value of Z“. The onset frequency for the blocking response was

o PEDOT-CI e o
o PEDOT-OTs
o VPP-PEDOT

20

-Z' (©)

Z'(Q)

Figure 7. Nyquist plots of PEDOT-CI (blue), PEDOT-OTs (green), and VPP-
PEDOT (red) supercapacitor cells at zero cell potential. The inset shows an
enlargement of the VPP-PEDOT. The solution resistance (R,) and charge-
transfer resistance (R) are indicated.
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lower for the VPP-PEDOT cells than the other cells, indicative of
a lower diffusion coefficient in this type of device.*

Discussion
PEDOT synthesis and electrode casting

Typically, the polymerization of 3,4-ethylenedioxythiophene
(EDOT) from a liquid solution produces porous polymer
films,*?" as evidenced by using SEM in this case (Figure 1),
which may benefit the cycling performance by improving ion
transport through the film. Different oxidants were used for
the polymerization of PEDOT-OTs and PEDOT-CI: Fe(OTs)-6 H,O
and FeCl;, respectively. A substantial concentration of water is
present in the PEDOT-OTs reaction mixture (0.36 M, 0.78% m/
m), which originates from the oxidant and is known to impede
the thiophene polymerization reaction and lead to short poly-
mer chains."@ Therefore, shorter polymer segments are expect-
ed for PEDOT-OTs in comparison with the other polymers.

In contrast, the VPP process allows a greater control over
the kinetics by slowing the polymerization rate without imped-
ing the chain length. The condensation of EDOT monomer
onto the liquid oxidant film, the diffusion of “fresh” oxidant to
the liquid-vapor interface, and the presence of a triblock copo-
lymer coordinated with the Fe** yield thin films of PEDOT that
have well-ordered and strongly interconnected polymer grain-
s.[19%281 As the carbon paper substrate is rather brittle, a PTFE-
coated carbon paper was used as a substrate for VPP-PEDOT.
Although PTFE is not electronically conducting, this layer is suf-
ficiently porous that it does not contribute significantly to the
cell resistance (Figure 7). PTFE-coated carbon paper was not
used for PEDOT-Cl and PEDOT-OTs because of the difficulties to
apply a coating to this substrate.

Three-electrode electrochemical characterization

The three-electrode CVs are similar for the different PEDOT
types with DOP values of —0.7 to —0.8V versus Fc”*, OCP
values of —0.2 to —0.3V versus Fc”*, and overoxidation cur-
rents above +0.2 V versus Fc”* (Figure 2). There are, however,
some modest differences between the different polymers:
PEDOT-CI and VPP-PEDOT exhibit a sharp initial peak followed
by a broad one. Similar CVs in the ionic liquid 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide have been re-
ported previously for electrochemically polymerized PEDOT.*”!
However, PEDOT-OTs has a broader initial peak and slightly de-
creasing currents at higher potentials.

The CVs change shape upon cycling, in different manners
for the different PEDOT types, and this shift is the result of the
electrochemical cycling and not because of the contact be-
tween the polymer and the ionic liquid as the PEDOT-coated
working electrodes were allowed to rest in contact with the
ionic liquid for 3 h before the electrochemical characterization.
These shifts are because of the changes that occur in the poly-
mer structure as it swells and shrinks repeatedly in the electro-
lyte and exchanges its initial dopant ions (ClI~ or OTs") for di-
cyanamide.””
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PEDOT/emim dca coin cells

The performance of symmetric capacitor cells was investigated,
that is, with identical PEDOT electrodes that act as the anode
and cathode. The symmetric nature of the cells means that in
the completely discharged state the cell potential is zero, and
in practice all charge cannot be utilized in most applications
because the potential is too low. However, in future either
electrode can be exchanged readily with, for example, met-
als"™! or redox polymers®? to form hybrid capacitor cells,
which can improve the cell potential greatly, and the knowl-
edge obtained from the study of symmetric cells will be valua-
ble for such investigations.

Capacitor cell cycling performance

PEDOT-CI and PEDOT-OTs capacitor cells exhibited linear E(t)
charge and discharge curves to 1.1V at a constant current of
0.5 Ag™' (Figure 3) with specific capacitance values typical of
PEDOT (Qupeccen 20 FG ", Qupecelectiode 80 Fg~'; Table 1).1'¢#231
Above 1.1V cell potential, the cell capacitance is lost because
of the complete reduction of the negative electrode, which
thus acts as a self-protection mechanism for the cell to prevent
the positive electrode from reaching degrading potentials.??

VPP-PEDOT capacitor cells can also be charged and dis-
charged linearly at constant current (Figure 3) up to 0.5, 1.24,
and 2.0V cell potential with significant charge gain, whereas
degradation occurs above 2.0V, in a similar manner to that of
PEDOT-CI and PEDOT-OTs. Furthermore, a much higher capaci-
tance for the VPP-PEDOT than the liquid-phase polymerized
PEDOTs was obtained (Queccei™77 FG™", Qqpeceectrode ~ 360 Fg '
Table 1), which is the highest value reported for neat PEDOT.
Unlike the PEDOT-Cl and PEDOT-OTs cells, the VPP-PEDOT cells
have some capacitance above 1.1V cell potential. The PEDOT
on the negative electrode is completely dedoped at that cell
potential and loses capacitance, but the carbon paper sub-
strate used for the VPP-PEDOT cells has sufficient capacitance
to allow slightly more utilization of the positive electrode
before degradation occurs above 2.0 V cell potential.

An enhancement in capacitance can be realized only if the
interaction between charges, which is commonly taken as the
origin of the capacitive response of conducting polymers, is
suppressed. An increased distance between charged polymer
segments or an improved shielding of charges in the material
will lead to a decreased interaction between charges, and
would account for the increased capacitance of VPP-PEDOT. It
is known that ionic liquids have an extremely high ionic
strength that could facilitate the efficient shielding of the bipo-
laron charges in the PEDOT. However, the same ionic liquid is
used for PEDOT-Cl and PEDOT-OTs that do not display en-
hanced doping levels or specific capacitance values. Therefore,
the ionic liquid alone cannot be the source of shielding bipo-
laron charges. However, the VPP-PEDOT used herein contains
a triblock copolymer (Scheme S1) with both ether and siloxane
groups that can coordinate to the bipolaron charges. We spec-
ulate that the presence of the copolymer adds a significant
proportion of ionic conductivity to the VPP-PEDOT electrode
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and it enables the shielding of like charges that allows the ex-
tremely high doping levels. However, we cannot at this point
exclude chemical and morphological structural differences in-
herent from the polymerization conditions (VPP vs. liquid-
phase polymerization) as the origin of the increased capaci-
tance.

The maximum doping levels for PEDOT-CI and PEDOT-OTs
(0.15 and 0.13, respectively; Table 1) are in line with doping
levels obtained commonly of one charge per 6-8 monomer
units. Higher doping levels could be achievable on the positive
electrode of the PEDOT-Cl and PEDOT-OTs capacitor cells, al-
though the CVs reveal that overoxidation will limit further
doping at higher potentials (Figure S1). Although doping levels
up to 0.25-0.33 (one charge per 3-4 monomer units) are
sometimes quoted in the literature, this invariably requires
high potentials and leads to poor stability."*?” In stark con-
trast, VPP-PEDOT reaches much higher doping levels, that is,
0.69 charges per monomer at 1.1V, which is unusually
high.?>?7319 As this high doping level is attained without an in-
crease of the potential window it is not merely an effect of an
improved resilience towards overoxidation but rather an effect
of the increased capacitance of the VPP-PEDOT material. Estab-
lished differences such as a longer conjugation length and
a more linear chain of VPP-PEDOT®®3? cannot explain the ca-
pacitance increase as, at a doping level of 0.69, each bipolaron
occupies only approximately three monomer units, and any
structural feature that promotes longer conjugation and com-
munication between bipolarons will not stabilize such localized
bipolarons. We would hence categorize both the PEDOT and
the copolymer to be active materials within the capacitor.

The reactions that occur in the cells during two-electrode
constant current cycling (CCC) experiments can be understood
by examining the three-electrode CVs (Figure 2). Both electro-
des in the cells are originally at OCP, and during the first charg-
ing step the negative electrode is dedoped completely (dark
blue area in Figure 2d) and the positive electrode is doped to
twice the initial doping level (dark red area in Figure 2d). If the
negative electrode loses capacitance, that potential will de-
crease quickly until degradation occurs on either electrode.
Upon discharge, the charge marked in light blue and light red
in Figure 2d can be withdrawn from the cell. The OCP has
a large influence on the available charge, the maximum
doping level, and on which electrode will be limiting. For all
cells here, the OCP is sufficiently low that the negative elec-
trode is the limiting one.

A comparison of the specific energy and power in a so-
called Ragone plot is useful to evaluate device performance.
The average specific power during discharge (at the maximum
current density with negligible resistance loss) versus specific
energy is shown in Figure 8 for capacitors, supercapacitors,
and batteries. The performance of the PEDOT cells is also com-
pared to typical electrochemical capacitors as well as state-of-
the-art conducting polymer capacitors.” PEDOT-CI and
PEDOT-OTs have similar specific energy and power values as
PEDOT cells reported previously,”**! which typically have
a lower specific energy than polypyrrole and polyaniline
cells.”® However, VPP-PEDOT has a significantly better per-
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Figure 8. Ragone plot that shows the typical specific power and energy
values for conventional capacitors, electrochemical capacitors (“supercapaci-
tors”), and batteries,”>** as well as “state-of-the-art” values for symmetric
supercapacitors with polypyrrole, polyaniline, or PEDOT.** The PEDOT cells
reported in this study are shown as larger diamonds (average power during
discharge at 5 Ag~' (PEDOT-Cl and PEDOT-OTs) or 15 Ag~' (VPP-PEDOT)).
Note the logarithmic scales.

formance. In addition to the much greater specific energy, the
higher possible current density (Figure 4) leads to an increase
in specific power, comparable to that of the best conducting
polymer capacitors.

This shows the great potential of the employed ionic liquid,
emim dca, as it actually allows faster cycling than that ob-
served commonly in molecular solvents. There is generally
a trade-off between specific energy and power in energy-
storage devices (Figure 4b), and for the specific energy of the
VPP-PEDOT cells, they have a significantly higher specific
power than devices reported previously, and vice versa. The
VPP-PEDOT cells combine the high specific power of conven-
tional (pure) capacitors with the high specific energy of batter-
ies, a highly sought-after target in energy storage.**%

Stability during cycling and self-discharge

PEDOT-CI and PEDOT-OTs cells have a rather stable specific
charge for over 10000 cycles with a specific charge of 2.8 and
6.8 mAhg™" at 1.1V, respectively, and only experience slight
charge decay, which indicates a low rate of degradation during
cycling (Figure 5a). VPP-PEDOT cells were cycled to a higher
cell potential (2.0 V) than the other polymers, which increased
the degradation rate.”"

Electrodes examined by using SEM after cycling displayed
no change in morphology in the dry state (Figure S5). The fact
that the electrodes required a few hours of soaking in the elec-
trolyte indicates that the process of taking up electrolyte re-
quires some structural changes as the polymers swell.”” An in-
vestigation of changes in the chemical structure by using spec-
troscopic methods would be valuable to obtain a more com-
plete picture of the cycling stability in these materials. Howev-
er, as the ion exchange that takes place between PEDOT and
emim dca during cycling will obscure any other spectral varia-
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tions that might occur, it would be difficult to reliably identify
any such structural changes, and it is thus deemed outside the
scope of the current study.

During the initial cycling procedure, several processes occur
such as ion exchange from the CI~ or OTs~ dopant ions present
from the polymerization to dicyanamide ions that are in vast
excess in the system. In the case of PEDOT-CI, chloride ions will
thus be released during cycling, which could possibly lead to
the corrosion of the stainless-steel current collectors during
long-term operation. We estimate that the chloride concentra-
tion in the cells will be in the order of 100-1000 ppm, which is
not negligible in this respect. Nevertheless, no negative effect
is observed if we compare PEDOT-Cl| to PEDOT-OTs (Figure 4,
Table 1), and the former even has a superior cycling stability
and self-discharge performance (Figures 5 and 6).

The self-discharge of the cells is very rapid, which is usually
encountered for conducting polymers (Figure 6).2"3' The rate
of charge loss during the self-discharge experiment is expo-
nential with potential, as can be seen in the log(rate) versus
E..; plots (Figure 6, inset), which are linear below 0.9 V (see de-
tails in the Supporting Information). This indicates that a Fara-
daic reaction that occurs on the positive electrode is responsi-
ble for the self-discharge.?"** Although the absolute rates are
different for the different PEDOT materials, the potential de-
pendence is very similar, which suggests that the process is
the same in all cases. The difference in absolute rates might
originate from the variation in the solvent-accessible surface
area of the different PEDOT types, as the thin-layer VPP-PEDOT
has more access to solvent (Figure 1), which makes faster diffu-
sion possible and facilitates self-discharge. PEDOT-C| has the
lowest self-discharge rate, and even though the cell potential
is halved within hours, PEDOT-CI cells can retain a lower poten-
tial for some time (Figure 6), which can be utilized if high po-
tentials are not needed or if hybrid cells are employed. The
rapid self-discharge of VPP-PEDOT from 2.0 to 1.1V is because
the negative electrode increases in potential in the dedoped
state with a very low capacitance. Below this cell potential, the
self-discharge is similar to that of PEDOT-OTs despite a signifi-
cantly higher doping level in VPP-PEDOT, which suggests that
the rate of self-discharge is independent of the doping level.

Notably, rapid self-discharge occurs despite the absence of
a nucleophilic solvent, which is often implicated as the source
of self-discharge.”?"*% This is in line with our recent investiga-
tion of self-discharge in polypyrrole, which suggests that the
origin of self-discharge in conducting polymers is an intrinsic
degradation process on the positive electrode that occurs at
appreciable rates even at modest potentials.”?"

Impedance

The Nyquist plots of the PEDOT-based supercapacitor cells
(Figure 7) show a semicircle at high frequencies caused by ki-
netic control at the electrode surface and a 45° line that trans-
forms into a vertical line, which demonstrates a diffusion-
limited response towards a blocking electrode.”® The high-fre-
quency intercept with the Z' axis provides quantitative infor-
mation on the effective internal resistance caused by the un-
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compensated solution resistance (R,). The same ionic liquid
electrolyte was used in all supercapacitor cells, which leads to
a similar solution resistance (R,~3 Q). The semicircle radius
corresponds to the charge-transfer resistance (Rs), and very
similar impedance responses are obtained for the PEDOT-CI
and PEDOT-OTs cells in terms of semicircle radius (Ry~10 Q)
and diffusion limitations. However, the VPP-PEDOT cell presents
a much smaller semicircle (Ry~2 2), which indicates fast elec-
tron transfer at the PEDOT interface as a consequence of
a lower charge-transfer resistance. The higher doping level of
the VPP-PEDOT (i.e., 0.69) corroborates the higher conductivity
of VPP-PEDOT. However, the fact that the blocking behavior
starts at much lower frequencies for VPP-PEDOT indicates that
the ion diffusion is slower in this material (as the VPP-PEDOT
layers are not thicker than those of the other PEDOT types,
which can be seen by using SEM; Figure 1), possibly because
of a more compact structure, compared to the very porous
liquid-phase polymerized PEDOT-CI and PEDOT-OTs. We refrain
from extracting quantitative values of the diffusion coefficients
as this requires fitting to an equivalent circuit with known reli-
able values of the constant phase element that represents the
capacitive behavior of the cell and its frequency dependence
caused by deviations from a perfectly flat surface. We have
judged such circuit fitting procedures to be outside the scope
of this work.

Conclusions

The main problem with the use of conducting polymers as the
active charge-carrying component in energy-storage devices is
insufficient specific capacity at stable potentials.""?*?" Reports
of higher specific capacities usually involve an increase of the
potential window, which drastically decreases the stability of
the material.""* To achieve high capacity and high cycling sta-
bility simultaneously, high capacitance is needed so that more
charge can be stored at safe potentials. In this paper we dem-
onstrate a vapor-phase polymerized (VPP) poly(3,4-ethylene-
dioxythiophene) PEDOT with a high specific capacitance in an
ionic liquid electrolyte, which leads to a high specific capacity
(306 Fg™") at doping levels as high as 0.7. Compared to cells
based on PEDOT polymerized from liquid solutions that feature
a typical PEDOT performance, the specific capacity of the VPP-
PEDOT cells is approximately four times as high (e.g., 77 Fg™").
We also show that symmetric supercapacitor cells that feature
these materials exhibit extremely high specific capacitance, ca-
pacity, and energy and maintain a high specific power as well
as a good cycle life. However, the self-discharge that is
common for conducting polymers is still an issue in these cells
and originates from a Faradaic reaction that involves PEDOT at
the positive electrode. We speculate that the efficient shielding
of the PEDOT bipolaron charges is the reason for the increased
capacitance and we foresee that this strategy could be em-
ployed successfully to increase the performance of all conduct-
ing polymers in organic energy-storage devices.
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Experimental Section

The ionic liquid emim dca (Merck, 99%) was purified by mixing
with dichloromethane (1:1 v/v), and the resulting suspension was
filtered through a Teflon syringe filter (0.20 um). The dichlorome-
thane was evaporated, and the ionic liquid was dried under
vacuum for 10 h and then stored in a glove box (water content
below 47 ppm, as measured by Karl-Fischer titration (Metrohm KF
831)). The 2000 gmol ' triblock copolymer poly(ethylene glycol)-
poly(dimethylsiloxane)-poly(ethylene glycol) (DBE-U22; Scheme S1)
was purchased from Gelest and used without further purification.
A 40% m/m solution of iron p-toluenesulfonate in n-butanol (CB-
40) was purchased from Heraeus. EDOT monomer was purchased
either from Heraeus or Sigma Aldrich. All other reagents were pur-
chased from Sigma Aldrich and were used without further purifica-
tion. Carbon paper (AVCarb MGL190) was supplied by Fuel cell
Earth (USA) or Shanghai Hesen Electric and was cut into circular
disks (¢ =7.94 mm=5/16"). SEM images were recorded by using
a JEOL Neoscope JCM-5000 (10 kV accelerating voltage).

Synthesis of PEDOT-CI

PEDOT-Cl was synthesized by the oxidation of EDOT with FeCl;. An
acetonitrile (MeCN) solution of EDOT (50 mm) and FeCl; (200 mm,
4 equiv.) was stirred at RT for 4 h. The formed precipitate was col-
lected by filtration, washed with MeCN and H,O, and then dried
under vacuum for 12 h. Dark blue/black powder was obtained.

PEDOT-Cl (49.2mg, 95%) and polyvinylidenedifluoride (PVDF;
2.7 mg, 5%) were ground together and mixed with N-methylpyrro-
lidone (NMP; 0.5 g, 0.49 mL). Carbon paper disks were placed on
a filter paper and coated with the PEDOT suspension (20 pL). The
electrodes were allowed to dry in a fume hood for 5 h and then
dried at 100°C for 12 h.

Synthesis of PEDOT-OTs

PEDOT-OTs was synthesized by the oxidation of EDOT with
Fe(OTs);. An MeCN solution of EDOT (15 mm) and Fe(OTs);-6 H,0
(60 mm, 4 equiv.) was stirred at RT for 70 h. The formed precipitate
was collected by filtration, washed with MeCN, and then dried at
100°C for 12 h. Dark blue/black powder was obtained.

PEDOT-OTs (47.1 mg, 95%) and PVDF (2.1 mg, 5%) were ground to-
gether and mixed with NMP (0.5 g, 0.49 mL). Carbon paper disks
were placed on a filter paper and coated with the PEDOT suspen-
sion (2% 20 pL). The electrodes were allowed to dry in a fume hood
for 5 h and then dried at 100°C for 12 h.

Synthesis of VPP-PEDOT

PEDOT doped with OTs™ was also synthesized by the oxidation of
EDOT with Fe(OTs); using the VPP process (VPP-PEDOT). In this pro-
cess, the oxidant solution contained DBE-U22 triblock copolymer
(1.5 g; Scheme S1), CB-40 solution (2 g), and ethanol (3 g). Four
PEDOT layers were deposited on PTFE-coated carbon paper (load-
ing 0.25 mgcm?) by repeating the vacuum VPP of the EDOT mo-
nomer (50 min) following the general method described elsewher-
e.1%32 After each VPP cycle, the electrodes were soaked and
washed in ethanol to remove any excess oxidant and dried at
40°C.

VPP-PEDOT-coated carbon paper disks were dried at 100°C for
12 h before coin cell assembly.
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Electrochemical measurements

A Biologic VMP3/Z multi-channel potentiostat was used for all
three-electrode electrochemical measurements. A glassy carbon
disk working electrode (ALS Co. Ltd., Japan, &J=1mm) was
coated with 200 nL of the corresponding PEDOT/PVDF suspension,
dried in a fume hood for 12 h and then at 70°C for 1 h. A Pt wire
was used as the counter electrode, and the reference electrode
consisted of a Ag wire immersed in emim dca that contained
5 mm silver trifluoromethanesulfonate (—0.52V vs. the ferrocene
redox couple; Fc*). The working electrodes were allowed to rest
in the electrolyte for 3 h inside a glove box before characterization,
and the OCP was measured before characterization by CV. The
DOP was defined as the lowest potential with 1% of the oxidation
peak current in the CV after the subtraction of a linear baseline ex-
trapolated from the nondoped region. The electrolyte was kept
under a N, atmosphere throughout the measurements, which
were performed outside the glove box, and the water content was
at most 1.7% after the three-electrode experiments. All measure-
ments were performed at RT (21°C).

Coin cells (Hohsen, 2032) were constructed in an Ar-filled glovebox
using two carbon paper electrodes to sandwich a glass fiber sepa-
rator (Advantec GA55, 0.21 mm thickness, 14.3 mm diameter)
soaked in emim dca. A 1.4 mm spring and 1.0 mm spacer was
used (see our previous publication for further details on the coin
cells®). The cells were sealed and then allowed to rest for at least
3 h before use. The cells were then characterized outside the glo-
vebox at RT (21 °C) by using either a Neware battery tester or a Bio-
logic VMP3/Z multichannel potentiostat. All cells were subjected to
the following series of experiments: 1) preconditioning CCC at 5
(VPP-PEDOT) or 0.5Ag ' (PEDOT-Cl and PEDOT-OTs) until a stable
response was obtained, 2) impedance, 3) CCC at various current
densities, and 4) impedance. After these measurements, some cells
were subjected to self-discharge experiments or extended CCC to
test cycling stability.

CCC at different specific currents (step 3 above) was performed for
10 cycles for each current with 1 min resting time between the dif-
ferent currents. The specific charge of the coin cells was deter-
mined as Qeccar = [ j(t)dt during the 10™ discharge, in which j(t)
is the specific current over time. The specific energy was deter-
mined as Woecer = [(t) - E(t)dt = [P(t)dt during the 10" dis-
charge, in which E(t) and P(t) are the cell potential and specific cell
power over time, respectively. The specific capacitance was deter-
mined as Cgec ol = %(T;(‘;” during the 10" discharge. All specific cell
values are normalized with respect to the total mass of PEDOT on
both electrodes and corrected for the corresponding value of the
carbon paper substrate. Specific cell values are a factor of 0.25 of
the corresponding specific electrode values normalized with re-
spect to mass.*>?? If normalized with respect to area, the corre-
sponding factor is 0.5.%?? Doping levels were calculated from
Qspeccen Values as detailed in the Supporting Information. As a mea-
sure of cycling stability, the specific charge during discharge and
coulombic efficiency was recorded until cell failure, and the data
were smoothed using a 20 point moving average.

Electrochemical impedance spectroscopy was performed at 0 V cell
potential between 100 mHz and 100 kHz with an amplitude of
10 mV. Self-discharge measurements were performed by charging
a cell first with a constant current of 0.5 Ag™' and then with con-
stant potential until the current dropped below 0.05Ag~". The
OCP was then measured over time. The rate of the self-discharge
process was then calculated from the E(t) profile and the cell ca-
pacitance (see details in the Supporting Information).
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