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ABSTRACT

Conducting polymers show great promise as supercapacitor materials due to their high theoretical
specific capacitance, low cost, toughness, and flexibility. Poor ion mobility, however, can render
active material more than a few tens of nanometers from the surface inaccessible for charge
storage, limiting performance. Here, we use semi-interpenetrating networks (sIPNs) of a
pseudocapacitive polymer in an ionically conductive polymer matrix to decrease ion diffusion
length scales and make virtually all of the active material accessible for charge storage. Our
freestanding poly(3,4-ethylenedioxythiophene)/poly(ethylene oxide) (PEDOT/PEO) sIPN films
yield simultaneous improvements in three crucial elements of supercapacitor performance:
specific capacitance (182 F/g, a 70% increase over neat PEDOT), cycling stability (97.5%
capacitance retention after 3,000 cycles), and flexibility (the electrodes bend to < 200 um radius
of curvature without breaking). Our simple and controllable sIPN fabrication process presents a
framework to develop a range of polymer-based interpenetrated materials for high-performance

energy storage technologies.
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Supercapacitors present a promising means to meet the demand for improved energy storage
technologies, combining the high energy density of batteries and the high power density of
conventional capacitors.! Their superior energy storage capability, long-term stability, and low
maintenance requirements make them suitable for a variety of applications, such as regenerative
braking and power supply in hybrid vehicles, memory backup for portable electronics, and power
buffering or load-leveling for industrial scale systems.® Today’s commercially available
supercapacitors, however, are typically bulky and rigid, limiting their implementation in many
cutting-edge electronics. Much work in recent years has thus been devoted to develop lightweight,
flexible supercapacitors to enable novel technologies such as wearable electronics, roll-up
displays, or bio-implantable devices.*>

Conducting polymers have emerged as competitive materials for this new class of
supercapacitors based on their high energy and power densities, low cost, high conductivity, and
robust mechanical properties such as flexibility and stretchability.®” However, poor ion mobility
within conducting polymer electrodes often hinders the performance of these materials. At fast
charging/discharging rates, active material which is not within the first few tens of nanometers of
the electrode-electrolyte interface will be inaccessible to the electrolyte ions, rendering this
material unutilized and lowering specific capacitance.®’

Considerable research efforts have been devoted to addressing this ion mobility issue by forming
polymer nanostructures or composite hierarchical structures which decrease ion diffusion lengths
within the electrode.!? Specific capacitance can be drastically improved by depositing thin layers
of conducting polymer onto high surface area supports, such as metal oxide nanowire arrays!!!2
or carbon nanotube networks.'3!> These structures allow for high mass loadings without burying

much of the active material too far from the electrode-electrolyte interface to participate in charge



storage reactions. Hydrogels or other porous structures can also improve ion mobility by
facilitating electrolyte infiltration into the electrode bulk.!¢!8

While these approaches have largely succeeded in contributing to supercapacitors with facile
ion transport properties and high specific capacitance, many of these nanostructuring or
compositing techniques require complex or costly synthesis methods or can only be applied to a
small class of materials.!>** Furthermore, the resulting electrodes often lack the electrochemical
and mechanical robustness necessary for long-term use or incorporation into flexible or stretchable
devices. These disadvantages limit the opportunities for such materials to be scaled up to a
commercial level.

Here we propose an alternative approach to improving ion mobility in supercapacitor electrodes:
semi-interpenetrating polymer networks (sIPNs) of pseudocapacitive electrically conducting
polymer in a cross-linked ionically conducting polymer matrix. The ionically conducting polymer
generates an ion reservoir throughout the electrode, enabling pseudocapacitive polymer even
within the bulk of the material to be accessible for charge storage reactions. This strategy increases
the material utilization efficiency of the electrically conducting polymer without employing
complex synthesis methods or sacrificing mechanical stability. Moreover, the flexible framework
of the ionically conductive matrix can accommodate the volumetric changes associated with ion
intercalation/de-intercalation in the pseudocapacitive polymer, minimizing mechanical stress in
the electrode and yielding excellent cycling stability.

We demonstrate this interpenetrating network concept using poly(3-4,ethylenedioxythiophene)

(PEDOT) and a poly(ethylene oxide) (PEO) based network (Figure 1a), a pair of polymers which

21-23 24,25

has been studied extensively in the context of sSIPNs for actuators, electrochromic devices,

and tactile sensors?® but not yet explored for supercapacitor applications. PEDOT, the electrically



conducting pseudocapacitive component of the sIPN, has the advantages of chemical and thermal
stability,>* biocompatibility,>” and a competitive theoretical specific capacitance of 210 F/g.!?
PEDOT also possesses high conductivity (up to 4500 S/cm)*®?* and can be operated under a larger
voltage window than most other conducting polymers.>* The other portion of the sIPN, a cross-
linked PEO-based network, achieves high ionic conductivity from its ethylene oxide groups, which

2131 and enhance the polarity of the material,

can coordinate metal cations from the electrolyte
improving its ability to swell with aqueous electrolyte.>* This swelling is also facilitated by
dangling chains within the matrix, which create free space to further improve ion mobility. Our
sIPN films (Figure 1b, c¢) are fabricated using a simple, two-step synthesis and demonstrate

dramatically improved specific capacitance, cycling stability, and mechanical properties relative

to electrodes made from conventional neat PEDOT.

PEO-Based
Oligomers

Figure 1. Preparation of sIPN films. (a) Chemical structures of the PEO-based network and

PEDOT. (b, c¢) Photographs of the final sIPN films in flat and bent configurations, respectively.



(d) Schematic of the sIPN synthesis procedure. (e-g) Illustration of the polymerization process.
Step (e) illustrates the mixture of precursors, (f) shows the PEO matrix impregnated with EDOT,

and (g) is the final semi-interpenetrating network.

The sIPNs were synthesized according to the process in Figure 1d-g (see the Experimental
Section in the Supporting Information). The PEO matrix was formed via free radical co-
polymerization of poly(ethylene glycol) methyl ether methacrylate (PEGM) and poly(ethylene
glycol) dimethacrylate (PEGDM), using benzoin methyl ether (BME) as a photo-radical initiator.
The PEGM:PEGDM ratio of 3:1 used here has been demonstrated in previous work to provide
optimal ionic mobility;?? it allows for the maximum number of dangling chains within the matrix
(provided by the PEGM) while maintaining the mechanical integrity enabled by cross-linking of
the PEGDM. These dangling chains provide free volume to facilitate swelling of the gel with
electrolyte — indeed, the area of these films increases by approximately 80% when wet. Raman
spectroscopy of the films (Figure 2a) confirms the synthesis of a PEO-based material. >33

To interpenetrate PEDOT within the films, EDOT was incorporated into the initial
PEGM/PEGDM reagent mixture; crosslinking of the PEO network thus yielded EDOT-
impregnated PEO gels. This EDOT was subsequently polymerized via chemical oxidative
polymerization by immersing the films in FeCl; solution, with FeCls serving as both oxidant and
dopant. Given that EDOT is insoluble in aqueous solution, water was chosen as the solvent for the
FeCls to minimize the migration of EDOT from the PEO gel.

The Raman spectrum of the sIPN film is overlaid with that of neat PEDOT in Figure 2b to
demonstrate the successful synthesis of PEDOT.**** In particular, the peak at 1425 cm™ from
symmetric C,=Cg(-O) stretching indicates the presence of a high degree of conjugation in the

PEDOT.?® We can further characterize the formation of PEDOT by quantifying the electrical



conductivity of the film surface, which we measure to be 156 S/cm using a four-point probe. This
conductivity is of the same order as many other PEDOT-based supercapacitor materials from the
literature, despite the addition of the electrically insulating PEO matrix.?>*” It should be cautioned,
however, that these Raman spectroscopy and four-point probe measurements have only
characterized the PEDOT at the surface of the sIPN. In order to ensure successful supercapacitor

performance we must confirm the continuity of the PEDOT phase throughout the entire depth of

the PEO matrix.
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Figure 2. Characterization of the sIPN films. Raman spectra of (a) a PEO-based matrix (with no
EDOT impregnated) and (b) a sIPN film, compared with neat PEDOT powder. (c-e) EDX
elemental mapping of the sIPN film cross-section: (c) sulfur, overlaid with a semiquantitative plot

of signal intensity, (d) carbon, and (e) oxygen. (f) SEM images of the sIPN surface.



We probe the distribution of PEDOT throughout 130 um depth of the sIPN using energy-
dispersive X-ray spectroscopy (EDX) mapping of the film cross-section: sulfur, which is present
in PEDOT but not PEO, can be used to detect the distribution of PEDOT in the film. This analysis
(Figure 2¢) confirms the presence of PEDOT throughout the entire film, although we do observe
decreased PEDOT content in the center of the film. Correspondingly, we observe increased carbon
and oxygen signal in the film center (Figure 2d, e). The accumulation of PEDOT on the film
surface is also apparent in scanning electron microscope (SEM) images (Figure 2f), in which we
observe a relatively flat morphology with submicron PEDOT clusters on the surface.

We have thus demonstrated a two-step method to fabricate the sIPN electrodes, successfully
achieving interconnectivity between the PEDOT and PEO-based matrix. In addition to its
simplicity, the sIPN synthesis process is also highly tunable. The final PEDOT concentration in
the films can be easily controlled, enabling a systematic optimization of the material’s
electrochemical and mechanical properties. For details of this process, which yielded an optimal
PEDOT concentration of 61 wt. %, see the Supporting Information (Figure S2 and Figure S3).
Given the simplicity and controllability of this synthesis procedure, the methods used here for
PEDOT and PEO could easily be transferred to a variety of other polymers for the development of
additional interpenetrated supercapacitor materials.

Data from galvanostatic charge-discharge and cyclic voltammetry (CV) tests (Figure 3a and
Figure 3b, respectively) demonstrate that the sSIPNs exhibit a high specific capacitance of 182 F/g
at a charging rate of 1 A/g (158 F/g at 5 mV/s). This is among the highest reported capacitance
values for a PEDOT-based pure-polymer supercapacitor electrode (Table S1).2%2%4! The
capacitance of the sIPN is especially impressive given its low surface area, inferred from its

nitrogen adsorption isotherm, which indicates that the surface is nonporous (Figure S4).*
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Figure 3. Electrochemical characterization of sIPN electrodes. (a) Galvanostatic charge-discharge
data at rates of 1-10 A/g. (b) Cyclic voltammograms at scan rates ranging from 5 mV/s to 100
mV/s. (c) Nyquist plot, with the inset showing greater magnification of the high frequency region.

(d) Bode plot showing impedance phase angle as a function of frequency.

The ionic/electronic resistances, charge transfer properties, and capacitive behavior of the sSIPNs
can be probed further using electrochemical impedance spectroscopy (EIS). The Nyquist plot in

Figure 3¢ shows that the sIPN electrodes exhibit an equivalent series resistance (ESR) value of



14.6 Q, obtained by extrapolating the vertical portion of the plot to the x-axis.** This ESR is only
slightly higher than that of neat PEDOT samples despite the presence of approximately 40 wt. %
PEO (Figure S5), indicating good continuity of the PEDOT phase throughout the electrode. In the
low frequency region, the vertical slope of the plot indicates nearly ideal capacitive behavior in
the electrode. This is represented more quantitatively by the y-intercept of the Bode plot (Figure
3d); the phase angle approaches 72° at low frequencies, which is close to the 90° angle of an ideal
capacitor. The Bode plot can also provide insight into the rate capability of the electrodes. The
frequency value at a phase angle of -45° (fy) gives the dielectric relaxation time constant (zp) of the
system, the minimum charge/discharge time at which the electrode can be operated with at least
50% efficiency.*** For the sIPN electrode, fj is 0.095 Hz, corresponding to a 79 of 10.6 s. This
value of 79, which is comparable to the time constants for many other polymer-based

4647 is most likely limited by the kinetics of ion diffusion within the PEO

supercapacitor materials,
matrix as well as the charge transfer resistance of the pseudocapacitive charge storage processes.
In order to benchmark the sIPN performance against conventional materials, we synthesized a
neat PEDOT powder via chemical oxidative polymerization, choosing reaction conditions which
aligned as closely as possible with those of the PEDOT in the sIPNs, including consistent reaction
time and oxidant concentration. This neat PEDOT provides a useful performance benchmark,
although one has to take into account differences in surface area as well as the presence of binder
and conductive additive required to fabricate the powder-based electrodes. As illustrated by the
data in Figure 4a and Figure 4b, the sIPN electrodes exhibit up to 73% increased specific
capacitance relative to the neat PEDOT value of 105 F/g at 1 A/g (91 F/g at 5 mV/s). Moreover,

the sIPNs maintain higher specific capacitance values than the neat PEDOT even at high

charging/discharging rates (Figure 4c).
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Figure 4. Performance advantages of the sIPN relative to neat PEDOT. (a) Cyclic voltammetry
curves at 5 mV/s. (b) Charge-discharge curves at 1 A/g. (c) Rate capability for charging rates up
to 20 A/g. (d, ) Morphological origin of the specific capacitance and cycling stability trends of
(d) the sIPN, where the crosslinked PEO matrix provides a reservoir of electrolyte ions and locally
constrains swelling of the PEDOT during cycling, vs. (e) a bulk polymer film, where ion
accessibility is limited to the electrode surface and swelling-induced strain can yield cracking and
failure of the material. (f) Cycling stability, measured as retention of capacitance after repeated

cycling at 10 A/g.

These improvements in specific capacitance emerge from the morphology of our sIPN material,

illustrated schematically in Figure 4d. The ionically conductive PEO matrix acts as an ion reservoir
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surrounding the PEDOT, greatly reducing ion diffusion distances throughout the electrode relative
to conventional structures. This enables PEDOT even within the bulk of the electrodes to
participate in charge storage, as demonstrated by the fact that the specific capacitance of our sIPNs
remains relatively constant when increasing the film thickness from 50 um to 130 um (Figure S6).
Fabrication of electrodes which can maintain their specific capacitance at these relatively high
thicknesses is much more difficult for conventional polymer films (Figure 4¢), where poor ionic
conductivity limits the access of electrolyte ions to a few tens of nanometers from the electrode
surface.®” In fact, our high-performance 130 pum films are one to two orders of magnitude thicker
than many polymer-based electrodes reported in the literature.**4 !

Our material morphology also greatly enhances electrode cycling stability, another crucial
performance metric which presents particular challenges for polymer-based materials. Many
polymer-based supercapacitor electrodes suffer from poor long-term capacitance retention due to
the volumetric changes caused by repeated ion intercalation/de-intercalation.’>>* The resulting
mechanical stress on the material can lead to issues such as delamination, collapse of ion flow
channels, or disordering/breakage of polymer chains.>* This process is schematically illustrated
for conventional bulk polymer morphologies in Figure 4e. Indeed, our neat PEDOT control sample
showed only 82% capacitance retention after 1,200 cycles; other PEDOT-based materials in the
literature have shown even poorer cycling stability.>>>7 In contrast, the sIPN structure lends itself
to excellent stability, retaining 97.5% of its initial specific capacitance after 3,000 cycles (Figure
4f). We hypothesize that the flexible, crosslinked PEO network in the sIPN acts as a mechanical
buffer to accommodate volumetric changes upon cycling and thus suppress mechanical stress
damage within the electrode (Figure 4d). Improved stability through similar mechanical buffering

effects has been observed for a variety of composite polymer electrodes, with structures such as
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carbon nanotube networks,>® hydrogels,’® or graphene oxide sheets®® providing flexible or open
structures to minimize the negative effects of repeated swelling/shrinking. The sIPN electrode also
maintained effectively 100% Coulombic efficiency over the 3,000 cycles (Figure S7),
characteristic of highly reversible (pseudo)capacitive processes and a lack of parasitic side
reactions.

In addition to improved specific capacitance and cycling stability, the sIPN electrodes surpass
our neat PEDOT samples in their mechanical properties as well. The sIPNs are formed as
freestanding films, eliminating the need for additional binders or substrates which can decrease
specific capacitance by adding inactive weight to the electrode. Furthermore, the sIPN films are
flexible, as pictured in Figure 1c and Figure S8a. The 130 um thick films can be bent to radii of
curvature below 200 um without breaking. Even after 1,000 cycles of bending/unbending, the CV
profile of the electrode remains essentially unchanged (Figure S8b), retaining 99% of its initial
capacitance. Further characterization of the sSIPN mechanical properties can be found in Figure S9.

As a preliminary investigation of the potential applicability of these electrodes, a full solid-state
supercapacitor device was fabricated using two identical pieces of the sIPN and a PEO-based gel
as the electrolyte (Figure S10a). Based on cyclic voltammetry data (Figure S10b), the device
capacitance reached 28.8 F/g at a scan rate of 5 mV/s, corresponding to an energy density of 3.2
Wh/kg at a power density of 64.8 W/kg. Two devices in series proved sufficiently powerful to
light a LED (Figure S10c). This proof-of-concept demonstration suggests the potential of sIPN-
based electrodes to be utilized for novel applications such as wearable or implantable electronics.

We have demonstrated that interpenetrating ionically and electrically conducting polymers is a
successful strategy to improve the performance of supercapacitor electrodes. The semi-

interpenetrating polymer network (sIPN) structure optimizes the accessibility of the entire
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pseudocapacitive polymer to electrolyte ions, resulting in specific capacitance over 70% greater
than that of neat PEDOT powder. Furthermore, the robust mechanical structure of the PEO phase
confines volumetric changes in the PEDOT upon cycling, minimizing mechanical stress on the
electrode to yield drastically improved cycling stability. Finally, the resulting tough and flexible
materials (bendable to <200 pm radius of curvature) are promising for wearable electronics and
other flexible technologies. This sIPN approach has the potential to be generalized as a

framework to improve the performance of a myriad of polymer-based energy storage materials.
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