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ABSTRACT: Paper-based electrodes are promising candidates for
energy storage devices due to its availability in nature, low cost,
sustainability, intrinsic porosity/fibrous structure, and mechanical
properties. In this work, we implemented a straightforward method
to control the capacitive response of paper electrodes modified by
deposition of PEDOT-polyamine composites. These composite

materials were characterized by TGA, SEM-EDS, and Raman _':g
spectroscopy, proving the homogeneous functionalization and Paper o
proper integration of the polymers within the paper microstructure. "
The electrochemical evaluation by cyclic voltammetry (CV) and Plastic collector ™~

galvanostatic charge—discharge curves (GCD) revealed the stable

electroactivity of the paper electrodes in a neutral 0.5 M NaCl solution, whereas the introduction of polyamine yielded an
enhancement of the capacitive performance. Furthermore, the stacking of paper sheets on a current collector was proved to be an
efficient strategy for building electrodes with tunable pseudocapacitance with adequate electrochemical connectivity across the whole
architecture. A linear increase in the total capacitance measured by both CV and GCD (60—400 mF/cm?) on the number of stacked
PEDOT-modified paper sheets was determined (1—6 sheets). The stacking strategy was comparatively tested using both plastic
(PET) and metallic (Au) substrates for preparing the current collectors with similar results and excellent cyclability and capacitance
retention (97% after 1000 GCD cycles for three stacked sheets) in 0.5 M NaCl as a harmless and environmentally friendly
electrolyte. The stacking of paper sheets modified by polyamine-doped PEDOT coatings constitutes a simple and promissory
strategy facing the construction of lightweight metal-free electrodes for harmless supercapacitors in wearable devices.

KEYWORDS: PEDOT, supercapacitors, energy storage, electrochemistry, paper electrodes, stackable electrodes, conducting polymers,
metal-free devices

1. INTRODUCTION commonly used in these devices, in which the accessible
surface and the pore size are key parameters.” On the other
hand, pseudocapacitors store the charge by means of rapid and
reversible redox reactions on the electrode material (faradic
process), leading to higher charge densities but lower
cyclability than EDLCs. Finally, hybrid SCs combine EDLC
and pseudocapacitance mechanisms.’ Thus, the integration of
conducting materials is required for any storage application.
Carbon materials, metal oxides, and conducting polymers have
been extensively employed for the fabrication of SCs.*””~"* For
instance, some examples include the use of MnO, thin films for
the fabrication of flexible SCs using gel electrolytes,"”> MnO,
nanowires on activated carbon for all-solid-state SCs,'* and
VO, nanosheets electrodes in organic gel electrolytes."> Within

In the last few decades, the limitation of nonrenewable energy
sources has increased the need for new alternative energy
storage solutions. This has also led to the growing
development of efficient energy storage devices, including
new Dbatteries, capacitors, and supercapacitors.” Due to their
remarkable properties, supercapacitors (SCs) can be classified
between classical batteries and capacitors.”~> SCs store higher
energy densities than capacitors and manage higher power
densities than batteries, making them an optimal option for
devices that require short charge/discharge times and
moderate charge storage.6

According to the charge storage mechanism, SCs are
classified in electrical double-layer capacitors (EDLCs),
pseudo- or redox capacitors, and hybrid SCs. In EDLCs, the
charge is stored by electrostatic interactions of the ions on each Received: ~ May 28, 2021
electrode and no chemical reactions take place (non-faradic Published: September 2, 2021
process). The physical adsorption of charged molecules occurs
rapidly, providing high charge/discharge rates and good
cyclability but low energy densities due to the surface
availability limitations.”” Highly porous carbon materials are

© 2021 American Chemical Society https://doi.org/10.1021/acsaem.1c01517

W ACS Publications 9283 ACS Appl. Energy Mater. 2021, 4, 9283-9293


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luciano+D.+Sappia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Blanca+Sol+Pascual"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+Azzaroni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Waldemar+Marmisolle%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.1c01517&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01517?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01517?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01517?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01517?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01517?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/4/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/9?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.1c01517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

conducting polymers, polypyrrole (Ppy),'® polyaniline
(PANT),"”™"" poly(3,4-ethylenedioxythiophene) (PEDOT),
and their derivatives have been extensively used in redox
capacitors.””~** Particularly, PEDOT-based SCs have received
great attention in the last few years due to their outstanding
electrical properties, in addition to their high specific
capacitance, flexibility biocompatibility, acceptable potential
window for electrochemical operation, air stability, superior
chemical stability in the doped state, and a small band
gap.”>~*” Most of the aforementioned materials require the use
of conductive substrates as ITO or carbon materials as current
collectors.”® Even the use of carbon cloth has also been
reported for both a mechanical scaffold and a current
collector.”’*' However, in the case of PEDOT, it is possible
to produce metal-free electrodes by depositing conducting
polymer films on insulating plastic substrates, with excellent
performance in electrochemical applications such as nano-
fluidics,* biosensing,%’?’4 and even for flexible electrodes.>>>°

Although conducting polymers provide huge redox-type
pseudocapacitances, mechanical tensions due to intrinsic
volume changes upon redox switching can lead to material
breakdown in operation.‘?’7 Thus, the incorporation of
structural scaffolds is sometimes needed for achieving
appropriate mechanical stability. In this regard, cellulose fibers
or paper sheets become interesting options as structural
scaffolds for the construction of hybrid materials in energy
storage applications.”®™*’ Paper substrates are easily available,
sustainable, and environmentally friendly. In addition, they can
be recycled from multiple sources, leading to low fabrication
costs and they are compatible with mass production
techniques.”" The intrinsic large porous surface of paper
electrodes allows high mass loading of conductive materials
and composites, which renders better capacitive performance
in energy storage devices."”” On the other hand, the use of
insulating materials as scaffolds could also produce the
disruption of electronic pathways along the electrode material,
causing partial electrochemical blockage and lowering the
amount of the electroactive material that is effectively
connected to the current collector. Therefore, a proper
integration of the electroactive material across the paper
substrate becomes a requisite for developing efficient super-
capacitors.

Concerning the nature of the electrolyte used in super-
capacitors, organic electrolytes allow using higher operating
voltages yielding higher energy densities, but they also have
some disadvantages related to their toxic nature and polluting
production. Alternatively, aqueous electrolytes typically include
highly acidic or basic solutions as required by the nature of the
electroactive components of the electrode material. Some
disadvantages of employing highly acidic or basic electrolytes
are related to environmentally unfriendly production, corrosive
nature, and the risks of injuries when employed in wearable
applications. In this regard, neutral solutions of common
inorganic salts have been proposed as more environmentally
friendly and harmless alternatives,*’ particularly in the case of
the low-cost and widely available KCI and NaCl solutions.'>**

The occurrence of redox commutation in conducting
polymers requires the movement of electrons along the
polymer chains and also the ionic transport to compensate
charges within the electroactive coating.** This implies that
the electrolyte needs to penetrate the interior of the
electroactive material microstructure to allow an eflicient ion
movement coupled to the electronic transport. In the case of
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aqueous solutions, movements of both ions and water
molecules take place through hydrophilic domains or channels.
Then, the modulation of the hydrophilic domains within the
electroactive composite is also important for maximizing the
capacitive response of conducting polymer-based super-
capacitor materials. This phenomenon has been extensively
studied for PEDOT-based materials in organic field-effect
transistors,”’ >’ where the integration of polyelectrolytes to
the PEDOT matrix has been shown to produce an improve-
ment of the ion mobility. Particularly, the integration of
polyallylamine hydrochloride (PAH) within PEDOT:tosylate
films has been recently reported to improve the transient
response of the organic transistors due to an enhancement of
the ionic transport compared with unmodified PEDOT:tosy-
late films.”'

In this context, we introduce a strategy based on the stacking
of paper electrodes embedded with composites of PEDOT and
PAH for the construction of electrode materials for SCs
working in a neutral NaCl solution. The electroactive paper is
prepared by in situ chemical polymerization of EDOT by ferric
tosylate in the presence of PAH on cellulose fibers. By this
functionalization procedure, the composite is homogenously
integrated within the paper microstructure, yielding paper
electrodes with outstanding electroactivity and stability in
aqueous solution. The addition of PAH to the polymerization
formulation increases the areal capacitance of the resulting
paper electrodes. The good electrical conductivity of the
modified paper allows for the construction of thicker
electrodes by direct stacking of the paper sheets on a current
collector, yielding electrodes with a linear increase in the areal
capacitance on the number of stacked sheets. The stacked
configuration was also tested with a PEDOT-coated plastic
substrate as a current collector, producing metal-free electrodes
with high cyclability and capacitance retention in 0.5 M NaCl
solutions.

2. EXPERIMENTAL DETAILS

2.1. PEDOT Synthesis. PEDOT-coated paper substrates were
prepared by in situ polymerization of 3,4 ethylendioxythiophene
(EDOT) monomer solutions spin-coated on paper substrates,
following a protocol previously reported by our group and
others.>*>*™** The polymeric composites were directly spin-coated
on paper sheets (5 cm X S cm, thickness = 180 ym, pore size = 11
pum, Whatman grade 1, GE Healthcare). Neither chemical nor
physical treatments were applied to the commercial paper sheets
before the deposition of the polymerization solution. In parallel, the
deposition was carried out on glass and gold substrates for
comparison. Previous to spin coating, an oxidant solution was
prepared mixing 1830 uL of 40% iron(III) tosylate (Fe(Tos);) in
butanol (CB 40, Clevios, Heraeus Holding GmbH, Hanau,
Germany), 440 uL of butanol (ACS, Merck), and 33 uL of pyridine
(ACS, Biopack). Then, 1900 uL of the oxidant solution was mixed
with 25 pL of the EDOT monomer (97%, Sigma-Aldrich). This
solution was homogenized in a vortex and filtered (pore diameter: 0.2
um). The deposition was immediately carried out by spin coating
(WS-650MZ-23NPP, Laurell) using the resultant mixture at 1000
rpm for 1 min and an acceleration of 500 rpm. Then, the substrates
were heated at 70 °C for 15 min. In this step, the oxidative
polymerization of EDOT took place, giving rise to a dark thin film of
conductive PEDOT as a homogeneous coating for the paper
substrate. These substrates were immersed twice in deionized water
(DIW) for S min and thoroughly rinsed again with DIW to remove
the excess oxidant. Finally, the substrates were dried in a hot plate at
70 °C for 15 min.

Composites of PEDOT and polyallylamine hydrochloride (PAH,
MW = 58 kD, Sigma-Aldrich) were also synthesized onto paper
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Scheme 1. (A) Preparation of PEDOT and PEDOT-PAH Composites on the Paper Sheets by Spin Coating; (B) Chemical
Structure of PEDOT; and (C) Representation of the Introduction of PEDOT-PAH on the Cellulose Substrates
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following the same protocol used for pristine PEDOT deposition with
minimal modifications. First, PAH (30 mg) was dissolved in 400 uL
of DIW. The solution was heated at 30 °C for some minutes and
vortexed until PAH was completely dissolved. Second, 1830 uL of the
oxidant solution was added to the PAH solution and mixed
vigorously. Finally, the EDOT monomer was added into the
polymerization solution and the resultant solution was filtered and
deposited on the paper substrates by spin coating.

2.2. Characterization. 2.2.1. Raman Spectroscopy. Raman
spectra were acquired using an i-Raman BW41S5-532S (BWTek)
Raman spectrometer using a laser (4 = 532 nm) focused on the
substrates by a 20X optical microscope (BAC151B, BWTek). The
operative power was 10 mW and the spectral region analyzed ranged
from 100 to 4000 cm™'. For comparison, the PEDOT and PEDOT-
PAH samples were deposited on glass substrates to avoid the intrinsic
peaks associated with the paper substrate.

2.2.2. SEM. SEM micrographics were taken using an FEI Quanta
600 scanning electron microscope. Each sample was coated with
sputtered gold to assure the electrical conductivity of the surface. The
section and surface were analyzed for each sample. EDS was also
carried out.

2.2.3. TGA. Thermogravimetric analysis (TGA, TA Instruments)
was employed to access the relative composition of polymer PEDOT
and PEDOT-PAH within the paper substrates. The samples were
identically subjected to TGA at a heating rate of 10 °C/min under a
N, environment. To calculate the mass ratio between the polymer and
the paper substrate, the samples were cut in disks (n = 3, diameter = 3
mm), heated at 100 °C for 10 min in N,, and comparatively weighed
in the TGA analytical balance. Then, the polymer mass deposited was
calculated as the difference between the composite-coated paper and
the pristine paper sample.

2.3. Electrochemistry. Cyclic voltammetry (CV) and galvano-
static charge—discharge experiments (GCD) were performed with a
Reference 600 potentiostat (Gamry Instruments) using a three-
electrode cell configuration equipped with a Ag/AgCl (3 M NaCl)
reference electrode, a platinum mesh counter electrode, and a working
electrode with an exposed area of 0.178 cm’. PEDOT and PEDOT-
PAH composites were individually evaluated by CV in 0.5 M NaCl.
Scans were performed from 0 to 0.8 V at different scan rates from S to
100 mV/s. The GCD measurements were performed at different
current densities (0.5—-8 mA/cm?). The stability of the arrangement
of the stacked electrodes was evaluated using PEDOT or PEDOT-
PAH layers deposited on both gold and PET current collectors
performing up to 1000 GCD cycles at 4 mA/cm?.

The voltammetric areal capacitance (Ccy) was computed as
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Cry =
“ (1)
where Q., means the voltammetric integrated charge for the anodic
scan, AV, is the potential window of the voltammetric scan, and A is
the geometrical value of the electrode area exposed to the electrolyte
solution.
On the other hand, the areal capacitance obtained from GCD
experiments (Cgep) was computed as™

It

Coep = ——
GCD = Ay

)
where I means the constant current value employed, t is discharging
time, and AV is the potential window. Areal energy density and areal
power density values were computed as™

_ CocorV*

D 2-3600 (3)
_ 3600-Ep,

DT At 4)

where V is the working voltage.

3. RESULTS AND DISCUSSION

PEDOT and PEDOT-PAH composites were deposited on
paper substrates by spin coating. The parameters for the
deposition were optimized from our previous experiments
using plastic substrates such as acrylic and poly(ethylene
terephthalate) (PET) sheets.>* Shortly, 5 X 5 cm® paper
samples are attached on an acrylic base and the deposition
solution is poured on top until it is distributed on the entire
surface by capillarity. Then, the sample is spin-coated, heated,
washed, and dried, as shown in Scheme 1. For the case of the
PEDOT-PAH composite, the same procedure was followed by
dissolving PAH in DIW before mixing with the oxidant and
monomer solutions. The polymer deposition procedure can be
repeated several times to create multilayer coatings with high
reproducibility. In this way, different composites and
combinations were evaluated, as summarized in Table 1.

3.1. Physicochemical Characterization. 3.1.1. Sheet
Resistance. Conductivity characterization by a four-point
probe was performed for different composite materials (see
the SI for details). The results corresponding to five different
positions on each sample are reported in Figure 1A. From the

https://doi.org/10.1021/acsaem.1c01517
ACS Appl. Energy Mater. 2021, 4, 9283-9293


https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c01517/suppl_file/ae1c01517_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01517?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01517?fig=sch1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c01517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

Table 1. PEDOT and PEDOT-PAH Composites Deposited
on Paper Substrates

name composition
Py one layer of pristine PEDOT
Py two layers of pristine PEDOT
Py three layers of pristine PEDOT
P-PAH,; one layer of PEDOT-PAH composite
P-PAH,; two layers of PEDOT-PAH composite
P-PAH;; three layers of PEDOT-PAH composite
P, P- two layers of pristine PEDOT and one layer of PEDOT-PAH
PAH,;, composite
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Figure 1. (A) Sheet resistance of P, P,;, Py, P-PAH,;, P-PAH,, P-
PAHy, and P, P-PAH,; measured by a four-probe sensor. (B)
Raman spectra (4 = 532 nm) of neat paper, Py, P-PAH;;, and P, P-
PAH,; samples. Inset: optical microscopy image (20x). (C) TGA
experiments in N, of pristine paper, Py, P-PAH;;, and P, P-PAH,;
samples.

results shown in Figure 14, it is clear that an increase in the
number of coating steps leads to a decrease in the sheet
resistance (Ry,.;) of the sample for both pristine PEDOT and
PEDOT-PAH composites. The homogeneity and low R,
values obtained in the sample coated with two layers of pure
PEDOT and a third one of the PEDOT-PAH composite (P,
P-PAH,; ) are also very noticeable.

We have also explored the drop-casting deposition method
as a simpler alternative to spin coating (see Section S1.2).
Using 50—100 uL of the deposition solution, the Ry, values
were in the order (100—400 Q) of those of the P, films
deposited by spin coating. However, higher homogeneity of
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the conductivity values was attained by the spin-coating
method. For higher deposited volume, the sheet resistance
values obtained by drop casting were even higher (Figure
S1.2). Then, for homogeneity reasons, the spin-coating
method was chosen as the paper functionalization procedure
in this work.

3.1.2. Raman Spectroscopy. Figure 1B shows the Raman
spectra of Py, P-PAH;;, P,; P-PAH,;, and neat paper. The P,
spectrum includes bands at 435.4 cm™' due to SO, bending;
5§70.8 cm™" is assigned to oxyethylene ring deformation; 691.2
cm™ due to the symmetric C—S—C deformation; 986.7 cm™"
due to the oxyethylene ring deformation; 1090.3 cm ™" related
to C—O—C deformation; 1262.83 cm™" assigned to the C,—
C, inter-ring stretching; 1364.6 cm™' related to Cs—Cy
stretching; 1427.4 cm™" due to the symmetric C, = C4(—0)
stretching; and 1558.4 cm™" assigned to the asymmetric C,—
C; stretching. These main bands are also present in the spectra
of the paper substrates functionalized by the PEDOT-PAH
composite. Moreover, in the case of P-PAH; and P, /P-
PAH,;, the presence of PAH is related to the distortion of the
band at about 1500 cm™ (caused by the superposition of the
symmetric and antisymmetric bending bands of protonated
amines), and the broadening of the band at 1360 cm™ is
assigned to CH bending modes (inset of Figure 1B). All these
signals agree with the results obtained in previous works,
confirming the presence of PEDOT and PAH.****

3.1.3. TGA and SEM Analysis. Figure 1C shows the results
from experiments carried out in a N, atmosphere. The samples
of functionalized papers are thermally stable at least up to 250
°C, and the stability slightly decreases with the proportion of
PAH. On the other hand, the integration of PEDOT and the
PEDOT-PAH composite occurs in the lower volatility of the
thermal decomposition products, as a higher proportion of the
material remains on the plate at high temperatures. From mass
values determined for pristine and modified paper substrates,
the amount of the active material was determined to be ca. 1
mg/ cm? for all these coatings. This result indicates that
approximately the same mass of the material is deposited after
one deposition step, independent of the nature of the spin-
coating solution.

This is also consistent with the similar appearance observed
in the SEM images for PEDOT and PEDOT-PAH-function-
alized paper substrates (Figure 2). As observed in SEM images,
the structure of the paper fibrils remains after coating with
PEDOT and PEDOT-PAH and there are no appreciable
differences between PEDOT and PEDOT-PAH at this
microscopic level (see the SI for additional SEM and EDS
analysis). EDS analysis performed at different locations on the
samples also reveals a highly homogeneous coating composi-
tion (Section S1.3).

From the physicochemical characterization, it can be stated
that the present spin-coating procedure becomes an effective
method for the integration of PEDOT and PEDOT-PAH
composites on paper substrates, yielding homogeneous
coatings and preserving the initial fibril structure. The
inclusion of the insulating polyelectrolyte does not drastically
modify the electronic conductivity of the PEDOT-modified
paper substrates and no structural differences are observed in
the SEM analysis. However, differences at the molecular level
can be inferred from the analysis of the electrochemical
behavior of the functionalized paper substrates, as discussed in
the next section.

https://doi.org/10.1021/acsaem.1c01517
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Figure 2. SEM micrographs corresponding to (A) cross section and (B) surface of pristine paper; (C) cross section and (D) surface of Py ; and (E)

cross section and (F) surface of P, P-PAH,;.

3.2. Electrochemical Behavior of PEDOT and PEDOT-
PAH-Modified Paper Electrodes. Paper electrodes were
prepared as shown in Figure 3A. Briefly, the electrodes were
constructed by cutting the paper substrate modified with
PEDOT and PEDOT-PAH in 2 X 0.5 cm? strips. The active
area of the electrode was fixed using a wax layer as a
hydrophobic barrier. Silver paint was used to ensure an
electrical connection with potentiostat connectors. To enhance
the mechanical stability, paper samples were attached to glass
slides using double-sided tape. However, note that no current
collector is used in this configuration, and the electrical
connection between the active area and the silver paint contact
(about 1.5 cm) is performed by the PEDOT-modified paper
sheet. The electrolyte concentration was chosen based on its
effect on the capacitive behavior of the P,; sample while

9287

increasing the concentration from 0.1 to 0.5 M (Figure S2.1A).
As the capacitive response increased with the NaCl
concentration, a 0.5 M NaCl solution was selected for further
experiments.

For voltammetric experiments, samples modified by three
successive depositions of PEDOT or PEDOT-PAH were
studied, as they presented the lowest sheet resistance. The
electroactive area of each electrode was delimited using a wax
barrier and then was cut, as shown in Figure 3A. Cyclic
voltammograms (CV) corresponding to P;;, P-PAHj;, and P,
P-PAH,; paper electrodes in 0.5 M NaCl are presented in
Figure 3B. Despite being metal-free paper electrodes, the
voltammetric response is clearly defined, showing a capacitive
behavior. The areal capacitance (Ccy) calculated from CVs at
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Figure 3. (A) Scheme of the PEDOT-modified paper electrode
configuration. Capacitive performance of the Py, P-PAH;;, and P, P-
PAH,; electrodes in 0.5 M NaCl. (B) Voltammograms at 20 mV/s.
(C) Cgy at different scan rates. (D) GCD cycles at 1 mA/cm?> (E)
Cgcp calculated as the average from 10 discharge cycles.

different scan rates for these electrodes are reported in Figure
3C.

By comparing the results for the Py, P-PAH;;, and P, P-
PAH,; paper electrodes, it can be stated that the presence of
PAH in the composite leads to higher capacitance values,
although it is not an electroactive component. The results of
the physicochemical characterization of these materials
presented in the previous section indicate that reasons are
not related to the differences in the electronic conductivity (or
sheet resistance) or the microscopic fibril structure. Then, the
effect of the incorporation of the (insulating) polyelectrolyte
into the conducting matrix on the electrochemical performance
could be related to the enhancement of the ionic current. In
this regard, it has been reported that the incorporation of
polyelectrolytes into the PEDOT-based conducting matrix
involves the formation of hydrophilic domains that facilitates
ion percolation mechanisms, improving the performance in
organic electrochemical transistor configuration. Such im-
provement of the ion mobility has been reported in the case of
films of PEDOT:PSS, PEDOT:tosylate—gelatin, and other
composites as conducting channels in organic electrochemical
transistors.”’~* Also an enhancement of the percolation
pathway by addition of cationic polgfelectrolytes into
PEDOT:PSS films has been reported.’’ Particularly, the
integration of hydrophilic domains formed by positively
charged polyelectrolytes to the PEDOT:tosylate composites
is supposed to have a more pronounced effect than in the case
of PEDOT:PSS films, as anion exchange from/to the solution
becomes more important for charge compensation during the
redox switching. In this regard, the integration of PAH has
been recently shown to effectively increase the hydrophilicity
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and ionic conductivity within PEDOT :tosylate films in organic
electrochemical transistor configuration.”’ Thus, in the present
configuration, the introduction of hydrophilic domains could
facilitate the anion transport inside the functionalized paper,
yielding higher capacitance values.

On the other hand, GDC curves were performed for the Py,
P-PAH;;, and P, P-PAH,; paper electrodes in 0.5 M NaCl
(Figure 3D). Mean capacitance values obtained from 10 GCD
curves (Cgcp) are reported in Figure 3E. Once again, the best
capacitive response is obtained in the case of the P-PAH;
composite paper electrode.

Based on the best electrochemical response of the P-PAH;;
paper electrode, this functionalization scheme was employed
for further studying the cyclability and the performance in the
stacked configuration of the paper electrodes in the next
sections.

3.3. Controlling Capacity by Stacking PEDOT-PAH-
Modified Paper Sheets. After characterizing the capacitive
behavior of the modified paper electrodes, we evaluated the
stacking of paper sheets as a strategy for the construction of
electrodes with controllable capacitance values. For these
studies, P-PAH;; paper sheets were employed, as they
presented the best capacitive performance. Disks of modified
paper sheets were cut and manually stacked without using any
additional adhesive layer between them (Figure 4A). The
diameter of these disks was higher than the diameter of the o-
ring of the electrochemical cell, so the electroactive area
evaluated was still constant and comparable among the
different stacked configurations.

Despite the good electrochemical results in the CV
experiments, the electrode configuration without the current
collector presents a relatively high drop resistance in the GCD
curves for the stacking studies. To overcome this issue, two
alternative configurations were explored. On the one hand,
metallic Au electrodes were modified by a PEDOT layer by
spin coating (Figure S3.1). On the other hand, a metal-free
plastic collector was built by depositing a PEDOT film on a
PET slide. In this case, a thicker PEDOT film (three spin-
coating routines) was deposited to allow reaching a
voltammetric response comparable to that obtained with the
Au collector (Figure S3.1).

The stacking strategy was first evaluated using the Au
collector by cyclic voltammetry at increasing scan rates and by
GCD at different current densities, as shown in Figure 4. As
revealed by Figure 4B, the simple stacking of the PEDOT
composite-modified paper sheets leads to an increase in the
capacitive current. Moreover, at a low scan rate, the
voltammetric capacitance linearly increases with the number
of stacked paper disks (Figure 4C), proving the effectiveness of
this strategy. The obtained Ccy ranged from ca. 50 to 300 mF/
cm? at 10 mV/s by stacking 1—6 disks. The linear dependence
indicates that in these experimental conditions, the total
electrode areal capacitance can be easily tuned by stacking an
adequate number of paper disks. Moreover, it suggests that the
charge transfer across the whole stacked electrode is effective,
and each paper sheet contributes equally to the total
capacitance. Contrarily, at higher scan rate values, the linear
trend drops off as the number of stacked disks is augmented
(Figure S3.2), which suggests that the charge transport across
the whole stacked electrode becomes slow compared with the
potential scan rate.

Afterward, GCD cycles at 1 mA/cm?* were applied for each
stacked arrangement (Figure 4D) and the average values of
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Figure 4. Capacitive behavior in the stacked configuration. Evolution of the capacitance in 0.5 M NaCl for an increasing number of stacked disks of
P-PAH-modified paper sheets using the Au collector. (A) Scheme of the stacking strategy. (B) CV at 10 mV/s. (C) Voltammetric capacitances
(C,) at 10 mV/s. (D) GCD cycles at 1 mA/cm? (E) Galvanostatic capacitances (Cgcp) obtained from (D). (F) Ragone’s plot for the stacking of

1—6 P-PAH;;-modified paper disks on the Au current collector.

Cgcp of 10 consecutive cycles are reported in Figure 4E. In this
case, the Cgcp values linearly increased from 60 to 400 mF/
cm? for 1—6 stacked disks at 1 mA/cm?, in agreement with
voltammetric data at low scan rates. These data from GCD
curves were also represented in Ragone’s plot (Figure 4F),
corresponding to Ej, values ranging from 5 to 35 yWh/cm?.
After evaluating the stacking strategy on the Au current
collector, we explored another approach using a plastic
collector. The performance of the Au and PET substrates
coated with PEDOT as current collectors was comparatively
evaluated by CV (see Section S$3.3). The voltammetric
responses obtained in these experimental conditions with the
plastic and Au collectors are practically the same for the
configuration with three stacked P-PAH;; -modified paper disks
(Figure S3.3). The voltammetric capacitance values obtained
for both collectors are also comparable, as presented in Figure
SA. The capacitive performances are also comparable in terms
of GCD curves. Figure 5B presents the GCD curves at current
densities ranging from 0.5 to 8 mA/cm® for the electrode
configuration with three stacked P-PAH;; -modified paper disks
using Au and PET current collectors. These similar results
indicate that the use of the plastic substrate in the construction
of the current collector does not limit the capacitive response
of the stacked configuration. The same trends are also
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observed in Ragone’s plot for both collectors for different
current densities, reaching energy densities of 10 yWh/ cm?
with power densities of 420 and 550 mW/ cm? for Au and PET
collectors, respectively (Figure SC).

The robustness of the stacking strategy was evaluated using
continuous GCD cycles at a fixed current density of 4 mA/
cm’. Using the former configuration with three stacked P-
PAH;; -modified paper disks, capacitance retentions of 91 and
97% after 1000 cycles were obtained for the Au and PET
collectors, respectively (Figure 6).

According to these results, the PET substrate coated with
PEDOT can be effectively employed as a current collector,
reaching a performance comparable to that obtained with
metallic collectors.

Finally, the comparison of the present results with similar
reported systems is presented in Table 2. As commented
above, cellulose paper has been extensively used as a substrate
for the preparation of electrodes. In this regard, many
supercapacitor materials have been developed using cellulosic
derivatives in the form of plain paper or fibers. Some of these
systems are summarized in Table 2 for illustrating the wide
variety of materials and electrolyte conditions. As concluded
from the data presented in this table, the present system based
on the PEDOT-PAH paper disks stacking on the PET current
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collector showed an equivalent efficiency in terms of areal
capacitance compared with other similar systems. However, it
is important to highlight that the use of a harmless electrolytic
solution such as aqueous NaCl can lead to the development of
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both safe and environmentally friendly energy storage devices
in comparison with organic solvents or highly acidic solutions.

Additionally, in the stacked configuration with PET
collectors, no metal contacts are needed. In this regard, the
stability of the metal-free PET collector was better than using
the gold collector after 1000 CDG cycles (97 and 91%,
respectively). On the other hand, the use of PET as a current
collector has several comparative advantages for the con-
struction of electrodes for energy storage devices related to its
low cost, low weight, and flexibility. Thus, the present method
becomes a suitable alternative for the construction of wearable
devices.

4. CONCLUSIONS

We have presented a simple strategy for developing electro-
active materials for environmentally friendly neutral super-
capacitors. First, we have shown that the integration of the
cationic polyelectrolyte PAH results in an improvement of the
areal capacitance of the paper electrodes. This improvement is
ascribed to the enhancement of the ionic transport promoted
by the inclusion of hydrophilic domains when integrating
polyamine to the hydrophobic structure of PEDOT-based
materials. Moreover, these paper electrodes are electroactive
and electrochemically stable in a 0.5 M NaCl electrolyte.

Second, we have developed an affordable and practical
strategy to control the areal capacitance by simple stacking of
PEDOT/PAH-coated paper sheets. This simple method sets
an innovative alternative for the manufacturing of super-
capacitors with tunable areal capacitance. In this regard, areal
capacitances of about 400 mF/cm® were obtained by stacking
six P-PAHj; -coated paper sheets on a gold substrate.
Moreover, a plastic current collector was also evaluated; for
this aim, three layers of PEDOT were spin-coated on a PET
substrate. The electrical performance of the PEDOT-coated
PET collector produced equivalent results to the Au collector.
The stability of the stacked disk strategy showed a retention of
97% of its initial capacitance after 1000 GCD cycles at a
current density of 4 mA/cm® using the PET collector.

Finally, the strategy presented in this work could be easily
implemented for the construction of environmentally friendly
energy storage devices at a large scale, by tuning both the
number of coating steps for each paper sheet and the number
of paper sheets in the stacked configuration. Also, the strategy
developed based on the stacking of paper sheets functionalized
with a PEDOT composite is also compatible with the use of
plastic current collectors, which could be applied to the design
and construction of energy storage devices for wearable
applications.
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