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Flexible Solid Supercapacitors of Novel Nanostructured Electrodes
Outperform Most Supercapacitors
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ABSTRACT: Sustainable and scalable fabrication of electrode Sg;i':!:e

materials with high energy and power densities is paramount for }{ j%

the development of future electrochemical energy storage devices. CE:

The electrode material of a supercapacitor should have high Pt

electrical conductivity, good thermal and chemical stability, and a RE: WE: power L -Nozzle_
high surface area per unit volume (or per unit mass). Researchers AgiAgCl .. Ti-foil ®5upp|y ~ -
have made great efforts to use two-dimensional (2D) nanomateri- TN | Fied
als, but the separated 2D plates are re-stacked during processing for Shalil EDOT 7 “Mxene
electrode fabrication, impeding the transport of ions and reducing Ll —
the number of active sites. We developed a novel process for PEDOT )

manufacturing thin and flexible electrodes using a 2D material

(MXene, Ti;AIC,) and a conducting polymer (poly(3,4-ethylenedioxythiophene), PEDOT). Because the PEDOT layer is
electrochemically synthesized, it does not contain the activator poly(styrene sulfonate). The electrospray deposition technique solves
the restacking problem and facilitates the infilling of the gel electrolyte by forming a highly porous open structure across the entire
electrode. In the PEDOT/MXene multilayered electrode, the double-layer capacitance increased substantially because of a dramatic
increase in the number of accessible sites through the MXene layer. Although applied to solid supercapacitors, these new
supercapacitors outperform most aqueous electrolyte supercapacitors as well as other solid supercapacitors.

1. INTRODUCTION Flexible solid-state supercapacitors (SSCs) for flexible
electronics are commonly constructed by sandwiching a gel
electrolyte between a pair of porous electrodes.”” The
sustainable and scalable manufacture of electrode materials
with high energy and power densities is paramount to the
development of supercapacitors for future transportation and
stationary electric grid applications.”® The electrode materials
in supercapacitors should have high electrical conductivity,
good thermal and chemical stability, and a high surface area
per unit volume (or per unit mass).” Researchers have devoted
much effort to the use of two-dimensional (2D) nanomaterials
with large surface area-to-volume ratios as high-performance
electrode materials, but the restacking problem in the
preparation process disrupts the transport of ions and lowers
the number of active sites.'"’ Various nanostructured systems
recently studied to increase the interlayer spacing of 2D
materials or introduce porosity have limitations in applications
for large-scale and continuous mass production of electrodes
due to their complex processes.”*

The recent development of wearable and flexible electronic
products requires a solid-state, high-performance energy
storage solution.'™ As traditional energy storage devices,
batteries have been used extensively in solid-state energy
storage applications.”* However, they suffer from slow
charge—discharge cycles because of their diffusion-controlled
charge storage mechanism.” The slow kinetics of this energy
storage mechanism results in a low power density and limited
life cycle.* By contrast, supercapacitors, also known as
ultracapacitors or electrochemical capacitors, have attracted
broad attention over the past decades due to their distinct
advantages over traditional rechargeable batteries such as
higher energy density, longer life cycle, faster charge and
discharge, better safety, less pollution, and no memory effect.™®
Depending on their charge storage mechanism, supercapacitors
can be classified into three types: electrical double-layer
capacitors (EDLCs), which store charges by electrostatically
adsorbing electrolyte ions onto the surface of electrode
materials without charge transfer, and pseudocapacitors,

which operate through a fast and reversible surface redox Received:  July 29, 2022
reaction. Unlike the mechanism of batteries, ions simply attach Accepted:  September 15, 2022
to the atomic structure of the electrodes, allowing for faster Published: October 12, 2022

charging and discharging than batteries. The third type of
supercapacitor with electrodes based on a combination of
EDLCs and pseudocapacitors is known as a hybrid capacitor.’
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Figure 1. Fabrication process and morphology: (a) schematic illustration of the fabrication process for PEDOT/MXene layered composite
electrodes. Morphology of PEDOT and PEDOT/MXene electrodes: scanning electron microscopy (SEM) images from the surface of (b)
PEDOT-30, (c) PEDOT-60, and (d) PEDOT-60/MX. (e) Cross-sectional image of PEDOT-90/MX. (See Figure S1 for SEM and TEM images of
MXen only and the SEM image of PEDOT90, and Figure S2 for the MXene structure identification).

Table 1. Composition Characteristics and Capacitance of PEDOT, MXene, and PEDOT/MXene Layered Composite

Electrodes
PEDOT polymerization time

sample s
MX 0
MX2 (twice MXene volume sprayed) 0
PEDOT30/MX(30 s PEDOT polymerization) 30
PEDOT60/MX(60 s PEDOT polymerization) 60
PEDOT90/MX(90 s PEDOT polymerization) 90

“The capacitance was evaluated at a scan rate of 10 mV s7L

spraying volume of MXene capacitance capacitance
[mF ecm™]* F g']®
20 45 383
40 74 381
20 S7 335
20 69 281
20 80 260

In our previous study, we used a simple electrodeposition
technique to fabricate a highly uniform MXene (Ti;C,T,;
typically represented as M,,;AX,, where M is an early
transition metal, A is a group III or IV-A element, and X is
C or N) pseudocapacitor electrode with a three-dimensional
(3D) open-pore structure for supercapacitor applications
(Figures S1 and S2)."”° The fabricated micron-thickness
electrodes without the use of any additives or binders exhibited
an outstanding specific capacitance of 400 F g™' at a scan rate
of 10 mV s™! in H,SO, aqueous electrolyte and maintained
85% of its value at scan rates as high as 1000 mV s™"."* Though
the electrode exhibited excellent cycling stability, it meets the
thickness limit. Recently, a lot of research has been done on
supercapacitors using MXene and conductive pol?rmers, but
their performance has not been quite impressive. >~ '* Also,
they were not SSCs and the preparation process was quite
complex. In the present study, we further explored searching
for a highly efficient electrode with gel electrolyte (a solid-state
supercapacitor) for practical applications. We devised a novel
process for manufacturing thin and quite flexible nano-
composite electrodes using an MXene and a conducting
polymer (poly(3,4-ethylenedioxythiophene), PEDOT). It
should be emphasized that we did not use the activator
(poly(styrene sulfonate)) to enhance the conductivity because
it can increase the charge transfer resistance.'*™'* Instead, we
applied an electrochemical synthetic method.
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2. RESULTS AND DISCUSSION

We prepared PEDOT/MXene multilayered composite electro-
des with full 3D open-pore structures by depositing a separate
MXene layer using the electrospray deposition (ESD)
technique onto the electropolymerized PEDOT layer (Figure
1). As described above, poly(styrene sulfonate) (PSS), a
general PEDOT conductive activator, can increase charge
transfer resistance, so it was not included in the electrode by
synthesizing PEDOT using an electropolymerization meth-
od.'® However, the gel electrolyte could fully activate the
PEDOT to derive high electrical conductivity, as shown
later."*~"* The compositions of the composite electrodes are
listed in Table 1. Under electrochemical polymerization, the
PEDOT layer directly grows on the Ti foil current collector
without a binder, which results in a reduction of the contact
resistance between the PEDOT and the current collector.
Because of the fractal growth mode, the PEDOT layer exhibits
a porous structure into which the gel electrolyte can seep,
resulting in a large electrochemically active area and efficient
ion diffusion (Figure 1b,c)."”'* Like the PEDOT layer, the
porous structure of the MXene layer can be easily filled with a
gel electrolyte, providing an efficient ion diffusion pathway and
a large electrochemically active surface area (Figure
ld,e).lgFigure 1b,c shows the morphological change of the
PEDOT layer from a highly porous network between small
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Figure 2. Cyclic voltammogram, SSC capacitance, and Nyquist plots: (a) cyclic voltammograms of MXene and PEDOT/MXene layered composite
electrodes at a scan rate of 50 mV s™". (b) Cyclic voltammograms of PEDOT-60/MX at different scan rates. (c) Area-normalized capacitance vs
scan rate and (d) gravimetric specific capacitance vs scan rate of MXene (MX and MX,, which contains twice as much MXene) and PEDOT/
MXene layered composite electrodes. The lines are a guide to the eye. (e) Nyquist plot for a PEDOT-90/MXene sample and its fitting by the

Randles model (inset in the figure).

clusters to a densely packed sphere-like granule with increasing
polymerization time. This morphological change of the
PEDOT with increasing polymerization time affects the gel
electrolyte filling, electrochemically active area, electrochemical
contact between active materials, and thus the electrochemical
performance of the SSC device.'”*” Because of its thin layers,
it is very flexible (Figure Sle) not to show any detachment of
the PEDOT layer or a crack after many times of repeated
bending tests.

The colloidal stability of the MXene suspension is attributed
to surface functional groups (such as —OH, —O, —F, and —Cl)
with negative { potentials.”’ During the ESD deposition of
MXene suspension, rapid evaporation of solvents in an
aerosolized MXene solution induces capillary forces on
MXene flakes, producing a crumpled morphology of the
MXene flakes that prevent re-aggregation of the flakes and
forming a porous structure of the entire MXene layer (Figure
1d)."*Figure le shows that the gel electrolyte smears into the

entire crumpled MXene layer and the porous PEDOT layer
without any voids.”” The porous structure allows complete
access by the electrolyte ions to store charges by pure physical
adsorption. The uniform distribution of the gel electrolyte was
confirmed by energy-dispersive spectroscopy (EDS) (Figure
S3). Porous electrodes help maximize the stored energy
density and promote ion transport, which increases the power
density.'®"”

Cyclic voltammetry (CV) measurements were performed
using a symmetric two-electrode configuration with poly(vinyl
alcohol)(PVA)/H,;PO, gel electrolyte. Figure 2a shows the
comparative area-normalized CV curves recorded at a scan rate
of S0 mV s for the prepared MXene-only (MX and MX2)
and PEDOT/MXene composite electrodes. All of the curves
show a nearly rectangular shape, implying that the charging
and discharging process of the fabricated electrodes exhibits
nearly ideal capacitive behavior.”® The square-shaped CV curve
for the PEDOT-60/MX electrodes was maintained up to a
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Figure 3. Cyclic voltammograms, capacitance, and Nyquist plots of PEDOT-60/MXene/Salt: (a) cyclic voltammograms of PEDOT-60/MX-
layered composite electrodes varying the concentration of LiCF;SO; in H;PO,/PVA at a scan rate of 10 mV s™". (b) Cyclic voltammograms of
PEDOT-60/MX using 0.15 M LiCF;SOs-added H;PO,/PVA electrolyte at different scan rates. (c) Area-normalized capacitance vs scan rate and
(d) gravimetric specific capacitance vs scan rate of PEDOT-60/MX-layered composite electrodes varying the concentration of LiCF;SO; in
H,;PO,/PVA. Because of the capacitance decrease at high scan rates, PEDOT-60/MX was used rather than PEDOT-90/MX. The lines are a guide
to the eye. (e) Nyquist plots (high-frequency region) and (f) Bode plots of PEDOT-60/MX-layered composite electrodes varying the

concentration of LiCF;SO; in H;PO,/PVA.

high scan rate of 200 mV s~ (Figure 2b). Because of the
superior electrical conductivity and capacitive charge storage
properties of the MXene, the current contributions from the
PEDOT and the MXene layer are perfectly added, even at high
scan rates.”> The change in shape from rectangular to leaf-like
at higher scan rates is attributable to the ions lacking sufficient
time to reach the electrode, which reduces their interaction
with the electrode surface, resulting in reduced capacitance
(Figure 2¢)."” Other factors, such as increased active material
resistance and active material electrolyte interfacial resistance,
and long ion diffusion lengths, also contribute to the rapid
decrease in specific capacitance at high scan rates.”'” The areal
capacitance of the PEDOT/MXene layered composite

37828

increased from 45 mF cm™ for the MXene electrode to 80
mF cm™? for the PEDOT-90/MXene electrode at a scan rate
of 10 mV s™". The high rate capability of the PEDOT (Figure
S4) and the efficient charge transfer between the PEDOT and
the MXene layer make the areal capacitance of all of the
PEDOT/MXene layered composites greater than that of the
MXene-only electrode.'” As a result, the PEDOT-90/MX
electrode shows superior areal capacitance and rate capability
even compared to the MX2 electrode containing twice as much
MXene. Although the gravimetric specific capacitance of the
PEDOT/MXene layered composite electrodes decreases with
the inclusion of the PEDOT layer due to the much lower
gravimetric specific capacitance of PEDOT in comparison with
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that of MXene (Figure S4), it becomes comparable to that of
the MXene-only electrode at high scan rates. This is attributed
to the additive effect between the high rate capability of the
PEDOT layer and the effective charge transfer between the
PEDOT and the MXene layers (Figure 2d). However, the
PEDOT-90/MX SSC shows a larger decrease of the
capacitance at high scan rates, implying that there is an
optimal polymerization time (~60 s).

The decrease in rate cazpability in Figure 2¢,d is attributed to
inefficient ion diffusion.”* >* Nonetheless, the charge transfer
between the PEDOT and MXene layers in the composites is
quite efficient and sufficiently fast to maintain the electro-
chemical performance of the MXene.”> We used electrical
impedance spectroscopy (EIS) to gain insights into the effects
of the resistance and capacitive elements on the performance
of the supercapacitor (see the Supporting Information (SI) and
Table $1).”°*’Figure 2e shows the Nyquist plots in the
frequency range of 100 kHz to 10 MHz, as recorded at an
open-circuit potential of S mV. All of the Nyquist plots show
two overlapping semicircles in the high-frequency region
followed by a straight line in the low-frequency region,
representing the capacitive behavior of the electrode.”*” For
quantitative analysis, the Nyquist plots were fitted using the
Randles equivalent electrical circuit model shown as the inset
in Figure 2e (see Table S1 for details).*®*

The charge storage mechanisms of the PEDOT/MZXene
layered composites can be quantified more accurately using
Dunn’s method which deconvolutes the contributions of the
surface-reaction current and ion diffusion-controlled current
(Figure S6 and response current analysis therein).’"** The
change in the ratio of surface-reaction (capacitive) contribu-
tion in the electrodes is less than 5% for all electrodes except
the PEDOT-90/MX electrode. This indicates that at a slow
scan rate, the current by the surface reaction of the device
occupies most of it, and the improvement of the current by
diffusion-controlled contribution is very small. Thus, the fast
rate capability is attributable to the enhanced electrochemical
active area and efficient ion diffusion in the pore structure of
the PEDOT/MXene layered composite. The pores of the 3D
network-like structure are fully exposed to the electrolyte,
providing easy access for ions in the double-layer formed
between the electrode and the electrolyte (Figures le and S1).
By contrast, for the PEDOT-90/MX electrode, the change in
the surface-reaction contribution of the electrode is greater
than 10% due to a reduction of real contact area and charge-
transfer efficiency between the MXene and the PEDOT in the
composite electrodes (Figures 1c and S6). This is also reflected
in the Warburg element of the equivalent circuit model which
represents the diffusion of ions into the pores during the
transition from the high-frequency semicircle to the mid-
frequency spike in the Nyquist plots.”® As the PEDOT
polymerization time increases, the Warburg impedance
increases significantly for the PEDOT electrode because of a
change in the porous structure (Table S1).%

The low conductivity of the polyelectrolytes increases the
internal resistance and barricades the energy density and the
power density of the supercapacitors.'’ We address it by
introducing a salt into gel polymer electrolytes to improve the
ionic conductivity and thus the electrochemical performance of
SSCs by the additional capacitive current.’”** LiCF;SO;, one
of the most commonly used salts, was used. The results of
various amounts of LiCF;SO; addition (0—0.3 M) to the
H;PO,/PVA electrolyte are summarized in Figure 3. The

addition of LiCF;SOj; results in more charge carriers from
H,;PO, and LiCF;S0Oj;, leading to improved ionic conductivity
and a significant distortion of the broad redox plateau in the
rectangular-shaped curve (Figure 3a,b).” The areal capaci-
tance values calculated from the resultant CV curves at a scan
rate of 10 mV s~ are 69, 83, 106, 115, 102, and 74 mF cm™>
for the PEDOT-60/MX SSCs based on H;PO,/PVA and
H,PO,/PVA/LiCF;SO; (0.05, 0.1, 0.15, 0.2, and 0.3 M)
electrolytes, respectively (Figure 3c). The corresponding
specific capacitance values were calculated as 281, 336, 428,
465, 415, and 301 F g™, respectively (Figure 3d). The device
with 0.15 M LiCF;SO; showed maximum areal and
gravimetric specific capacitance values of 115 mF ¢cm™ and
465 F ¢!, respectively. The concentration of 0.15 M is the
optimal concentration of LiCF;SO; because excess CF;SO;~
ions in the H;PO,/PVA gel electrolyte increase the viscosity of
the electrolyte and restrict the ion flow, making it difficult for
the ions to access the active sites of the porous electrode.”

A decrease in areal and gravimetric specific capacitance of
the device with increasing scan rate is observed for all of the
salt-added samples, mainly because of the diminished
involvement of active materials in the electrode by the
polarization at the active material/electrolyte interfaces.”*
The diffusion rate of ions is insufficient to match the
electrochemical behavior of LiCF;SO; in the gel electrolyte,
which decreases the rate capability of the reaction compared
with that of the bare H;PO,/PVA system (Figure 2¢,d).***°
This can be confirmed by EIS analysis of the Nyquist plots
(Figure 3e and Table S1). The obtained Ry, values (the bulk
resistance of the electrolyte) decrease with increasing the salt
concentration due to the improved ionic conductivity.
However, the R, value (charge transfer resistance) increases
with increasing LiCF;SO; content due to the increased
resistance at the electrode and electrolyte interface caused by
the additional Faraday reaction of LiCF;SO; and the
involvement of the electrochemically active material (Table
S1).*° Even though the SSCs show large R values, they can
enhance the capacitance. The analysis by Dunn’s method
shows an increase in the diffusion-controlled contribution at
slow scan rates for all concentrations, originating from the
addigilo%rélal diffusion-controlled reaction of LiCF;SO; (Figure
§7).7

The slope of the vertical line in the low-frequency region
corresponding to ideal capacitance behavior was gradually
changed with the concentration of the salt because of the
additional faradaic reaction of LiCF;SO; (Figure 3e). The
straight line in the lower frequency region of the Nyquist plots
represents the diffusion-controlled process of the devices.” In
the case of the H;PO,/PVA sample, the line is close to 90°,
indicating the ideal capacitive behavior of the device. The lines
deviate from the imaginary axis for the salt-added samples,
demonstrating the emergence of additional diffusion-con-
trolled behavior in the salt-added SSCs.'® Bode plots for all
SSCs reveal phase angles between —85 and —60° at the lowest
frequency of 0.01 Hz (Figure S5).”” The salt-added SSCs show
a broad peak at the high-frequency region, which shifts to a
lower frequency region upon the addition of more LiCF;SO;
to the gel electrolyte, demonstrating an increase in the
diffusion resistance of ions into the electrode due to ion
aggregation, which reduces the electrochemical performance of
devices with the addition of a large amount of salt to the gel
electrolyte.”® This effect is quantitatively confirmed by the
characteristic kinetic frequency ( fo) at which the capacitive and
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Figure 4. Ragone plots and cycling durability: (a, b) Ragone plot for PEDOT-60/MX-layered composites using LiCF;SO5-added H;PO,/PVA gel
electrolytes compared with other symmetric supercapacitors using H;PO,/PVA gel electrolyte. The lines are a guide to the eye. (c) Cycling
durability of PEDOT-60/MX with bare and 0.15 M LiCF;SO;-added H;PO,/PVA electrolyte measured at a fixed current density of 3 mA cm™ for
10000 cycles (inset: galvanostatic charge—discharge cycle curves at a current density of 15 A g™'). (d) Ragone plot comparison for various
electrochemical energy storage devices of present-day technology (The background graph was adopted from ref 39. Copyright: 2014 American

Chemical Society).

the resistance impedances are equal, which corresponds to a
phase angle of —45° in the Bode plot.””** At this point, the cell
is discharged with an efliciency of 50%. This low-frequency
response means an increase in the diffusion resistance of ions
into the electrode, leading to a slow ion diftfusion and, thus, to
a reduction of the electrochemical performance of SSCs.
Because of these two opposite effects, there appears the
optimum concentration of the salt for the electrochemical
performance.

A Ragone plot was constructed to compare the areal energy
and power density values for all SSC devices in a symmetric
full-cell configuration (Figure 4a,b).>"" The highest area-
normalized energy density of 10.19 yWh cm™> was recorded at
a power density of 046 mW cm™* for a PEDOT-60/MX
sample with 0.15 M LiCF;SO; in H;PO,/PVA gel electrolyte.
In addition, the maximum power density of 21.93 mW cm™
was obtained with an energy density of 4.87 yWh cm™ by the
same electrode (Table S1). Notably, the weight normalized
energy and power densities are much greater than those of all
of the H;PO,/PVA-based SSCs. To verify the charge—
discharge cycle durability of the device, the PEDOT-60/MX
electrode was subjected to 10 000 charge—discharge cycles in a
potential range of 0.8 V at a current density of 3 mA cm™
using bare and 0.15 M LiCF;SOj;-added H;PO,/PVA gel
electrolytes (Figure 4c). The inset shows a comparison of the
galvanostatic charge—discharge curves measured at a fixed
current density of 3 mA cm™ No IR drop is evident in the
curve of the PEDOT-60/MX (H,PO,/PVA) SSC, which
means that no electrical potential along the path of the current
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flowing in an electrical circuit is lost and that the device
exhibits little pseudocapacitance behavior.”” By contrast, the
salt-added SSC shows a slightly distorted triangle with a small
IR drop, similar to the curve of a pseudocapacitor.’>** Like the
CV curves, the charge—discharge curve becomes wider with
extended discharge time, which is consistent with the EIS
results, illustrating superior performance (Table S1). The
retention of the shape of the discharge curves with little
potential drop even at higher current densities indicates good
EDLC behavior.®

After 10 000 cycles, the H;PO,/PVA sample retained ~90%
of the initial areal capacitance while the salt-added sample
showed ~70% capacitance retention, possibly due to the
increase in ion aggregation which reduces ion migration and
diminishes the redox behavior of the electrolyte.’>*” Never-
theless, the performance of the 0.15 M salt-added capacitor is
truly outstanding. In addition to the excellent energy density, it
exhibits unprecedented high power density."” In terms of the
energy density (maximum 20.65 Wh kg™ at 10 mV s™') and
the power density (45.45 kW kg™' at 1000 mV s™'), the SSC
with the optimal salt amount (0.15 M) outperforms most
aqueous electrolyte supercapacitors, as well as most reported
SSCs (Figure 4d).”*”*' The energy density is even comparable
to that of a Li-ion capacitor, but the power density far exceeds
that of a Li-ion supercapacitor. Also, this SSC performs
significantly better than the SSC composed of Ti;C,T,/
PEDOT prepared together by in situ polymerization.*
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3. CONCLUSIONS

In summary, flexible all-solid-state supercapacitors with novel
structured electrodes were fabricated via the electrochemical
polymerization of PEDOT and subsequent electrospray
deposition of MXene onto the PEDOT layer. The combina-
tion of the fractal characteristics of the electropolymerized
PEDOT and the crumpled MXene flakes form a highly porous
open structure across the entire electrode. This porous
structure enables easy infilling of a gel electrolyte without
forming voids, leading to a large electrochemically active area
and efficient ion diffusion routes for improved electrochemical
performance. Although PEDOT did not contain PSS as an
activator, it was able to have sufficiently high conductivity due
to complete contact with the gel electrolyte, which penetrated
well into the porous structure of PEDOT to provide high
conductivity. The electrochemical capacitance of the device
was further enhanced by adding a salt (LiCF;SO;) to the gel
polymer electrolyte. The addition of the optimal amount of the
salt (0.15 M) greatly promoted both the ionic conductivity of
the electrolyte and additional current, resulting in a
surprisingly excellent capacitance. It outperforms most
aqueous electrolyte supercapacitors as well as most reported
SSCs. The fabrication process of the PEDOT/MXene
composite electrode is very simple, inexpensive, and can be
easily applicable to the practical production of large-area
flexible SSCs.

4. EXPERIMENTAL SECTION

4.1. Synthesis of the Ti;C,T, Mxene. Few-layer Ti;C,T,
(MXene) flakes were synthesized by chemical etching from
their precursor Ti;AlC, MAX phase using HF-forming solution
which contains metal fluoride salts (LiF) and HCl as described
elsewhere.'® Ti,AIC, (4 g, Carbon, Ukraine, <40 ym) powder
was slowly added into the LiF (2.68 g) and HCI (6 M, 40 mL)
mixture and kept at 45 °C for 48 h under constant stirring. The
etched solution is highly acidic and washed with Ar gas purged
deionized (DI) water using centrifugation at 3500 rpm for 10
min per cycle until the pH of the supernatant reached neutral.®
The collected sediment was dispersed in 500 mL of DI water
and probe-sonicated (500 W, S-4000, Mixonix) for 1 h in an
ice-cooled bath under Ar gas flow to prevent oxidation of
MXene. The delaminated MXene solution was centrifuged for
10 min at 3500 rpm, and the collected supernatant was freeze-
dried for further use.

4.2. Electrochemical Polymerization of Poly(3,4-
ethylenedioxythiophene). The titanium foil (Ti foil) was
immersed in a solution containing 43 uL of 3,4-ethyl-
enedioxythiophene (EDOT, 97%, Sigma-Aldrich) and 20 mL
of 0.1 M LiBF,/acetonitrile (ACN). Then, the electrochemical
polymerization was carried out in a three-electrode config-
uration, where platinum (Pt) plate and Ag/AgCl in 3 M KCl
were used as the counter electrode and reference electrode,
respectively. The PEDOT was polymerized under a constant
potential of 1.5 V (vs Ag/AgCl) for different deposition times.
The as-prepared PEDOT electrodes were carefully washed
with ACN to remove the extra EDOT and LiBF, followed by
drying in air at room temperature for 12 h.

4.3. Fabrication of Electrospray-Deposited MXene
Electrode.”® The spraying solution was freeze-dried. MXene
powder (60 mg) was dispersed in a 40 mL solvent mixture of
DI water/ethanol(EtOH) (S5:5 v/v). The suspension was
probe-sonicated for 30 min in an ice-cooled bath under Ar gas

flow to get stable dispersion. A stable MXene suspension was
then pumped out of a 30G stainless steel needle at a rate of 3
mL h™". The solution aerosolized at the tip of the needle under
an electric potential of 18 kV. The distance between the tip of
the nozzle and the as-prepared PEDOT-coated Ti foil (or just
Ti foil) current collector was 13 cm. A postannealing process at
150 °C for 2 h under flowing Ar was then applied to adhere the
MXene flakes to each other by sintering effect.

4.4. Fabrication of the Flexible Solid-State Symmetric
Supercapacitor. The supercapacitors were fabricated through
the assembly of PVA/H;PO, gel electrolyte-coated Ti,C,T,/
PEDOT composite electrodes (Figure 1). The PVA/H;PO,
gel electrolyte is prepared by mixing 10 g of PVA powder with
100 mL of 1 M H;PO, under stirring at 90 °C until the
mixture becomes transparent. The gel electrolyte was cast onto
the surface of PEDOT/MXene layered composites. For solid-
state application, various PVA-based gel electrolytes have been
applied using a mixture of acid, base, and salts.”""*
though they showed comparable achievements, drawbacks
such as low ionic conductivity and lower level of capacitance
are still remaining.*' Recently, many researchers have explored
salt additives to gel polymer electrolytes for energy storage
applications which efficiently improve the ionic conductivity
and add additional capacitance into the supercapacitor
enhancing electrochemical performance.”® In this work,
lithium trifluoromethanesulfonate (LiCF;SO;) was applied as
a salt additive in PVA/H;PO, gel electrolyte which promotes
both ionic conductivity of the electrolyte and capacitance
value. After attaining transparent H;PO,/PVA gel solution,
0.05, 0.1, 0.1S, 0.2, and 0.3 M LiCF;SO; were added to this
H;PO,/PVA gel solution and stirred for 30 min at the same
temperature. The solution state LiCF;SO;/H;PO,/PVA gel
electrolyte was directly coated on the PEDOT/MZXene layered
composite electrodes using a doctor blade and dried. The
fabricated SSCs are very thin and very flexible (Figure Sle).
No binder was applied, but the electrode and the entire SSC
devices were flexible, and even after 10 bendability tests, no
peeling or cracking occurred in the electrode or SSC. The
flexible SSC manufactured here shows that the change in
electrochemical performance was not notable after repeated
bending 10 times. No separate mechanical flexibility test was
done.

4.5. Chemical and Electrochemical Characterization.
The morphological information of the samples was charac-
terized by field emission scanning electron microscopy (FE-
SEM, Nova Nano SEM 200, FEI). The X-ray diffraction
(XRD) patterns were recorded on a powder diffractometer
(D8 Advance, Bruker, Germany) equipped with a Cu K-a
radiation source from S to 60° at a step rate of 2 ° min~'
(Figure S2 in the Supporting Information). The basic
electrochemical properties of the devices were measured
using a VMP3 potentiostat (Biologic, France). The specific
capacitances were calculated based on the integrated area of
the cyclic voltammograms. Electrochemical impedance spec-
troscopy (EIS) experiments were performed at open-circuit
potential (OCP), with a S mV amplitude, and in the frequency
range of 10 mHz to 100 kHz. Cycle stability was performed at
a fixed current density of 3 mA cm™ in the voltage range of 0—
0.8 V.

Even
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SEM images for Ti;AlC, (MAX), etched Ti;AlC,, and
delaminated 2D Ti;C,T, sheets, TEM images of the
Mzxene, a photograph of the fabricated flexible SSC
showing the flexibility, and SEM image of PEDOT90
electrode (Figure S1); XRD patterns for Ti;AlC,
(MAX), etched MAX, and delaminated 2D Ti,C,T,
sheets (Figure S2);'° cross-sectional SEM images and
their corresponding energy-dispersive spectroscopy
(EDS) scans from the cross section of PEDOT-30/
MX and PEDOT-90/MX (Figure S3); electrochemical
performance of PEDOT single-layer electrodes varying
electrochemical polymerization time, cyclic voltammo-
grams at a scan rate of S0 mV s~', areal capacitance vs
scan rate and gravimetric specific capacitance vs scan
rate, and EIS analysis by Randle’s equivalent circuit
model (Figure S4); Nyquist plots shifted to compare the
R values (Figure SS); response currents for the H;PO,/
PVA electrolytes and response currents for the salt-
added electrolytes (Figures S6 and S7); and equivalent
circuit parameters and performance of the cells in the
Ragone plot; response current analysis by Dunn’s
method (Table S1) (PDF)
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