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ABSTRACT: Composite films consisting of poly(3,4-ethylenediox-

ythiophene) (PEDOT) and graphene oxide (GO) were electro- +
chemically polymerized by electrooxidation of EDOT in ionic liquid

(BMIMBE,) onto flexible electrode substrates. Two polymerization

approaches were compared, and the cyclic voltammetry (CV) I

method was found to be superior to potentiostatic polymerization

for the growth of PEDOT/GO films. After deposition, incorporated

GO was reduced to rGO by a rapid electrochemical method of
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repetitive cathodic potential cycling, without using any reducing

reagents. The films were characterized in 3-electrode configuration in BMIMBF,. Symmetric supercapacitors with aqueous
electrolyte were assembled from the composite films and characterized through cyclic voltammetry and galvanostatic discharge
tests. It was shown that PEDOT/rGO composites have better capacitive properties than pure PEDOT or the unreduced
composite film. The cycling stability of the supercapacitors was also tested, and the results indicate that the specific capacitance
still retains well over 90% of the initial value after 2000 consecutive charging/discharging cycles. The supercapacitors were
demonstrated as energy storages in a room light energy harvester with a printed organic solar cell and printed electrochromic
display. The results are promising for the development of energy-autonomous, low-power, and disposable electronics.
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1. INTRODUCTION

The rise of ubiquitous, wearable, and flexible electronics brings
challenges in the demand for new energy-storage solutions.'
Supercapacitors, also known as electrochemical capacitors or
ultracapacitors, are energy-storage devices that can be used in
many such applications, especially when long cycle life, high
power capability, and environmental friendliness are required.
Compared to batteries, supercapacitors typically have lower
energy densities but significantly longer cycle lives and can be
rapidly charged and discharged.” An important advantage of
supercapacitors in ubiquitous and disposable electronics is that
they can be prepared from nontoxic materials.” Whereas
commercial supercapacitors are produced as large, bulky
devices with metal encasing, printable and flexible super-
capacitors have also been demonstrated.*”” Such devices are
ideal for use in, for example, energy harvestingg’9 and Internet
of Things applications."’

Depending on the charge-storage mechanism, supercapaci-
tors can be classified into two types: electrical double-layer
capacitors (EDLC) and pseudocapacitors.'' EDLCs store and
release energy based on the accumulation of charges at the
interface between a porous electrode, typically a carbonaceous
material with high surface area, and the electrolyte. In
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pseudocapacitors, the mechanisms rely on fast and reversible
Faradaic redox reactions at the surface and/or in the bulk, using
materials such as transition metal oxides or electrically
conducting polymers (ECPs).'” Recently, more and more
intensive efforts have been devoted to designing hybrid
materials, such as composite materials of ECPs and different
carbon materials, that can combine the advantages of both
EDLC and the pseudocapacitor and meet the requirements of
higEl3 energy density, high power density, and high cyclabil-

ECPs exhibit high redox capacitance and fast switching
between redox states, making them interesting electrode
materials for supercapacitor applications. Because of their
inherent flexible polymeric nature, they have drawn a great deal
of interest toward flexible supercapacitor applications. The
redox process occurring during charging/discharging of an ECP
is a combination of charge injection into the polymer backbone
from the current collector and ion exchange from the
electrolyte to maintain charge neutrality in the film. The rate
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of this charging/discharging is influenced by the mass transport
of ions through the film, and therefore it is highly dependent on
film morphology and type of electrolyte.

Polypyrrole (PPy), polyaniline (PANI), and polythiophene
(PT) as well as their derivatives are the most commonly used
ECP materials for electrodes of supercapacitors. Their synthesis
has been made using either chemical or electrochemical
routes.”> ™' Chemical polymerization usually produces pow-
dery materials and is the preferred technique for large-scale
production of ECPs. Because the obtained materials show poor
processing properties, they have to be functionalized in order to
improve their solubility.'” Thereafter films can be made using
spin-coating or other solution-casting methods. In this process,
the polymers are often mixed with binders and additives to
construct the electrode. These will play an important role in
device performance due to their high internal resistance. For
direct growth of the ECPs on the current collector, the
electropolymerization method is mostly used for supercapacitor
applications, enabling an easy, one-step deposition method. In
ECPs, a number of variables during electropolymerization, such
as the polymerization method and nature of dopant and
electrolyte to name a few, strongly affect the morphology of the
film and in this way also influence the device performance.”””'

Ionic liquids (ILs) are becoming the solvent of choice in
several chemical applications because they can replace common
organic solvents that may be too volatile and/or hazardous.”
From the electrochemical point of view, some ILs have
excellent properties such as high ionic conductivity and a wide
electrochemical potential window.””** Some ionic liquids also
show air and moisture stability, thus making them interesting
electrolyte systems for the electropolymerization and charging/
discharging of ECPs. Recent studies have shown that ECPs can
be electropolymerized using ILs as dopant and electrolyte and
that polymers have shown improved cycling stability in ILs and
gel electrolytes compared to organic electrolytes.'”**™*” This
improved electrochemical performance and stability was mainly
attributed to the lower volume changes observed for ECPs
when using solvent-free electrolytes.

The common disadvantage of many ECPs, which has
mitigated their use as sole supercapacitor materials, is their
poor cycling stability. ECP electrodes exhibit large volume
changes during the charging/discharging processes, leading to
irreversible changes in 3-D structure, decreasing the electro-
chemical performance and stability. By preparation of polymer
nanofibers, with porous capsular walls, such volume variations
can be overcome, improving the cycling stability.”® Studies
using poly(3,4-ethylenedioxythiophene) (PEDOT) and struc-
tures similar to PEDOT, poly(3,4-alkylenedioxythiophenes)
(PXDOTs), as charge-storage materials in electrochemical
supercapacitors have reported on fast charge/discharge rates
and lifetimes exceeding 50 000 cycles.””* The formation of
composites with, for example, carbon materials or metal
nanoparticles can, in general, improve the stability of ECP
supercapacitors by reducing the mechanical changes during
charging and discharging.'>>'~**

PEDOT and its derivatives have been widely studied and also
lately used as charge-storage materials. Although PEDOT does
not possess the highest specific capacitance of ECPs, it exhibits
high conductivity, shows high chemical and thermal stability,
and is electrochemically stable in a relatively wide potential
window.*** Electropolymerized PEDOT-based supercapaci-
tors have been demonstrated to retain 80% of their capacitance

after 400 000 cycles when using ionic liquid and organic gel
electrolytes.”’

Graphene is considered a promising material candidate for
electrochemical energy-storage devices because of its high
accessible surface area, good mechanical strength, and high
electrical conductivity, and it has also been used in composites
with ECPs.*® The mass production of supercapacitors based on
ECP—graphene composites, however, requires low-cost nano-
materials. Graphene oxide (GO) has become the most
common starting material for graphene-based applications
because separated GO sheets can be produced in large
quantities. For many applications, the reduction of GO, using
chemical or electrochemical reduction or thermal annealing, is
desired in order to restore the graphitic structure.”” Of these
reduction methods, the “green” electrochemical reduction is
advantageous as it requires no oxidant or toxic reducing agents
(e.g, hydrazine) and can be performed at room temperature.’®
In reduced graphene oxide (rGO), most of the oxygen
functionalities are removed, but as a result, the sheets tend to
restack as a graphite-like structure that shows low dispersibility
in solvents. Aggregation of the rGO sheets reduces the available
surface area and limits electron and ion transport, giving
unsatisfactory capacitive performance.”” Thus, one applied
strategy has been the postreduction of ECP/GO composites in
order to prepare uniform ECP/rGO materials, as it avoids the
restacking of rGO sheets. In the literature, composite materials
of ECPs together with graphene and GO have received a
significant amount of attention in supercapacitor applica-
tions."”*" Composites have been prepared, for example, by
sequential electropolymerization of PEDOT and electrical
deposition of graphene,*” spin-coating alternating PEDOT
and graphene layers,”* and chemical polymerization of PEDOT
with functionalized graphene as counterion.*

In this work, conducting polymer composite films of PEDOT
were electrochemically synthesized in the presence of GO in an
easy one-step method directly onto graphite electrodes on
flexible poly(ethylene terephthalate) (PET) substrates. Electro-
polymerization was performed in the ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIMBF,). PEDOT/
reduced graphene oxide (PEDOT/rGO) composite films were
prepared by inducing electrochemical reduction of GO
incorporated into PEDOT as the dopant. The electrochemical
reduction method is an environmentally benign approach that
offers control of the reduction under mild reaction conditions.
Moreover, ionic liquids show a broad potential window (S V for
BMIMBF,), thus allowing completeness of the reduction
process not achievable with, e.g, aqueous electrolyte.”> A
study was performed comparing PEDOT/rGO composite films
to those of pure polymer, focusing on redox behavior and
morphological changes. The electroactivity of a PEDOT/rGO
composite film increased considerably after the reduction
process. A previous study focusing on the properties of the
composite material when prepared on a small Pt electrode has
been reported by the authors.*

Symmetric supercapacitors based on PEDOT, PEDOT/GO,
and PEDOT/rGO composite films were assembled, and the
devices were characterized following an industrial standard.*” A
nontoxic, neutral aqueous electrolyte was used in the
supercapacitors. The supercapacitors assembled using
PEDOT/rGO composite film showed the best capacitive
performance, indicating the importance of the reduction
process of GO on the overall electrochemical performance.
The devices showed a capacitance value close to those reported
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Figure 1. (a) GO/BMIMBF, dispersion (cgo = 2.3 mg/mL) after 1 month from preparation. (b, c) Teflon cell used for the electropolymerization
and characterization of films on a printed graphite electrode as working electrode (WE), Pt-wire as counter electrode (CE), and Ag/AgCl as
reference electrode (REF). Images (b) and (c) show the cell when mounted and in parts, respectively.

for supercapacitors using PEDOT and ionic liquid electrolytes
(10—20 mF/cm?).”’ Finally, it was also demonstrated that the
fabricated supercapacitors can function as a power storage in an
autonomous energy-harvesting circuit working in office lighting,
where ener§y was harvested using a printed organic solar cell
module.*** Harvested energy was then used to power a
printed electrochromic display,™ the state of which could be
updated over 50 times using a supercapacitor on a single
charge. Considering the simplicity and short time for
fabrication as well as the light weight and flexibility of the
supercapacitors, the as-prepared composites show potential as
power sources for use in low-power electronics.

2. EXPERIMENTAL SECTION

Current collector electrodes for the supercapacitors were prepared on
poly(ethylene terephthalate) (PET, Melinex ST506, Dupont Teijin
Films). First, 100 nm of silver was evaporated on the substrate. Two
layers of graphite ink (Acheson Electrodag PF407C) were doctor
blade coated on the silver, drying each layer for S min at 120 °C. The
width of the graphite electrodes was 1.4 cm, while the silver layers
were only 1.0 cm wide. The silver layers were needed due to
insufficient conductivity of the graphite ink alone; the thick graphite
layer protected the silver from the electrolyte in the supercapacitor.

GO was synthesized from graphite powder by the modified
Hummers method®' according to the procedure reported earlier.”
The GO/IL dispersions were thereafter prepared using a solution
mixing process (GO/H,0/IL) that after careful drying was used as
electrolyte for the electropolymerization of composite films. The GO/
IL dispersions were homogeneous and stable for several months,
showing no aggregation (Figure la). UV—vis absorption spectroscopy
was used to measure the GO concentration (2.3 mg/mL). A more
detailed description on the preparation and characterization of the
dispersions can be found elsewhere.*®

In this work, electropolymerization and subsequent electrochemical
studies were carried out using a three-electrode, one-compartment
Teflon cell specially designed and compatible for PET substrates
(Figures 1b and 1c). The graphite current collector on the flexible
plastic PET substrate was used as a working electrode (A = 2.55 cm?),
Pt wire was used as a counter electrode, and a Ag/AgCl quasi-
reference electrode was used as a reference electrode. The Ag/AgCl
electrode was calibrated versus ferrocene (Fe/Fe*) (E,/,(Fe/Fe*) =
0.3 V) before each experiment. All potentials reported in this work are
given versus this reference electrode. An Autolab PGSTAT101 or
IviumStat potentiostat equipped with an impedance module was used
for the electropolymerization and characterization studies.

Graphene oxide was synthesized from natural graphite flakes (Alfa
Aesar, mesh 325, 99.8%). The ionic liquid, 1-butyl-3-methyl-
imidazolium tetrafluoroborate (BMIMBE,, IoLiTec, 99%) was stored
in an argon-filled glovebox. The monomer material 3,4-ethyl-
enedioxythiophene (EDOT, Bayer) was stored in a refrigerator and
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used as received. Ferrocene (Sigma-Aldrich, 98%) was used as
received.

For the preparation of composite films, EDOT (0.1 M) was added
to ultrasonicated (15 min) GO/IL dispersions. Also reference films
without GO were prepared by adding EDOT (0.1 M) to plain IL. All
solutions were deaerated by thorough purging with dry N, before the
measurements. The polymer films were synthesized onto the graphite
electrode on PET using both potential cycling and the potentiostatic
method. In the cyclic voltammetry (CV) method, polymerization was
carried out by continuous potential cycling between —1.0 and 1.2 V
(1S cycles) using SO mV/s scan rate. In the potentiostatic method,
constant potentials of 1.00, 1.05, and 1.10 V were used for film
formation. The number of cycles and the polymerization time were
altered to ensure that, independent of the polymerization method, a
constant charge for film formation (0.39 C/cm?*) was always obtained.
After each deposition, the polymer films were rinsed with plain IL to
remove monomer and oligomer residues. The films on PET, used for
the fabrication of the symmetric supercapacitors, were rinsed with
ethanol and quartz-distilled water. For a set of the PEDOT/GO
composite films, electrochemical reduction of incorporated GO to
rGO was carried out in monomer-free BMIMBEF, electrolyte by cycling
the potential between —0.4 and —2.0 V using 50 mV/s scan rate (30
cycles). The deposited films (PEDOT, PEDOT/GO, and PEDOT/
rGO) were then placed in monomer-free BMIMBF, to study the CV
responses of the film-coated electrodes. The CVs were recorded
between —0.4 to 0.8 V using 50 and 100 mV/s as scan rates. Cycling
stability was also tested for 400 cycles.

Scanning electron microcopy (SEM) images of the films were
obtained using a LEO 1530 Gemini FEG-SEM instrument. X-ray
photoelectron spectroscopy (XPS) spectra were collected with a
PerkinElmer PHI 5400 spectrometer. Raman experiments were
performed by a Renishaw Ramascope (system 1000B, .. = S14
nm) equipped with a Leica DMLM microscope and connected to a
thermoelectrically cooled charged-coupled device (CCD) detector.
The scattering signal was collected at 180° angle.

The supercapacitors were assembled by sandwiching two similar
electrodes together with a separator paper (NKK TF4050) between
them. The separator was soaked in aqueous 1 M NaCl. The electrodes
were positioned in a 90° angle to each other, ensuring the overlap area
was 2 cm? The device was sealed with an adhesive film. A reference
supercapacitor without the active layer, consisting only of the graphite
electrodes, was assembled as well to observe the effect of the graphite
on device capacitance.

The supercapac1tors were characterized following an industrial
standard,*” which specifies a galvanostatic or constant current (CC)
discharge test for capacitance and equivalent series resistance (ESR)
determination.” Initially, the supercapacitors were cycled 20 times
between 0 and 0.9 V to stabilize the polarization of the electrodes.>”

The capacitance was measured by initially charging the capacitor to
0.9 V, holding the voltage for 30 min, and then discharging with a
constant current. The capacitance was calculated from the voltage
decrease rate between 80% and 40% of 0.9 V. The discharge current
was from 50 to 70 pA/cm” depending on the device capacitance; the
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Figure 2. (a) Electropolymerization of PEDOT/GO onto a graphite—PET substrate by potential cycling between —1.0 to 1.2 V (15 cycles, SO0 mV/
s) in a BMIMBF, solution containing GO (2.3 mg/mL) and EDOT (0.1 M). The inset shows the enlargement of cycle 1; axis labels are the same
and omitted from the inset. During polymerization a total charge of 1 C was used (0.39 C/cm?). (b) Photograph of the composite film on the

graphite electrode on PET.

discharge current is specified in the standard as a function of the device
capacitance.

The ESR was determined from a similar measurement as the
capacitance, but at 10 times higher discharge current. The initial IR
drop of the supercapacitor voltage divided by the current gives the
ESR. The supercapacitors were also characterized with cyclic
voltammetry in a two-electrode configuration from 0 to 0.9 V at
voltage sweep rates S, 10, 50, and 100 mV/s. The devices were cycled
four times at each rate prior to recording the final CV curve. The
supercapacitors’ cycling stability was tested by cycling the devices 2000
times at 50 mV/s between 0 and 0.9 V. The capacitance was measured
again after cycling using the galvanostatic discharge test.

One fabricated PEDOT/rGO supercapacitor was demonstrated in a
system with energy harvesting by a printed organic solar cell module
(8 cells in series)"™* and display function by a commercial printed
electrochromic display (ECD) from Acreo.*® The supercapacitor was
first charged with the solar cell in room light of ~750 Ix intensity
(office computer work lighting, standard SFS-EN 12464-1) to over 1 V
to ensure a fully charged device. The open circuit voltage of the solar
cell in these conditions was 2.45 V. The solar cell was disconnected,
and the supercapacitor was allowed to stabilize for 1 min. The
supercapacitor was then used to switch the ECD on and off, manually
connecting the supercapacitor electrodes to alternate electrodes of the
ECD. The switching was done every 2 s, with the electrodes connected
for 1 s and not connected for another second. The display was
switched until the supercapacitor voltage had reached 0.5 V, at which
point the display image was no longer sharp in the on state.

3. RESULTS AND DISCUSSION

3.1. Optimization of Composite Film Properties.
Figure 2a shows the cyclic voltammograms recorded during
electrochemical polymerization of a PEDOT/GO composite
film using 15 cycles in the range of —1 to 1.2 V and a scan rate
of 50 mV/s. Growth of the film onto the graphite electrode can
be nicely observed from the figure showing a clear increase in
intensity of the oxidation and reduction peaks with the number
of cycles. During the electropolymerization process, polymer
deposition occurs during cathodic sweeping together with
charged graphene nanosheets, intercalated with IL, functioning
as charge-stabilizing counterions. The inset in Figure 2a shows
the current response obtained during the first polymerization
cycle. From this plot an oxidation potential of 0.85 V for EDOT
can be observed. This value is in accordance to what has been
reported for PEDOT and shows that no overpotentials are
needed to perform electropolymerization of PEDOT in the
GO/IL dispersions. The films showed good substrate adhesion,
from one batch of dispersion and graphite electrode to another,

forming a homogeneous film covering the whole active working
electrode area (Figure 2b). The influence of concentrations of
GO in the electropolymerization of PEDOT/GO composite
films has been studied in an earlier paper by the authors.** In
these experiments the amount of GO in ILs was varied between
0 and 4 mg/mL, showing enhanced electrical film properties
when the concentration of GO was fixed to 2 mg/mL.
Whereas potentiodynamic polymerization is carried out by
scanning the potential within a certain potential region,
galvanostatic and potentiostatic polymerizations are realized
by controlling the anodic current and keeping the potential
applied at a constant value, respectively. The method chosen
will have considerable influence on film morphology and
electronic properties as the polymerization mechanisms in all of
the above-mentioned methods proceed in different ways.
Therefore, electropolymerization using constant potential was
also used for composite film synthesis and the film properties
compared to those obtained using CV. The electropolymeriza-
tion of PEDOT/GO was carried out at 1.00, 1.05, and 1.10 V.
When using increasing potentials for film formation, the
adhesion onto the electrode substrate was considerably
depressed, even leaving substantial parts of the electrode
surface uncovered (Figure S1 in the Supporting Information).
If using lower potentials (0.95 V), no film formation was
observed even when prolonging the polymerization time.
Figure 3 shows a comparison in electroactivity of the composite
films when prepared using these two polymerization methods.
According to the CVs in Figure 3, the oxidation and reduction
currents for the composite film are substantially lowered when
it had been polymerized using the potentiostatic method. This

4+ ----- constant potential
—CV

Current (mA)
o

_4 1 1 1 1 1 1
-04 -02 00 02 04 06 038
Potential vs. Ag/AgCI (V)

Figure 3. CVs in BMIMBE, at 50 mV/s of PEDOT/GO composite
films electropolymerized using the CV method (solid line) and the
constant potential method at 1.0 V (dashed line).
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is mainly due to the properties of the electrode substrate: a fair
amount of material is produced also in the potentiostatic
method, but most of it remains in the polymerization solution
and does not adhere to the electrode surface. Therefore, in all
further studies of composite film properties and for making the
batches of composite films to be used in supercapacitor devices,
the CV method was chosen as the polymerization method.
When water was used as electrolyte in the polymerization
process, film adhesion onto the electrode substrate was poor
and independent of the polymerization method used.

3.2. Electrochemical Reduction of PEDOT/GO Compo-
site Films. In recent literature related to graphene-based
supercapacitors, GO has usually been reduced with the aid of
chemical or thermal methods.””** In composite structures such
a reduction process could result in polymer degradation arising
from the reducing agents and high processing temperature.
Even when using milder reductants such as NaBH,, a decrease
in the electrochemical activity of PEDOT/GO composite films
could be found after a short 10 min reduction time.”> The
electrochemical reduction method has been introduced as a fast
and environmentally friendly way for producing a partly
recovered sp’ lattice."”*® Especially the combination of
spectroscopy with the electrochemical method gives a unique
possibility to simultaneously control and follow the evolution of
oxygen-containing defects with the reduction potential.’” Such
spectroelectrochemical results have indicated that changes in
GO structure take place in a quite narrow <potential range
extending from —1 to —1.7 V (vs Ag/AgCl).‘8 In this work,
PEDOT and PEDOT/GO films were electrochemically
reduced by the CV method in the potential range —0.4 to
—2.0 V using 50 mV/s and 30 reduction cycles. CV and
impedance spectroscopy characterizations for PEDOT/GO
composite films have shown that, when the number of
electroreduction cycles was altered from 10 to 30 cycles, the
highest electrochemical activity was obtained upon extending
the number of reduction cycles to >20."

The CVs in Figure 4 show the charging/discharging process
in BMIMBE, for PEDOT and PEDOT/GO directly after

Current / mA

-04 -02 00 02 04 06 08
Potential vs. Ag/AgCI (V)

Figure 4. CVs in BMIMBEF, for PEDOT (blue dotted line), PEDOT/
GO (black dashed line), and PEDOT/rGO (green solid line) films.
The scan rate was SO mV/s.

polymerization and for the PEDOT/GO film after electro-
chemical reduction to PEDOT/rGO. PEDOT is one of the few
examples of ECPs that is both p- and n-dopable, which is why
electroreduction shows no degradation on electroactivity.”
After electrochemical reduction, the oxidation and reduction
currents for the composite films were substantially enhanced,
showing a more rectangular-shaped capacitive CV response
(Figure 4). The CVs are not perfectly rectangular, but this is
seldom the case for pseudocapacitive materials such as ECPs.
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The electroactivity of PEDOT itself is stable when comparing
films before and after reduction (Q = 550 and 560 uC,
respectively), which is why this enhancement must be due to
GO incorporated during film synthesis. The long-term
charging/discharging process is a detrimental issue in super-
capacitor applications. For plain PEDOT films, 12% fall in
charge retention was obtained after 400 cycles whereas the
composites showed, under the same experimental conditions,
just 6% decrease. The CVs from the stability measurements are
shown in Figure S2 (Supporting Information). The results
indicate an enhancement in the mechanical and chemical
stability of the composite materials compared to the pristine
PEDOT polymer.

Spectroscopy techniques, such as Raman and IR, are
frequently used for the characterization of carbon-based
materials and graphene structures in particular and to verify
incorporation of GO and graphene into ECP films.””~®* The
Raman spectra of a drop-cast film of GO and that of PEDOT/
GO electrochemically polymerized in BMIMBE,, using the
excitation at A, = 514 nm, are shown in Figure S3 (Supporting
Information). For GO the important features observed in the
Raman spectra are the D and G bands at 1354 and 1599 cm™,
respectively.”' For PEDOT/GO, two strong bands at 1509 and
1430 cm ™" are attributed to C=C and C=C—O stretching in
PEDOT, respectively. There is a small red-shift observed in
these bands when compared to that observed for the PEDOT
film without GO, indicating 7— interactions of PEDOT chains
with GO sheets. This together with the hump in the composite
spectrum at 1600 cm™ further verifies the presence of GO in
the composite films. Because of the strong overlap between
PEDOT and GO bands, it was not possible from the Raman
spectra to make any analysis of the D/G ratios upon
electrochemical reduction of the composite films that would
tell about the recovery of order in graphene.*®

The recovery order can be examined, however, using the XPS
spectroscopy technique by looking at the decrease in the
amount of oxygen groups upon electroreduction. Furthermore,
this technique confirmed successful formation of composite
structures. The atomic composition (%) from the XPS fitting
showed the following change in the C/O ratio for PEDOT
(9.97), PEDOT/GO (5.67), and PEDOT/rGO (11.49). The
decrease in the C/O ratio for the composite materials indicates
GO incorporation, and after reduction the increase in the C/O
ratio is due to the removal of oxygen-containing surface groups
from GO. Our previous study on PEDOT/GO composite
structures using IR spectroscopy as a characterization method
showed that the bands from PEDOT and GO were overlapping
to such an extent that the presence of GO and furthermore
deoxygenation of the GO platelets after electrochemical
reduction could not be confirmed by using this technique.*’
In any case, the IR results indicated successful formation of the
composite in the IL/GO dispersion.

Masses for these electrochemically polymerized films on
printed graphite electrodes were so small that it was impossible
in this work to obtain any reliable specific capacitance (F/g)
values. However, film production was reproducible due to the
confined electrode area (Figure 1, 2.55 cm?). The areal
capacitance was therefore reported in this work and obtained
by dividing the charge passed during film charging (second
scan) by the voltage window and area of the film, which was
2.55 cm® in the 3-electrode setup and 1.96 cm® in the 2-
electrode setup. The 2-electrode value corresponds to the
electrode overlap area in the assembled supercapacitor
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PEDOT/GO

PEDOT/rGO

Figure S. SEM images of PEDOT/GO (a) and PEDOT/rGO (b) composite films with 1 000X magnification. Images (c) and (d) show the cross

section with 500X magnification.
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Figure 6. CV curves of supercapacitors, normalized to voltage sweep rate: (a) PEDOT, (b) PEDOT/GO, (c) PEDOT/rGO. The axis and curve

labels are the same for all graphs.

structure. The calculated areal capacitances in the ionic liquid
electrolyte for PEDOT, PEDOT/GO, and PEDOT/rGO in the
3-electrode setup were on average 11, 16, and 25 mF/cm?,
respectively. These results show that reduction of the
composite film increases the capacitance value.

3.3. SEM Analysis. The SEM images in Figure S show the
morphology for the PEDOT composite films directly after
electropolymerization (PEDOT/GO) and after 30 reduction
cycles in BMIMBF, (PEDOT/rGO). As for electrochemically
polymerized conducting polymers, the composite films show a
3D morphology with an interconnected network of grains and
pores. Additionally, there are crumpled flakes embedded in the
polymer matrix, which can be clearly observed from the
magnification in Figure S4 (Supporting Information). These
images also show that the ECP effectively prevents the stacking
of rGO. It can also be seen that the composite displays an open
structure permitting electrolyte movement.

From the cross-sectional images in Figure Sc and d, taken in
backscattering mode, an average layer thickness of 110 pm

could be observed for PEDOT/GO and 90 ym for PEDOT/
rGO; this value includes also the graphite ink on the PET
substrate with a thickness of ~25 ym. The cross-sectional view
reveals an indistinguishable microstructure showing no
indication of sheetlike stacking of graphene flakes.

Electropolymerization of PEDOT/GO composite materials
onto the graphite electrodes on flexible PET substrates using
water/GO as electrolyte was also performed. Interestingly, the
physical appearance of the composite changed drastically when
using GO/H,O dispersions for electropolymerization of the
composite material. In this case, the obtained film had a
crumpled sheetlike appearance showing no network formation
between the polymer and the GO sheets (Figure SS in the
Supporting Information).

A relatively thick film is needed for sufficient capacitance in
the assembled supercapacitors. Moreover, films that are too
thin may give an overstatement of the material’s performance in
the application; commercial supercapacitors are constructed
with active material thicknesses ranging from ten to several
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hundred micrometers.’> However, the light weight and
flexibility aimed for in the plastic supercapacitors also limit
the maximum thickness of the film.

3.4. Characterization of the Supercapacitors. The
supercapacitors were characterized according to an interna-
tional standard,*” as the goal of the work was to demostrate the
applicability of the composite devices. The devices were also
characterized with the CV method to obtain a qualitative view
of device properties and to facilitate comparison with the 3-
electrode measurements and previous literature reports. Using a
2-electrode cell configuration should lead to more realistic
results, predicting the performance of the materials in an actual
application.>”

The CV curves at different sweep rates for PEDOT,
PEDOT/GO, and PEDOT/rGO are shown in Figure 6. The
curves are normalized to voltage sweep rate, which enables
comparison of different rate curves as well as gives an
approximation of the capacitance. The CV curves for all
materials are rectangular, which indicates that the material
charges and discharges quickly and efficiently. More curvature
at the corners at higher sweep rates is caused by the ESR of the
device.”” The shapes can be better compared through the fill
factor, which is the area of the CV curve divided by the area of
the smallest rectangle enclosing the curve.”” The fill factors of
the 100 mV/s curves are 81% for PEDOT, 79% for PEDOT/
GO, and 84% for PEDOT/rGO. While the differences are not
substantial, PEDOT/GO does yield the lowest fill factor,
indicating a higher ESR; this is expected due to the poor
conductivity of unreduced GO, where the planar sp” structure
of graphene is broken.

The capacitances obtained from the CV curves are listed in
Table 1 (calculated from the charging phase of the curve). The

Table 1. Single Electrode (se) and Supercapacitor (dev)
Capacitances in mF/cm? Obtained from CV Curves with
100 mV/s Sweep Rate

PEDOT PEDOT/GO PEDOT/rGO
C.inlL 11 16 25
Cgey in NaCl (aq) 10 10 14

capacitances of the devices were 10 mF/cm? for both PEDOT
and PEDOT/GO and 14 F/cm? for PEDOT/rGO. Figure 7
shows the change in calculated capacitance at different voltage
sweep rates. The capacitance obtained from the 100 mV/s CV
curve for PEDOT is similar to that reported in ref 27, where 10
mF/cm? was also obtained for a symmetric supercapacitor with
100 mV/s sweep rate with a polymerization charge
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Figure 7. Capacitance calculated from the CV curves against the
voltage sweep rate for 2-electrode symmetric supercapacitors.

approximately similar to that used here, although the electrolyte
was different.

Table 2 lists the results from the supercapacitor character-
ization. The constant current results are obtained from the

Table 2. Supercapacitor Properties of Samples with
Symmetric 2-Electrode Configuration and NaCl(aq)
Electrolyte, Obtained from Galvanostatic Discharge

PEDOT PEDOT/GO PEDOT/rGO

C (mF/cm?) 14 14 18
Change in C after 2000 cycles —6.9% —5.4% —6.8%
ESR (Q) 26 43 25

measurements according to the standard,”” which specifies a
discharge current that depends on the capacitance of the device.
The discharge currents were thus slightly different for the
different samples, but in the range of S0—70 pA/cm® As
expected, the ESR was highest with PEDOT/GO because of
the poor conductivity of GO. As PEDOT and PEDOT/rGO
had similar ESRs, the rGO does not seem to affect the
conductivity in the active electrode notably. On the other hand,
the supercapacitor structure with printed graphite layers and
the separator may be the most significant sources of ESR in any
case. Discharge curves are shown in Figure S6 (Supporting
Information).

It appears that the incorporation of GO does not contribute
to the capacitance of the film in the symmetric supercapacitors,
which indicates that PEDOT is the main source of capacitance
in both PEDOT and PEDOT/GO samples. While GO may
increase the surface area of the composite compared to bare
PEDOT, the poor conductivity could make parts of the
electrode inaccessible to electronic charges. Reducing the GO,
however, increases the capacitance, because the rGO conducts
better and can thus participate in double-layer formation.

The difference in capacitances of PEDOT and PEDOT/GO
between 2- and 3-electrode measurements is interesting.
Although the capacitances themselves cannot be directly
compared due to the different electrolytes and voltage ranges,
the trends between samples can. The electrolyte may change
the electrochemistry of ECPs, but ion sizes can affect the results
as well. The latter may explain the different effect of the
incorporation of GO into PEDOT measured in ionic liquid,
where it improves the capacitance compared to PEDOT, and in
aqueous NaCl, where it does not have an effect. Solvated Na*
and Cl” ions are smaller than the bulky ions of the ionic liquid:
this may allow them to fit in the porous structure of the
PEDOT layer better compared to the ionic liquid. If the poorly
conducting GO does not contribute to double-layer formation,
the capacitance should then be similar regardless of its presence
when NaCl(aq) is used. The GO may nevertheless affect the
morphology of the film, allowing also the larger ionic liquid
ions better access to the active ECP, which can account for the
improved capacitance of the PEDOT/GO compared to bare
PEDOT.

The voltage range of individual electrodes is another factor
that affects the capacitance.” In the 3-electrode CV curves for
PEDOT, however, the capacitance appears fairly constant with
potential (Figure 4), so the effect may not be as pronounced as
in ref 63.

As the mass of the films was too small to weigh reliably,
specific capacitances in F/g cannot be calculated. However, the
energy and power densities can be estimated through the
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thickness obtained from the SEM images. The thickness of
PEDOT/GO was ~85 um and that of PEDOT/rGO was 65
um. The energy density is thus 0.7 J/cm® for PEDOT/GO and
12 J/em® for PEDOT/rGO. The larger energy density of
PEDOT/rGO is due to not only the larger capacitance but also
the composite shrinking somewhat during the reduction. The
power densities are 0.29 and 0.63 W/cm® for unreduced and
reduced composite, respectively. The larger ESR of PEDOT/
GO contributes to the lower power density in this case.
Cycling the supercapacitors 2000 times lowered the
capacitance by 5—7% in all the samples. Figure 8 shows the
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Figure 8. Capacitance of the supercapacitor devices during cycling,
calculated from the CV curves.

capacitance retention as calculated from the CV curves; the
capacitance drop listed in Table 2 is calculated from a constant
current discharge test before and after the cycling. The
capacitance falls quickest initially with PEDOT/GO but
stabilizes better than with PEDOT or PEDOT/rGO. The
measurement method also affects the results: based on the
constant current method, the capacitance retention is best in
PEDOT/GO, although CV shows PEDOT/rGO to be the
best. One reason for this may be electrochemical reduction of
GO on one of the electrodes both during cycling and the 30
min potential hold before discharge; however, the differences
between the materials are too small in this case to draw a
definitive conclusion.

The change in capacitance during cycling is more than that
observed in PEDOT supercapacitors with ionic liquid electro-
lyte’” but of similar magnitude with other aqueous electrolyte
devices.'*** The difference is due to the better cycling stability
of ECP electrodes in ionic liquid electrolytes.'” The difference
in electrolyte may also be the reason for the similar capacitance
retention of the aqueous devices with different materials,
whereas the composite formation improved the retention in 3-
electrode measurements in IL.

Similar supercapacitor devices have been previously prepared
by the authors using carbon nanotubes as the electrode material
but the same electrolyte, substrate, and device size.” There, a
capacitance of 6 mF/ cm? was achieved, which is far lower than
what was obtained with the composite materials in this work.

To determine if the graphite current collector contributed to
the capacitance, a device was assembled with only the current
collector electrodes. The obtained CV curve of the device at
100 mV/s is shown in Figure S7 (Supporting Information).
Clearly, the capacitance of the graphite is minute, with the
calculated capacitance from the CV curve being 5 uF. Thus, all
of the capacitance of the devices with electropolymerized layers
results from the ECP or the composite.

3.5. Demonstration with Solar Cell and Electro-
chromic Display. A PEDOT/rGO supercapacitor was used
in a simple demonstration of an energy-harvesting system
(Figure 9a and b). An organic printed solar cell module*®" was
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Figure 9. (a) Setup of the supercapacitor demonstration with a solar
cell and electrochromic display. (b) Circuit diagram of the setup. (c)
Voltage over the supercapacitor when charging with the solar cell.

used first to charge the supercapacitor in ambient room
lighting; the charging curve is shown in Figure 9c. As only
indoor lighting was used, the supercapacitor was charged
slowly. The charging was quickest in the beginning. This can be
expected, as the current from the solar cell is close to its short-
circuit current when the voltage over it is low. As the voltage of
the supercapacitor rises, the solar cell current is reduced and the
charging becomes slower.

The supercapacitor was then disconnected from the solar cell
module and connected to the ECD. The connection was
reversed every 2 s to switch the display on and off. Figure 10a
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Figure 10. (a) Voltage over the supercapacitor during the switching
demonstration. The entire measurement range is displayed in the
inset. (b) ECD turned on with 0.9 V from the supercapacitor. (c¢) ECD
turned off with —0.5 V. (d) ECD turned on with 0.5 V.

presents the voltage over the supercapacitor during the
switching. The voltage falls ~6 mV each time the display is
switched; the fall is of similar magnitude regardless of switching
direction. The ECD was switched on and oft ~65 times until
the voltage across the supercapacitor dropped to 0.5 V, at
which point the ECD no longer switches completely (Figure
10b—d).

The switching is rapid: no significant difference was observed
visually between switching with the supercapacitor versus

DOI: 10.1021/acsami.5b05937
ACS Appl. Mater. Interfaces 2015, 7, 22137—22147


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05937/suppl_file/am5b05937_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05937

ACS Applied Materials & Interfaces

Research Article

switching with a potentiostat. The voltage does not fall further
during the 1 s the supercapacitor is kept connected to the ECD.
This indicates that the supercapacitor is able to supply enough
current instantaneously for the display to be switched. During
the 1 s open circuit, the supercapacitor voltage rises slightly.
This can be explained with charge redistribution in the
supercapacitor electrodes, modeled as parallel resistive
capacitive (RC) branches with different time constants:*>*°
the electrodes discharge unevenly, with the slower parts
compensating charge to the quicker ones after the initial
discharge.

The demonstration shows the applicability of these super-
capacitors in an energy-harvesting system. Ambient indoor light
is enough to charge the device with an organic solar cell in well
under 1 h. Combined with suitable low-power silicon-based
control circuits, energy-autonomous, distributed, and dispos-
able devices can be realized.

4. CONCLUSIONS

We have demonstrated that GO can be incorporated into
PEDOT films by a simple electropolymerization method on
flexible substrates and can be further reduced by electro-
chemical reduction to rGO. Potentiostatic and CV polymer-
ization methods were compared, and the cyclic approach was
found to be better with the printed substrates due to better
adhesion of the composite film. The films showed good
capacitive properties that can be ascribed to the large accessible
surface area of rGO combined with the pseudocapacitance of
PEDOT.

The films were prepared in an ionic liquid to facilitate good
film formation and thorough reduction of the GO. Super-
capacitors were then assembled with aqueous NaCl electrolyte,
which is a safe and simple option for disposable super-
capacitors. The symmetric devices had good capacitive
properties as well as cycling stability. The supercapacitors
were also demonstrated as part of an energy-harvesting system
running a small electrochromic display. Using supercapacitors
as an intermediate storage of energy allows a system to keep
functioning with the primary energy source not available.
Moreover, all the components used here can be mass-produced
on flexible substrates, facilitating a low-cost solution to many
applications in distributed electronics.
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