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Abstract: Flexible and self-standing multilayered films made of nanoperforated poly(lactic acid)
(PLA) layers separated by anodically polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) con-
ducting layers have been prepared and used as electrodes for supercapacitors. The influence of the
external layer has been evaluated by comparing the charge storage capacity of four- and five-layered
films in which the external layer is made of PEDOT (PLA/PEDOT/PLA/PEDOT) and nanoperfo-
rated PLA (PLA/PEDOT/PLA/PEDOT/PLA), respectively. In spite of the amount of conducting
polymer is the same for both four- and five-layered films, they exhibit significant differences. The
electrochemical response in terms of electroactivity, areal specific capacitance, stability, and coulombic
efficiency was greater for the four-layered electrodes than for the five-layered ones. Furthermore,
the response in terms of leakage current and self-discharge was significantly better for the former
electrodes than for the latter ones.

Keywords: conducting polymer; energy storage devices; nanoperforated films; polylactic acid;
poly(3,4-ethylenedioxythiophene)

1. Introduction

Among energy storage devices, electrochemical supercapacitors (SCs) have gained
increasing attention during recent years [1–5]. SCs exhibit higher power density and energy
density than batteries and conventional capacitors, respectively. In SCs, electrodes are
separated by an ion transport layer through which electrolyte ions shuttle to the electrode
surfaces during the charging and discharging processes. Based on their different energy
storage mechanisms, SCs are divided into several types: electrochemical double layer
capacitors (EDLCs), pseudo-capacitors and hybrid capacitors [6,7]. For EDLCs, the electri-
cal energy is stored by electrostatic accumulation of charges, while the energy storage in
pseudo-capacitors is achieved through reversible and fast redox reactions. Hybrid capaci-
tors are combinations of an EDLC or pseudo-capacitor electrode and a battery electrode in
one SC.

Independently of the energy storage mechanism, electrodes have a critical impact
on the electrochemical performance of SCs and, therefore, their study deserves special
attention. Within this context, a wide variety of electrode materials have been developed.
For example, graphene [8–10], carbon nanotubes [11–13], and carbon nanofibers [14–16]
are typical EDLC electrode materials, whereas metal oxides [17–19] and conducting poly-
mers [20–23] (CPs) are pseudo-capacitor electrode materials. In general, pseudo-capacitor
electrodes exhibit higher capacitance and energy density than EDLC electrodes. Instead,
pseudo-capacitor electrodes show lower power density and rate capability than EDLC
electrode materials.

In recent years, flexible, lightweight, and environmentally friendly electrodes for SCs
have attracted increasing attention since they meet the needs for portable (e.g., foldable
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phones) and wearable (e.g., smart textiles) electronics [24–27]. In these devices, which
exhibit high specific energy and power densities and long life cycles, all components,
including the electrodes, are flexible. In general, it is well-accepted that polymeric gel
electrolytes fulfill the practical conditions required by the electrolyte layers of flexible SCs,
especially in terms of electrochemical performance, excellent compressive/tensile prop-
erties, simple manufacturing properties, satisfactory tolerance over a wide temperature
range [28–31]. However, the most suitable format for the electrodes in flexible SCs is still
controversial and highly dependent on the final application of the device. Within this con-
text, nanostructured conducting electrodes based on hydrogels [32–34], films [35–37], and
fibers [38–40] have been reported for flexible SCs designed for different final applications.

In this work, we develop conducting and self-standing films of submicrometric thick-
ness as flexible electrodes for SCs. These electrodes were obtained by alternating nanofea-
tured layers of an insulating polymer, which provided mechanical strength, and a CP
that supplied electrochemical properties. Nanoperforations created in the insulating poly-
mer layers were used to let the interpenetration of the CP layers, allowing the entire
self-assembled film to be electrochemically active. Moreover, the two materials chosen
for this device, polylactic acid (PLA) and poly(3,4-ethylenedioxythiophene) (PEDOT), are
biocompatible, suggesting that flexible SCs prepared using such electrode are specially
appropriated for biomedical applications. For example, the voltage and power consump-
tion required by pressure sensors, radio transmitters, wearable sensor for biomolecules,
pacemakers, and surface electromyography, are relatively low (i.e., typically <100 mV and
<20 µW) and, therefore, could be supplied by flexible SCs. Furthermore, the combination
of planarity, thinness, and flexibility provided by the electrodes reported in this work is
particularly appropriated for applications requiring shape-adapted SCs.

In comparison with other recent approaches used to prepare flexible films for energy
storage applications [41], the strategy presented in this work has some relevant advantages.
First, the nanofeatures in the PLA layer allows the incorporation of the CP layers by
anodic polymerization (or electropolymerization) rather than by chemical methods, as, for
example, oxidative polymerization. The former method favors the straight deposition of
the CP film on the substrate, is very fast and efficient, and the layer thickness can be easily
controlled by tuning the electrochemical parameters [42]. Furthermore, the combination of
anodic polymerization and spin-coating provides a precise control on the thickness of the
whole multilayered film, which is not easily achieved by other techniques [41]. Second,
the relative distribution of the CP and PLA (i.e., external or internal layers) can be finely
regulated and, even altered, through the applied approach, as is shown below.

Two different types of electrodes, which differ in the number of layers and, therefore,
in the chemical nature of the external layer that can be of PLA (odd number of layers)
or PEDOT (even number of layers), were prepared. More specifically, the system with
an odd number of layers was obtained by self-assembling three PLA and two PEDOT
layers alternatively (i.e., PLA/PEDOT/PLA/PEDOT/PLA), whereas the one with an
even number of layer only contained two PLA layers (i.e., PLA/PEDOT/PLA/PEDOT).
It should be remarked that the amount of electrochemically active CP is the same for
the two electrodes, hereafter denoted 3PLA/2PEDOT and 2PLA/2PEDOT, respectively.
Therefore, differences between them have been attributed to the effect of the external PLA
layer that, although it was found to be beneficious for electromechanical (i.e., faradaic
motors) [43] and tissue engineering applications [44], has a detrimental effect for energy
storage applications.

2. Results

The procedure used for the preparation of multilayered films formed by alternated
layers of PLA and PEDOT was reported in previous work [43] and is schematically summa-
rized in Figure 1. In brief, after spin-coating a sacrificial electroactive layer of PEDOT doped
with polystyrene sulfonate (PEDOT:PSS) on a steel sheet (AISI 304) of 0.50 × 0.25 cm2, the
rest of the process consisted in the sequential combination of three different steps. The first
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(steps “1” in Figure 1) was the spin-coating of a 90:10 v/v mixture of PLA and poly(vinyl
alcohol) (PVA) solutions (both 10 mg/mL) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP).
After this, the second step involved the elimination of the nanospherical PVA domains
by water-etching (steps “2” in Figure 1). It is worth noting that the diameter of such PVA
nanofeatures, which were induced by the phase segregation between immiscible PLA and
PVA during the spin-coating process, was adjusted to the thickness of the layer by selecting
appropriated operational parameters (i.e., spinning speed, spinning time, and both con-
centration and solvent for the polymer solutions) [43,44]. Consequently, the electroactive
material under the PLA layer became accessible through the nanoperforations obtained by
removing PVA. Finally, the third step consisted in the electrochemical polymerization of
PEDOT doped with ClO4

– anions (steps “3” in Figure 1).
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topography of 3PLA/2PLA films was provided in previous work [43,44] in which the ef-

fect of each layer was analyzed one-by-one. 

Figure 1. Descriptive scheme of the procedure used to prepare self-standing 3PLA/PEDOT and 2PLA/2PEDOT films.

The formation of the PEDOT:ClO4
− layer was promoted by the electroactive mate-

rial accessible through nanoperformations. For the fabrication of 3PLA/2PEDOT and
2PLA/2PEDOT films, steps “1” and “2” were repeated three and two times, respectively,
while step “3” was repeated two times in both cases. Finally, the supported multilayered
films were detached from the steel substrate by removing the PEDOT:PSS sacrificial layer,
which was accomplished by submerging the supported membranes into milli-Q water
for 12 h. The five- and four-layered films were completely detached from the steel with
the help of tweezers, converting them into self-standing. Details about the operational
parameters for the spin-coating and electropolymerization processes are described in the
Electronic Supplementary Material.

Figure 2 shows photographs of self-supported 2PLA/2PEDOT films, which cannot be
macroscopically distinguished from 3PLA/2PEDOT films (Figure S1). These self-standing
films are very flexible and robust. This is evidenced in Figure 2, which show digital camera
images of how the film floating in water folds on itself, experiencing a complete loss the
shape when it exposed to air. However, the original shape is fully restored after the film is
dropped back into the water. The thickness of the layers, as determined by perfilometry,
was 45 nm (1st PLA), 259 nm (1st PEDOT), 94 nm (2nd PLA), 199 nm (2nd PEDOT), and
113 nm (3rd PLA).
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Figure 2. Digital camera photographs of a free-standing 2PLA/2PEDOT film: (1) floating on water; (2) clamped with
tweezers while remains floating on water; (3) clamped out of water (in air); (4) introduced again on water.

The surface morphology of 2PLA/2PEDOT and 3PLA/2PLA films, which was stud-
ied by scanning electron microscopy (SEM), is displayed in Figure 3. 2PLA/2PEDOT
surface is very similar to that previously described for single layered PEDOT films and can
be described as a very homogeneous distribution of small aggregates, which are associ-
ated with the linear growing of polymer chains (Figure 3a) [20]. A completely different
morphology was observed for 3PLA/2PEDOT (Figure 3b). Although low magnification
SEM images suggest a compact, homogeneous, and flat surface, as is illustrated in the
micrograph displayed in the inset, high magnification images evidence the presence of
nanoperforations of 156 ± 23 nm in diameter. Moreover, the templating effect of the inter-
nal PEDOT layer on the external PLA layer is also reflected in the highest magnification
micrograph (Figure 3b, right). Detailed description of the morphology and topography of
3PLA/2PLA films was provided in previous work [43,44] in which the effect of each layer
was analyzed one-by-one.

Figure 4 compares the electrochemical behavior of pure PLA and pure PEDOT de-
posited on a steel electrode, which were spin-coated and electropolymerized, respec-
tively, using the experimental conditions employed for the preparation of 2PLA/2PEDOT
and 3PLA/2PEDOT. As it was expected, PLA was identified as an insulating and non-
electroactive polymer, while PEDOT exhibited a very high electrochemical activity. Accord-
ing to these observations, the energy storage capacity discussed below for 2PLA/2PEDOT
and 3PLA/2PEDOT must be exclusively attributed to PEDOT layers, while the contri-
bution of PLA layers is related to both the flexibility and self-supporting behavior of
multilayered films.

Figure 5a compares the cyclic voltammetry (CV) control curves recorded of free-
standing 2PLA/2PEDOT and 3PLA/2PEDOT electrodes in a 0.1 M NaCl solution. From
a qualitative point of view, the non-quasi rectangular and symmetric shape of the two
voltammograms is similar, indicating pseudocapacitive behavior and good reversibility,
respectively [45–47]. The redox shoulders at 0.25 and 0.30 V are consistent with the
high pseudocapacitive behavior. Another important characteristic of the voltammograms
recorded for the two electrodes is the deviation from ideal horizontal voltammetric curves,
which has been attributed to the presence of external and internal PLA layers in the films.
From a quantitative point of view, the anodic and cathodic areas of the voltammograms
are significantly larger for 2PLA/2PEDOT than for 3PLA/2PEDOT, indicating that the
electrochemical activity (electroactivity) of the former is higher. Indeed, comparison of the
total voltammetric charges, which are the sum of anodic and cathodic charge densities,
indicates that the electroactivity is 61% higher for 2PLA/2PEDOT than for 3PLA/2PEDOT.
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Figure 4. Cyclic voltammograms of pure PLA and pure PEDOT films, which were spin-coated and
electropolymerized on steel electrodes, respectively, using a 0.1 M NaCl electrolytic solution. Initial
and final potential: 0.0 V; reversal potential: 0.8 V. Scan rate: 100 mV/s.
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Figure 5. (a) Cyclic voltammograms of free standing (left) 2PLA/2PEDOT and (right) 3PLA/2PEDOT films using a 0.1 M
NaCl electrolytic solution. Cyclic curves correspond to the 1st and 1000th cycles. Initial and final potential: 0.0 V; reversal
potential: 0.8 V. Scan rate: 100 mV/s. (b) Evolution of the loss of electrochemical activity (LEA) with the number of redox
cycles. (c) Areal specific capacitance (AC) determined for 2PLA/2PEDOT and 3PLA/2PEDOT electrodes after the 1st and
1000th voltammetric cycles.

In order to evaluate the electrochemical stability of the electrodes, 1000 consecutive
oxidation-reduction cycles were applied to both 2PLA/2PEDOT and 3PLA/2PEDOT using
the same interval of potentials and scan rate. The voltammograms recorded after such
1000 CV cycles, which are included in Figure 5a, exhibit the same shape (i.e., non-quasi
rectangular and symmetrical) that the control ones. However, the area varies, this feature
being more evident for 3PLA/2PEDOT than for 2PLA/2PEDOT. This result suggests that
the external layer of PLA is the most affected by the applied redox processes.

Figure 5b represents the evolution of the loss of electrochemical activity (LEA; in %)
against the number of CV cycles. The LEA was expressed as

LEA =
Qi − Q1

Q1
× 100 (1)

where Qi is the difference of voltammetric charge (in C) obtained for cycle i and Q1 is the
voltammetric charge corresponding to the first cycle. For 3PLA/2EDOT the electrochemical
activity decreases rapidly with increasing number of cycles. Thus, the LEA increases to
10% after only 100 cycles and, after that, the value progressively grows around 1% every
100 cycles. Conversely, the LEA of 2PLA/2PEDOT decreases up to −2.5% during the
first 600 CV cycles, evidencing a self-stabilizing process. After that, the LEA increases by
around 1% every 100 cycles. Comparison of the LEA profiles obtained for 3PLA/2EDOT
and 2PLA/2EDOT confirms the previous hypothesis according to which the lower electro-
chemical stability of the former electrode is due to the damage induced by the potential
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scan in the last PLA layer. Figure S2 shows SEM micrographs proving that the apparition of
surface defects (cracks) at the external layer of 3PLA/2PEDOT occurs after 100 cycles only.

The areal specific capacitance (AC; in mF/cm2) was determined using the follow-
ing expression:

AC =
Q

∆V × A
(2)

where Q is voltammetric charge determined by integrating the oxidative or the reductive
parts of the cyclic voltammogram curve, ∆V is the potential window (in V), and A is the
area of the electrode (in cm2). Results are compared in Figure 5c. The AC of 2PLA/2PEDOT
electrode increases 15% after 1000 CV cycles (from 10.8 to 12.4 mF/cm2), which is consis-
tent with the previously mentioned self-stabilizing effect, whereas that of 3PLA/2PLA
decreases the same amount (from 6.4 to 5.6 mF/cm2). For the sake of completeness, spe-
cific capacitances, expressed as capacitance per gram of active PEDOT (F/g), are listed
in Figure S3). As it can be seen, the specific capacitance of 2PLA/2PEDOT is as high as
452 ± 8 F/g increasing to 516 ± 24 F/g after 1000 CV cycles.

Energy storage ability of pseudocapacitive electrodes is typically related with the
access and scape of the electrolyte into them. This diffusion-controlled process depends
on the potential scan rate. Cyclic voltammograms of 2PLA/2PEDOT and 3PLA/2PEDOT
films at different scan rates are shown in Figure 6. The deviation from the horizontal of
the voltammograms increases with the scan rate. This loss of ideality indicates that the
number of ions that successfully reaches the films decreases with increasing scan rate, since
diffusion is limited. On the other hand, the unfavorable contribution of PLA layers to the
electrical conductivity of the films explains the loss of the ideal rectangular shape, which is
more evident for 3PLA/2PEDOT than for 2PLA/2PEDOT. All curves, with exception of
that obtained for 3PLA/2PEDOT at the lowest scan rate, are symmetric, indicating good
reversibility even at the higher rates.
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Initial and final potential: 0.0 V; reversal potential: 0.8 V.

Figure 7a,b shows the curve voltage versus time for galvanostatic charge-discharge
(GCD) measurements performed at a 0.80 V window for a current density of 0.40 mA/cm2.
Comparison of the triangle-like shaped GCD curves obtained for 2PLA/2PEDOT and
3PLA/2PEDOT indicates that charge and discharge times (tc and td, respectively) are
longer for the former (tc = 9.5 s and td =9.5 s) than for the latter (tc = 8.2 s and td = 7.5 s).
Indeed, a td shorter than tc, as observed for 3PLA/2PEDOT, indicates low coulombic
efficiency (η). This parameter, defined as the ratio between td and tc, was of η = 1.0 and 0.9
for 2PLA/2PEDOT and 3PLA/2PEDOT, respectively.
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After 3000 GCD cycles (Figure 7a,b), the value of tc increases to 10.5 and 13.5 s for
2PLA/2PEDOT and 3PLA/2PEDOT, respectively, while the td increases to 10.5 s for
the former and decreases to 6.0 s for the latter. Accordingly, after 3000 GCD cycles, η
remains at 1.0 for 2PLA/2PEDOT and decreases to 0.4 for 3PLA/2PEDOT. Consistently,
the potential drop (Figure 7a,b) is twice for 3PLA/2PEDOT than for 2PLA/2PEDOT
(i.e., 0.2 V vs. 0.1 V), indicating that the electrical conductivity is higher for the latter
than for the former. Moreover, the potential drop of 2PLA/2PEDOT becomes almost
inappreciable (i.e., <0.03 V) after 3000 GCD cycles. These results, which are fully consistent
with CV observations, are corroborated by the AC (Figure 7c), which was 33% higher for
2PLA/2PEDOT than for 3PLA/2PEDOT after the first cycle, this difference increasing to
127% after 3000 GCD cycles. It should be noted that GCD cycles are much less aggressive
than CV cycles. Thus, previous studies showed that potentiostatic redox cycles alter
drastically the structure of polymers [48,49]. This feature explains that AC values derived
from GCD measures are, in general, higher than those obtained using CV, as shown in
Figures 5c and 7c.

Overall, CV and GCD assays indicate that the connection between the two PEDOT
layers increases with the number of cycles for 2PLA/2PEDOT, which has been attributed
to the degradation of the internal PLA layer. Thus, the cleavage PLA chains at such
internal layer probably results in charged species, giving place to additional parasitic
electrochemical reactions and explaining the increment of the SC and the td, as well as
the practical elimination of the potential drop, with the increasing number of cycles. On
the contrary, the two external layers of PLA plug the internal layers of PEDOT (with the
exception of nanoperforations) in 3PLA/2PEDOT, making electrochemical processes more
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difficult and, therefore, protecting the PLA chains of the internal layer from degradative
oxidation and reduction processes.

Figure 8a compares the leakage current of 2PLA/2PEDOT and 3PLA/2PEDOT after
charging to 0.8 V at 0.1 mA. As it can be seen, the discharge is not only faster for the
former than for the latter but also the current stabilizes at a higher value for the former
than for the latter. These feature indicate that 2PLA/2PEDOT electrodes provide better
stability than 3PLA/2PEDOT ones. Figure 8b shows the voltage drop of charged systems.
Such representative self-discharging curves indicate that the voltage of 2PLA/2PEDOT is
systematically higher than that of 3PLA/2PEDOT. The rate of current leakage self-discharge
is influenced by different factors, such as the chemistry and electrochemistry of the system,
the purity of reagents and electrolyte and the temperature [50]. Considering that both types
of electrodes were manufactured using identical chemical components (i.e., PLA, PEDOT)
and the experimental conditions, the lower self-discharging tendency of 2PLA/2PEDOT
reflects higher capacity to store energy electrochemically.
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3. Methods and Materials
3.1. Materials

PEDOT: PSS 1.3 wt.% dispersion in water, 3,4-ethylenedioxythiophene (EDOT) monomer,
PVA 87–89% hydrolyzed and lithium perchlorate (LiClO4) were purchased from Sigma-
Aldrich (Saint Louis, MO, USA). LiClO4 was stored at 80 ◦C before its use. PLA 2002D
pellets were supplied by Nupik International (Polinyà, Spain). Acetonitrile and HFIP were
purchased from Panreac Quimica S.A.U. (Barcelona, Spain).

3.2. Preparation of the Films

Multilayered films were prepared by combining the spin-coating and the anodic
polymerization techniques, following a recently reported procedure [43]. In brief, a steel
sheet (AISI 304) of 0.50 × 0.25 cm2 was coated with a sacrificial layer of PEDOT:PSS
by spin-coating deposition (1200 rpm for 60 s). Then, a PLA:PVA layer was generated
onto the sacrificial layer by spin-coating (1200 rpm for 60 s) a 90:10 v/v mixture of PLA
(10 mg/mL) and PVA (10 mg/mL) HFIP solutions. The nanoperforated PLA layer was
obtained by removing the PVA domains via water etching. The resulting PEDOT:PSS/PLA
bilayer was used as working electrode for the anodic polymerization of PEDOT doped
with ClO4

− (PEDOT: ClO4
−), as described below. Afterwards, the following nanoper-

forated PLA or PEDOT layers were obtained by iterating this procedure. Then, 5-and
4-layered films of composition PLA/PEDOT/PLA/PEDOT/PLA (3PLA/2PEDOT) and
PLA/PEDOT/PLA/PEDOT (2PLA/2PEDOT), still supported onto the PEDOT:PSS-coated
steel substrate, were achieved. These supported films were detached from the metallic
substrate by selective elimination of the PEDOT:PSS sacrificial layer. This was achieved by
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submerging the supported films into milli-Q water for 12 h. Finally, films were completely
detached from the steel substrate with the help of tweezers, and converted into self-
standing multi-layered films. The spin-coating steps were performed using a WS-400BZ-
6NPP/A1/AR1 (Laurell Technologies Corporation, North Wales, PA, USA) spin-coater.

PEDOT was prepared by anodic polymerization using an Autolab PGSTAT302N
controlled by the NOVA software (Metrohm, Herisau, Switzerland). Polymerizations were
carried out by chronoamperometry in a three-electrode cell filled with a 0.1 M LiClO4
acetonitrile solution containing 10 mM EDOT. In both cases, a constant potential of +1.40 V
was applied and the polymerization charge was adjusted to 270 mC. The reference electrode
was an Ag|AgCl electrode containing a KCl-saturated aqueous solution (E◦ = 0.222 V at
25 ◦C), while the counter electrode was a bare steel AISI 316L sheet.

3.3. Characterization

The morphology of the different samples was studied by scanning electron microscopy
(SEM). Micrographs were acquired in a Focused Ion Beam Neon 40 (Zeiss, Oberkochen,
Germany) equipped with an EDX spectroscopy system, operating at 5 kV, depending on
the sensitivity to beam degradation of the studied systems.

Film thickness and roughness measurements were carried out using a Dektak 150
stylus profilometer (Veeco, Plainview, NY, USA). Conducted using the following settings:
tip radius = 2.5 µm; stylus force = 3 mg; scan length = 1000 µm; speed = 33 µm s−1.

All electrochemical measurements were performed using a microcomputer-controlled
potentiostat/galvanostat Autolab (Metrohm, Herisau, Switzerland) with PGSTAT101 equip-
ment (Metrohm, Herisau, Switzerland) and the Nova software (Metrohm, Herisau, Switzer-
land). A conventional Ag|AgCl 3 M KCl electrode and a platinum electrode were used as
reference electrode and counter electrode, respectively.

The electrochemical response of 3PLA/2PLA and 2PEDOT/2PLA free standing films
(0.50 × 0.25 cm2) as electrodes was studied in a three-electrode configuration by means of
cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements. The
areal capacitance (AC) was calculated from CV cycles recorded in a three-electrode system
(Equation (3)):

AC =
I

A ×
(

dV
dt

) (3)

where I is the average discharge intensity, A is the surface area (0.125 cm2), and dV
dt is the

scan rate (100 mV/s). Furthermore, GCD measurements were also used to determine the
cell capacitance, AC, by applying Equation (4).

C =
I × td

A × ∆V
(4)

where I is the applied current (5·10−5 A), td is the discharge time, ∆V is the potential
window (from 0.0 to 0.8V). The cycling stability of was tested by submitting the studied
systems to (i) 3000 GCD cycles at a current density of 0.05 mA from 0.0 V to 0.8 V; and (ii)
1000 CV cycles at a scan rate of 100 mV/s from 0.0 V (initial and final potential) to 0.8 V
(reversal potential). A 0.1 M NaCl solution was used as electrolyte in all cases.

The evaluation of the self-discharging (SD) and leakage current (LC) curves of SCs was
carried out applying the following methodologies. In the first case, the SCs were charged
to 0.8 V at 0.015 mA and kept at 1·10−11 mA for 10 min (i.e., self-discharging). After that
time, the device was discharged to 0 V at −1 mA. In the second case, after charging the
device to 0.8 V at 0.015 mA, it was kept at 0.8 V for 600 s while recording the current data
through the SC (i.e., leakage current).

4. Conclusions

The performance as electrodes for SCs of multilayered films made of alternated
nanometric layers of nanofeatured PLA and electrochemically polymerized PEDOT, has
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been evaluated. Both four- and five-layered films, which differ in the chemical nature
of the external layer, which is PEDOT and nanoperforated PLA, respectively, have been
prepared and characterized. In spite of the amount of conducting PEDOT is the same for
both four- and five-layered films and electrochemical assays indicate that their performance
as electrodes for energy storage devices is very different. Both CV and GCD assays show
that the voltammetric charge and the stability of four-layered films is significantly higher
than that of five-layered ones. Indeed, the AC is 69% and 33% higher for the former than
for the latter as determined by CV and GCD, respectively. Moreover, four-layered films
exhibit a self-stabilizing behavior with increasing number of cycles that is not detected
in five-layered films. Indeed, the latter experiences a progressive loss of electroactivity
with increasing number of cycles. Furthermore, four-layered electrodes exhibited the best
performance in terms of current leakage and the self-discharging. In summary, results
obtained for self-standing and flexible 2PLA/2PEDOT electrodes open new perspectives
for their technological application in the biomedical and textile fields.

Supplementary Materials: The following are available online. Figure S1: Photograph of a free
standing 3PLA/2PEDOT floating on water and clamped with tweezers; Figure S2: SEM micrographs
showing the morphology (surface defects) at the external layer of 3PLA/2PEDOT after 100 cy-
cles; Figure S3: Specific capacitance (in F/g) determined for 2PLA/2PEDOT and 3PLA/2PEDOT
electrodes after the 1st and 1000th voltammetric cycles.

Author Contributions: Conceptualization, B.G.M., J.T. and C.A.; methodology, G.R. and B.G.M.;
validation, G.R. and B.G.M.; formal analysis, J.T. and C.A.; investigation, G.R. and B.G.M.; resources,
J.T. and C.A.; data curation, G.R. and B.G.M.; writing—original draft preparation, C.A.; writing—
review and editing, G.R., B.G.M., J.T. and C.A.; visualization, C.A.; supervision, B.G.M. and C.A.;
project administration, C.A.; funding acquisition, J.T. and C.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by N MINECO-FEDER (RTI2018-098951-B-I00 and FPI grant
BES-2016-077664 to G.R.) and Agència de Gestió d’Ajuts Universitaris i de Recerca (2017SGR359).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon request to authors.

Acknowledgments: B.G.M. is thankful to CONACYT for the financial support through a postgradu-
ate scholarship (328467 CVU 621314).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of films are available from the authors upon request.

References
1. Miao, L.; Song, Z.; Zhu, D.; Li, L.; Gan, L.; Liu, M. Recent advances in carbon-based supercapacitors. Mater. Adv. 2020, 1, 945–966.

[CrossRef]
2. Pomerantseva, E.; Bonaccorso, F.; Feng, X.; Cui, Y.; Gogotsi, Y. Energy storage: The future enabled by nanomaterials. Science 2019,

366, eaan8285. [CrossRef] [PubMed]
3. Cao, C.; Chu, Y.; Zhou, Y.; Zhang, C.; Qu, S. Recent advances in stretchable supercapacitors enabled by low-dimensional

nanomaterials. Small 2018, 14, e1803976. [CrossRef] [PubMed]
4. Lu, C.; Chen, X. Latest advances in flexible symmetric supercapacitors: From material engineering to wearable applications. Acc.

Chem. Res. 2020, 18, 1468–1477. [CrossRef] [PubMed]
5. Armelin, E.; Pérez-Madrigal, M.M.; Alemán, C.; Díaz, D.D. Current status and challenges of biohydrogels for applications as

supercapacitors and secondary batteries. J. Mater. Chem. A 2016, 4, 8952–8968. [CrossRef]
6. Jost, K.; Dion, G.; Gogotsi, Y. Textile energy storage in perspective. J. Mater. Chem. A 2014, 2, 10776–10787. [CrossRef]
7. Béguin, F.; Presser, V.; Balducci, A.; Frackowiak, E. Carbons and electrolytes for advanced supercapacitors. Adv. Mater. 2014, 26,

2219–2251. [CrossRef]
8. Ji, J.; Liu, J.; Zhao, X.; Zhen, Y.; Lin, J.; Zhu, Y.; Ji, H.; Zhang, L.L.; Ruoff, R. In situ activation of nitrogen-doped graphene anchored

on graphite foam for a high-capacity anode. ACS Nano 2015, 9, 8609–8616. [CrossRef] [PubMed]

http://doi.org/10.1039/D0MA00384K
http://doi.org/10.1126/science.aan8285
http://www.ncbi.nlm.nih.gov/pubmed/31753970
http://doi.org/10.1002/smll.201803976
http://www.ncbi.nlm.nih.gov/pubmed/30450784
http://doi.org/10.1021/acs.accounts.0c00205
http://www.ncbi.nlm.nih.gov/pubmed/32658447
http://doi.org/10.1039/C6TA01846G
http://doi.org/10.1039/c4ta00203b
http://doi.org/10.1002/adma.201304137
http://doi.org/10.1021/acsnano.5b03888
http://www.ncbi.nlm.nih.gov/pubmed/26258909


Molecules 2021, 26, 4345 12 of 13

9. Xu, X.Y.; Yang, J.D.; Zhou, X.F.; Jiang, S.Q.; Chen, W.; Liu, Z.P. Highly crumpled graphene-like material as compression-resistant
electrode material for high energy -power density supercapacitor. Chem. Eng. J. 2020, 397, 125525. [CrossRef]

10. Guo, F.; Xiao, P.; Yan, B.Y.; Hahn, M.; Kong, Y.Y.; Zhang, W.; Piao, Y.Z.; Diao, G.W. One-pot synthesis of hydrazide-pillar[5]arene
functionalized reduced graphene oxide for supercapacitor electrode. Chem. Eng. J. 2020, 391, 123511. [CrossRef]

11. Zhou, Y.; Wang, X.X.; Acauan, L.; Kalfon-Cohen, E.; Ni, X.C.; Stein, Y.; Gleason, K.K.; Wardle, B.L. Ultrahigh-areal-capacitance
flexible supercapacitor electrodes enabled by conformal P3MT on horizontally aligned carbon-nanotube arrays. Adv. Mater. 2019,
31, 1901916. [CrossRef] [PubMed]

12. Chen, Y.; Xu, C.; Zhao, J.; Juang, J.D.; Xu, H.; Gou, G.J. Creating a new electrode material of supercapacitors from the waste
multi-walled carbon nanotubes. Electrochim. Acta 2020, 330, 135237.

13. Yeo, T.; Lee, J.; Shin, D.; Park, S.; Hwang, H.; Choi, W. One-step fabrication of silver nanosphere-wetted carbon nanotube
electrodes via electric-field-driven combustion waves for high-performance flexible supercapacitors. J. Mater. Chem. A 2019, 7,
9004–9018. [CrossRef]

14. Zhu, J.H.; Zhang, Q.; Zhang, H.P.; Chen, H.P.; Zhang, R.Y.; Liu, L.F.; Yu, J.Y. Setaria viridis-inspired electrode with polyaniline
decorated on porous heteroatom-doped carbon nanofibers for flexible supercapacitors. ACS Appl. Mater. Interfaces 2020, 12,
43634–43645. [CrossRef] [PubMed]

15. Zhang, R.; Wang, L.; Zhao, J.; Guo, S.W. Effects of sodium alginate on the composition, morphology, and electrochemical
properties of electrospun carbon nanofibers as electrodes for supercapacitors. ACS Sustain. Chem. Eng. 2019, 7, 632–640.
[CrossRef]

16. Gopalakrishan, A.; Sahatiya, P.; Badhulika, S. Template-assisted electrospinning of bubbled carbon nanofibers as binder-free
electrodes for high-performance supercapacitors. Chem. Electro.Chem. 2018, 5, 531–539.

17. Qu, K.Q.; You, Y.; Qi, H.J.; Shi, C.; Sun, Z.; Huang, Z.H.; Yuan, B.N.; Guo, Z.H. Fungus bran-derived porous n-doped carbon-zinc
manganese oxide nanocomposite positive electrodes toward high-performance asymmetric supercapacitors. J. Phys. Chem. C
2020, 124, 15713–15722. [CrossRef]

18. Biswas, S.; Sharma, V.; Mandal, D.; Chowdhurry, A.; Chalravarty, M.; Priva, S.; De, P.; Singh, I.; Chandra, A.; Gowda, C.C. Hollow
nanostructures of metal oxides as emerging electrode materials for high performance supercapacitors. CrystEngComm. 2020, 22,
1633–1644. [CrossRef]

19. Guo, Y.; Wu, C.H.; Li, N.W.; Yuan, S.; Yu, L. Formation of Co-Mn mixed oxide double-shelled hollow spheres as advanced
electrodes for hybrid supercapacitors. J. Mater. Chem. A 2019, 7, 25247–25253. [CrossRef]

20. Aradilla, D.; Estrany, F.; Aleman, C. Ultraporous poly (3, 4-ethylenedioxythiophene) for nanometric electrochemical supercapacitor.
Thin Solid Films 2012, 520, 4402–4409. [CrossRef]

21. Pérez-Madrigal, M.M.; Estrany, F.; Armelin, E.; Díaz, D.D.; Alemán, C. Towards sustainable solid-state supercapacitors: Electroac-
tive conducting polymers combined with biohydrogels. J. Mater. Chem. A 2016, 4, 1792–1805. [CrossRef]

22. Li, K.; Wang, X.H.; Li, S.; Urbankowski, P.; Li, J.M.; Xu, Y.X.; Gogotsi, Y. An ultrafast conducting polymer@MXene positive
electrode with high volumetric capacitance for advanced asymmetric supercapacitors. Small 2020, 16, 1906851. [CrossRef]

23. Xia, C.; Chen, W.; Wang, X.B.; Hedhili, M.N.; Wei, N.N.; Alshareef, H.N. Highly stable supercapacitors with conducting polymer
core-shell electrodes for energy storage applications. Adv. Energy Mater. 2015, 5, 1401805. [CrossRef]

24. Kang, L.; Zhang, M.Y.; Zhang, J.; Liu, S.D.; Zhang, N.; Yao, W.J.; Ye, Y.; Luo, C.; Gong, Z.W.; Wang, C.L.; et al. Dual-defect surface
engineering of bimetallic sulfide nanotubes towards flexible asymmetric solid-state supercapacitors. J. Mater. Chem. A 2020, 8,
24053–24064. [CrossRef]

25. Zhao, W.W.; Jiang, M.Y.; Wang, W.K.; Liu, S.J.; Huang, W.; Zhao, Q. Flexible transparent supercapacitors: Materials and devices.
Adv. Funct. Mater. 2020, 31, 2009136. [CrossRef]

26. Liu, Q.F.; Qiu, J.H.; Yang, C.; Zang, L.M.; Zhang, G.H.; Sakai, E. High-performance PVA/PEDOT:PSS hydrogel electrode for
all-gel-state flexible supercapacitors. Adv. Mater. Technol. 2021, 6, 2000919. [CrossRef]

27. Chen, W.Y.; Wei, T.T.; Mo, L.E.; Wu, S.G.; Li, Z.Q.; Chen, S.H.; Zhang, X.X.; Hu, L.H. CoS2 nanosheets on carbon cloth for flexible
all-solid-state supercapacitors. Chem. Eng. J. 2020, 400, 125856. [CrossRef]

28. Yu, H.M.; Rouelle, N.; Qiu, A.D.; Oh, J.A.; Kempajah, D.M.; Whittle, J.D.; Aakyiir, M.; Xing, W.J.; Ma, J. Hydrogen bonding-
reinforced hydrogel electrolyte for flexible, robust, and all-in-one supercapacitor with excellent low-temperature tolerance. ACS
Appl. Mater. Interfaces 2020, 12, 37977–37985. [CrossRef]

29. Ruano, G.; Tononi, J.; Curcó, D.; Puiggalí, J.; Torras, J.; Alemán, C. Doped photo-crosslinked polyesteramide hydrogels as solid
electrolytes for supercapacitors. Soft Matter 2020, 16, 8033–8046. [CrossRef] [PubMed]

30. Liao, H.Y.; Zhou, F.L.; Zhang, Z.Z.; Yang, J. A self-healable and mechanical toughness flexible supercapacitor based on polyacrylic
acid hydrogel electrolyte. Chem. Eng. J. 2019, 357, 428–434. [CrossRef]

31. Pérez-Madrigal, M.M.; Edo, M.; Saborío, M.G.; Estrany, F.; Aleman, C. Pastes and hydrogels from carboxymethyl cellulose sodium
salt as supporting electrolyte of solid electrochemical supercapacitors. Carbohydr. Polym. 2018, 200, 456–467. [CrossRef] [PubMed]

32. Gupta, A.; Sardana, S.; Dalal, J.; Lather, S.; Maan, A.S.; Tripathi, R.; Punia, R.; Singh, K.; Ohlan, A. Nanostructured polyani-
line/graphene/Fe2O3 composites hydrogel as a high-performance flexible supercapacitor electrode material. ACS Appl. Energy
Mater. 2020, 3, 6434–6446. [CrossRef]

33. Saborío, M.G.; Lanzalaco, S.; Fabregat, G.; Puiggalí, J.; Estrany, F.; Alemán, C. Flexible electrodes for supercapacitors based on the
supramolecular assembly of biohydrogel and conducting polymer. J. Phys. Chem. C 2018, 122, 1078–1090. [CrossRef]

http://doi.org/10.1016/j.cej.2020.125525
http://doi.org/10.1016/j.cej.2019.123511
http://doi.org/10.1002/adma.201901916
http://www.ncbi.nlm.nih.gov/pubmed/31157472
http://doi.org/10.1039/C9TA00992B
http://doi.org/10.1021/acsami.0c10933
http://www.ncbi.nlm.nih.gov/pubmed/32909429
http://doi.org/10.1021/acssuschemeng.8b04191
http://doi.org/10.1021/acs.jpcc.0c03098
http://doi.org/10.1039/C9CE01547G
http://doi.org/10.1039/C9TA05790K
http://doi.org/10.1016/j.tsf.2012.02.058
http://doi.org/10.1039/C5TA08680A
http://doi.org/10.1002/smll.201906851
http://doi.org/10.1002/aenm.201401805
http://doi.org/10.1039/D0TA08979F
http://doi.org/10.1002/adfm.202009136
http://doi.org/10.1002/admt.202000919
http://doi.org/10.1016/j.cej.2020.125856
http://doi.org/10.1021/acsami.0c05454
http://doi.org/10.1039/D0SM00599A
http://www.ncbi.nlm.nih.gov/pubmed/32785400
http://doi.org/10.1016/j.cej.2018.09.153
http://doi.org/10.1016/j.carbpol.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30177187
http://doi.org/10.1021/acsaem.0c00684
http://doi.org/10.1021/acs.jpcc.7b10738


Molecules 2021, 26, 4345 13 of 13

34. Zhang, W.; Feng, P.; Chen, J.; Sun, Z.M.; Zhao, B.X. Electrically conductive hydrogels for flexible energy storage systems. Prog.
Polym. Sci. 2019, 88, 220–240. [CrossRef]

35. Ying, Z.R.; Zhang, Y.Z.; Lin, X.M.; Hui, S.J.; Wang, Y.X.; Yang, Y.B.; Li, Y.C. A biomass-derived super-flexible hierarchically porous
carbon film electrode prepared via environment-friendly ice-microcrystal pore-forming for supercapacitors. Chem. Commun.
2020, 56, 10730–10733. [CrossRef] [PubMed]

36. Zhang, P.; Zhu, Q.Z.; Soomro, R.A.; He, S.Y.; Sun, N.; Qiao, N.; Xu, B. In situ ice template approach to fabricate 3D flexible MXene
film-based electrode for high performance supercapacitors. Adv. Funct. Mater. 2020, 30, 2000922. [CrossRef]

37. Wang, Q.F.; Ma, Y.; Liang, X.; Zhang, D.H.; Miao, M.H. Flexible supercapacitors based on carbon nanotube-MnO2 nanocomposite
film electrode. Chem. Eng. J. 2019, 371, 145–153. [CrossRef]

38. Kwak, C.S.; Ko, T.H.; Lee, J.H.; Kim, H.Y.; Kim, B.S. Flexible transparent symmetric solid-state supercapacitors based on NiO-
decorated nanofiber-based composite electrodes with excellent mechanical flexibility and cyclability. ACS Appl. Energy Mater.
2020, 3, 2394–2403. [CrossRef]

39. Samuel, E.; Joshi, B.; Kim, M.W.; Kim, Y.I.; Swithart, M.T.; Yoon, S.S. Hierarchical zeolitic imidazolate framework-derived
manganese-doped zinc oxide decorated carbon nanofiber electrodes for high performance flexible supercapacitors. Chem. Eng. J.
2019, 371, 657–665. [CrossRef]

40. Park, J.H.; Rana, H.H.; Lee, J.Y.; Park, H.S. Renewable flexible supercapacitors based on all-lignin-based hydrogel electrolytes and
nanofiber electrodes. J. Mater. Chem. A 2019, 7, 16962–16968. [CrossRef]

41. Levchenko, I.; Xu, S.; Baranov, O.; Bazaka, O.; Ivanova, E.P.; Bazaka, K. Plasma and Polymers: Recent Progress and Trends.
Molecules 2021, 26, 4091. [CrossRef]

42. Namsheer, K.; Rout, C.S. Conducting polymers: A comprehensive review on recent advances in synthesis, properties and
applications. RSC Adv. 2021, 11, 5659–5697.

43. Molina, B.G.; Cuesta, S.; Besharatloo, H.; Roa, J.J.; Armelin, E.; Alemán, C. Free-standing faradaic motors based on biocompatible
nanoperforated poly(lactic acid) layers and electropolymerized poly(3,4-ethylenedioxythiophene). ACS Appl. Mater. Interfaces
2019, 11, 29427–29435. [CrossRef]

44. Molina, B.; Cuesta, S.; Puiggalí-Jou, A.; del Valle, L.J.; Armelin, E.; Alemán, C. Perforated polyester nanomebranes as templates of
electroactive and robust free-standing films. Eur. Polym. J. 2019, 114, 213–222. [CrossRef]

45. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef] [PubMed]
46. Garcia-Torres, J.; Crean, C. Multilayered flexible fibers with high performance for wearable supercapacitor applications. Adv.

Sustain. Syst. 2018, 2, 1700143–1700152. [CrossRef]
47. Aradilla, D.; Estrany, F.; Casellas, F.; Iribarren, J.I.; Aleman, C. All-polythiophene rechargeable batteries. Org. Electron. 2014, 15,

40–46. [CrossRef]
48. Ujvári, M.; Takács, M.; Vesztergom, S.; Bazsó, F.; Ujhelyi, F.; Láng, G.G. Monitoring of the electrochemical degradation of PEDOT

films on gold using the bending beam method. J. Solid State Electrochem. 2011, 15, 2341–2349. [CrossRef]
49. Saborío, M.C.G.; Estrany, F.; Alemán, C. Properties of in situ polymerized poly(3,4-ethylenedioxythiophene)/alumina composites

for energy storage applications. J. Polym. Sci. Part B: Polym. Phys. 2017, 55, 1131–1141. [CrossRef]
50. Andreas, H.A. Self-discharge in electrochemical capacitors: A perspective. J. Electrochem. Soc. 2015, 162, A5047. [CrossRef]

http://doi.org/10.1016/j.progpolymsci.2018.09.001
http://doi.org/10.1039/D0CC04436A
http://www.ncbi.nlm.nih.gov/pubmed/32789355
http://doi.org/10.1002/adfm.202000922
http://doi.org/10.1016/j.cej.2019.04.021
http://doi.org/10.1021/acsaem.9b02073
http://doi.org/10.1016/j.cej.2019.04.065
http://doi.org/10.1039/C9TA03519B
http://doi.org/10.3390/molecules26134091
http://doi.org/10.1021/acsami.9b08678
http://doi.org/10.1016/j.eurpolymj.2019.02.038
http://doi.org/10.1038/nmat2297
http://www.ncbi.nlm.nih.gov/pubmed/18956000
http://doi.org/10.1002/adsu.201700143
http://doi.org/10.1016/j.orgel.2013.09.044
http://doi.org/10.1007/s10008-011-1472-y
http://doi.org/10.1002/polb.24374
http://doi.org/10.1149/2.0081505jes

	Introduction 
	Results 
	Methods and Materials 
	Materials 
	Preparation of the Films 
	Characterization 

	Conclusions 
	References

