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ABSTRACT: Long cycle life and high energy/power density are TT and SWCNT Based Hybrid
imperative for energy storage systems. Similarly, flexible and free- s

standing electrodes are important for supercapacitor applications. b
Herein, we report, for the first time, use of thienothiophene (TT) and ?
a single-walled carbon nanotube (SWCNT)-based free-standing and A—— [(,
flexible hybrid material (TT-TPA-SWCNT) as a high-performance ~Charee/Discharge Protocol <~ ) (Lgi
supercapacitor. The synthesized TT derivative, TT-TPA, was directly g y ll(
attached to SWCNT through noncovalent interactions to obtain the Ma;‘t';‘:j‘l’l’]‘:yc:fa;i;/o DC‘SYCC'I‘S'EQ {}:1&
TT-based SWCNT hybrid, TT-TPA-SWCNT, as a flexible film. The {
hybrid film was clarified by surface analysis methods of scanning
electron microscopy and atomic force microscopy. TT-TPA-
SWCNT was used as a flexible and free-standing electrode in a
two-electrode system for supercapacitor and energy storage
applications. It displayed a high energy storage capacity of 83.2 F g”' at 5 mV s™' scan rate, an excellent cyclic stability with
110% retention of its initial specific capacitance after 7000 cycles and a long power density ranged from 100 to 3000 W-kg™',
demonstrating that TT-TPA-SWCNT is a promising hybrid nanomaterial for high-performance energy storage applications.

Maximum Power Density of
3000 W-kg?

£

Excellent Retention Capacity
of 110%

KEYWORDS: thienothiophene, single wall carbon nanotube, supercapacitor, energy-based hybrid material,
flexible and free-standing electrode

B INTRODUCTION been modified, doped, or wrapped by some inorganic and
organic materials.' "> Although there are very limited studies,
higher capacitive values have been obtained as a result of
noncovalent modification of SWCNT with electron rich

Energy is of great importance in the development of a human
society. On the other hand, fossil fuels, nonrenewable and
depleting resources, and climate-changing greenhouse gases

have made our current energy system fragile.”* To solve the structures as hybrid electrodes. Moreover, noncovalent surface
emerging energy crisis, new generation clean energy storage functionalization of SWCNT has some advantages compared
and conversion technologies, fuel cells, batteries, and super- to covalent modifications as the covalent modification results
capacitors are among the most important research areas, to in a change of hybridization from sp® to sp* and partial loss of
which scientific studies have been focused.” Among them, conjugation and homogeneity on the surface by some
supercapacitors with fast charging/discharging rates, long halogenation and acylation reactions.'®'” These deformations
cyclability, and low-cost performance have been attracting have devastated the capacitive performance and the homoge-
significant interest regarding their various apsplications neity of the formed electrode material for supercapacitors.
including power supplies and hybrid vehicles.”” Electro- Therefore, noncovalently modified SWCNT is extremely
chemical performances of supercapacitors are mainly con- important in order to increase the energy conversion of hybrid

trolled by structural and electrochemical properties of the used
materials.®””

Nanocarbon materials, such as single wall carbon nanotubes
(SWCNTs), have high tensile strength, good thermal
conductivity, excellent resilience, porous network, and high
electric conductivity, which make them suitable candidates for
supercapacitor electrode applications.'”"" Such electrodes,
constructed using the SWCNT, have reached specific
capacitance values of around 35 F g7L.'*" In order to
improve their electrochemical performances, SWCNT have

materials, which can be obtained without losing the properties
of the organic or inorganic material and the original form of
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Figure 1. (a) Schematic illustration of the TT-TPA-SWCNT hybrid, (b) SEM image of the TT-TPA-SWCNT hybrid film at 200 k magnification,
(c) topographical 3D AFM profile of the TT-TPA-SWCNT hybrid film, (d) the structure of TT-TPA, and TEM images of the TT-TPA-SWCNT
hybrid treated with a gold nanoparticle solution at different magnifications: (e,f) 200 and 20 nm.

SWCNT."®" Particularly, the hybrids formed by conjugated
semiconductors with SWCNT have been more demanded in
terms of increasing both mechanical strength and electrical
conductivity.'#"*

In particular, hybrids formed by SWCNT-conjugated
semiconductors are in greater demand in terms of increasing
both the mechanical strength and electrical conductivity. Well-
known methods of noncovalent modifications had polymer
wrapping, 7—7n interactions, electron pull-push complexes,
hydrogen bonding and van der Waals forces using 7-electron
or heteroatom-rich binding agents such as pyrene, porphyrin,
and indole derivatives.”””'

Thieno([3,2-b]thiophene (TT) has a rigid structure with
extended 7-conjugation, which makes it suitable 7-linker for
adjusting the band gap of organic materials and to increase the
intermolecular interactions in solid state.”””>° It is an electron-
rich molecule, making it a promising material for the
construction of conjugated—Ilow band gap polymeric semi-
conductors for energy-based applications such as organic solar
cells, organic light-emitting diodes, and organic field-effect
transistors.”” ¢ In this report, we describe supercapacitor and
energy storage performances of TT-TPA-SWCNT by cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD),
and electrochemical impedance spectroscopy (EIS). For the
first time, a high-performance free-standing and flexible
electrode, based on a thienothiophene (TT) derivative and
SWCNT, prepared without using any nonconductive binding
agent, is reported. This study aimed to make an important
contribution to the potential applications of TT and SWCNT-
based hybrid supercapacitors for energy conversion and
storage processes.

B EXPERIMENTAL SECTION

Materials and Methods. All electrochemical tests were
conducted using a PARSTAT MC 1000 electrochemical workstation
(Amatek, USA). Free-standing and binder-free electrodes were
utilized as both the working and counter electrodes. They were cut
into 10 mm diameter discs and weighed before being inserted into the
cell. This setup allowed a symmetrical configuration to be assembled.
The experimental investigation was performed in a two-electrode
system, employing an 85% H;PO, electrolyte, to characterize the
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intrinsic electrochemical properties of TT-TPA-SWCNT. In a typical
test, the cellulose acetate membrane was immersed into the
electrolyte for 30 s before being placed into the coin cell for the
electrochemical analysis. The test methods included CV, GCD, and
EIS.

EIS measurements were performed over a frequency range of
100,000—0.1 Hz at an amplitude of 10 mV. To determine the
suitability of the data for mathematical fitting, the Kramers—Kronig
method was used for data verification. CV measurements were
realized within the voltage range of 0—1 V, utilizing different scan
rates of S, 10, 20, 50, 100, 150, and 200 mV s™'.

2

v,
. S R 7\ V6
m(WEk(V, — V) Jy

C =
(cv) (1)
In the given eq 1, m (WE) (g) represents the mass of the working
electrode in contact with the electrolyte. The variable k denotes the
scan rate used in the CV measurements. V, and V, correspond to the
lowest and highest voltages, respectively, within the range employed
for calculating C(cv).37’3
GCD tests were applied within the voltage range of 0.0—1.0 V at
current densities of 0.20, 0.50, 1.00, 1.50, 2.00, 3.00, 4.00, and 6.00 A-
g~'. The gravimetric specific capacitance (Cgcp, F-g™'), specific
energy density (E, W h-kg™!), and power density (P, W-kg™") of the
supercapacitor were calculated from the GCD curves using the
following equations.*”*’

_ 4IAt
GED ™ LAY (2)
CocpAV?
E =S~
3.6%8 (3)
p  3600E
At (4)

In the provided 4, I (A) represents the GCD current density, At (s)
denotes the discharge time, m (g) indicates the total mass of both
electrodes, and AV (V) represents the discharge voltage within At.

B RESULTS AND DISCUSSION

The hybrid electrode (TT-TPA-SWCNT) is composed of
noncovalent modification of SWCNT with a thienothiophene
derivative (TT-TPA) (Figure 1),*'~* without any binding
agent. In our previous study, characterization of the TT-TPA-
SWCNT hybrid material was examined and clarified through
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Figure 2. Electrochemical characterization of TT-TPA-SWCNT supercapacitor (a) CVs at different scan rates (S, 10, 20, 50, 100, 150, and 200
mV-s"), (b) specific capacitances calculated from CVs at different scan rates (5, 10, 20, 50, 100, 150, and 200 mV-s™"), (c) Nyquist plot of the
supercapacitor cell, and (d) GCD plots at various current densities (0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, and 3 A~g_1).

both experimentally and computationally.** The synthesized
TT-TPA was directly attached to SWCNT forming the TT-
TPA-SWCNT hybrid film (Figure S1) through noncovalent
interactions, ie., van der Waals, 7—x, and S—z, requiring no
binding agents (Figure la). Its scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images showed
interconnected and tangled bundles (Figure 1b) and roughness
from the cross-section of the 3D AFM map (Figure lc). In
order to further clarify the surface modification of SWCNT
with TT-TPA, the hybrid was treated with a gold nanoparticle
solution, AuNPs, for Au—S interactions to obtain clear images
of the nanoparticles on TT-TPA-SWCNT by transmission
electron microscopy (TEM) at different magnifications, i.e.,
200 and 20 nm (Figure lef), which indicated a clear
adsorption of Au by the sulfur atoms of TT-TPAs on the
SWCNTs. This is another proof that the modification has been
successfully performed on single-wall carbon nanotubes.
Moreover, further photophysical properties of TT-TPA-
SWCNT were investigated by Raman spectroscopy (Figure
S2). The spectra displayed typical RBM, D, G, and 2D of
SWCNT peaks at around 260, 1330, 1585, and 2650 cm ™", and
TT peak at around 1600 cm™". The assigned peaks proved that
TT-TPA-SWCNT composed of TT and SWCNT cores.

CV was employed at various scan rates ranging from S to
200 mV s~' (Figure 2a), which demonstrated that the area
under the cyclic voltammograms increased with an increase in
the scan rate, indicating that a supercapacitor cell possessing
good rate capability. Thus, the cell had fast charging and
discharging processes, which is desirable for applications
requiring rapid energy storage and release.”*>** The presence
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of an oxidation peak in the range of 0.7—1.0 V, originating
from the electrode material, further supported the high specific
capacitance of the cell, which showed the occurrence of
electrochemical reactions associated with the charging process,
suggesting efficient utilization of the electrode material for
energy storage. The higher specific capacitance implies a larger
amount of charge storage capability per unit mass of the
electrode material. Additionally, during the reverse potential
scan, the observation of a reduction peak at around 0.6—1 V
suggested the occurrence of electrochemical reactions
associated with the discharging process, demonstrating the
release of the stored energy from the electrode material.
Overall, the presence of these peaks and the behavior of the
cyclic voltammograms indicated that the supercapacitor cell
exhibits good rate capability, high specific capacitance, and
efficient energy storage and release properties. While the
parallelogram-like voltammogram represents the SWCNT and
shows the electrostatic chargeability of the cell, the broad
oxidation and reduction peaks are due to the TT-TPA in the
structure exhibiting capacitive properties. Thienothiophene
structures can provide a broad and repeatable range of
oxidation and reduction reactions between 0.7 and 1.5 V.*/
Similarly, oxidation and reduction peaks were observed at 0.9
and 0.8 V, respectively (Figure 2a).

The specific capacitance values obtained from the cyclic
voltammograms demonstrated the capacitance performance of
the supercapacitor at different scan rates. As the scan rate
increased, the specific capacitance slightly decreased, which
was an expected trend at higher scan rates; the charging and
discharging processes occurred more rapidly. This may limit
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Figure 3. (a) Specific capacitances calculated from GCD plots at various
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the ability of the electrolyte ions to effectively access the
electrode surface, resulting in a slightly reduced capacitance.
The specific capacitance (Ccy) values, ranging from 83.2 F-g™'
at S mV-s™! to 67.5 F-g_1 at 200 mV-s~!, demonstrated the
ability of the supercapacitor to store a significant amount of
charge per unit mass of the electrode material (Figure 2b).
Thus, TT-TPA-SWCNT, as an electrode, exhibited a high
capacitance performance. Although there is a slight decrease in
specific capacitance with the increasing scan rate, the overall
capacitance values remained relatively high across the entire
range, suggesting that the supercapacitor has good capacitance
retention, even at higher scan rates. This is beneficial for
applications requiring rapid energy storage and release. Thus,
the obtained specific capacitance values indicated that the
supercapacitor displaces an excellent capacitance performance
with the ability to store a substantial amount of charge per unit
mass of the electrode material, even at higher scan rates.

The Nyquist plot obtained from the experimental data
exhibited a characteristic semicircle and a straight line (Figure
2¢). The semicircle represents the charge transfer processes
occurring at the electrode—electrolyte interface, while the
straight line corresponds to the solution resistance and
electrical connections within the supercapacitor cell. This
plot provides valuable information about the impedance
behavior of the system and allows for the determination of
important resistance parameters. The resistance values were
calculated by considering an equivalent circuit (Figure 2c).
The resistances obtained from the Nyquist plot analysis are as
follows: Ry, representing the solution resistance and electrical
connections within the cell, was found to be 3.739 Q, and
R, ', associated with the charge transfer processes at the free-
standing electrode, was determined to be 2.502 €. In the low-
frequency region, almost 90°, a planar line was obtained. This
represents an ideal capacitance characteristic for an active
supercapacitor material.** These resistance values contribute to
our understanding of the electrical behavior and performance
of a supercapacitor system. The measurements were supported
by galvanostatic charge—discharge tests. Low ohmic and
charge transfer resistances enabled the material to reveal its
capacitive nature.

Investigation of the charge and discharge curves displayed
typical characteristics of a double-layer capacitor, confirming
the capacitive behavior of the supercapacitor (Figure 2d). This
observation reinforces an efficient utilization of the electric
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double-layer for energy storage and discharge. The GCD plots
showed that both charge and discharge processes exhibited
bending, which could be attributed to the faradaic reactions,
identified in the cyclic voltammograms. Moreover, the bending
indicated the involvement of redox reactions during the
charging and discharging processes. An important aspect of the
GCD analysis is nearly equal charge and discharge times,
suggesting a high Coulombic efficiency of the supercapacitor
cell. The balanced charge and discharge times is an indication
of minimal energy losses and efficient energy transfer, resulting
in a high overall Coulombic efficiency.

The specific capacitances obtained at different current
densities provided insights into the capacitive performance of
the supercapacitor. They were found to be 88, 78, 72, 69, 67.2,
64.8, 64, and 62.8 F-g~' for the respective current densities of
0.2,0.5, 1, 1.5,2, 3,4, and 6 A-g™" (Figure 3a), indicating that
the supercapacitor had a high capacitance and good rate
capability. The GCD plots yielded energy densities of 3.05, 2.7,
2.5, 2.39, 2.33, 2.25, 2.22, and 2.18 W hkg™" at current
densities of 0.2, 0.5, 1, 1.5, 2, 3, 4, and 6 A-g”", respectively.
Furthermore, the power density of the supercapacitor ranged
from 100 to 3000 W-kg_l, demonstrating the rate at which the
stored energy is delivered during discharge. These energy and
power density values highlighted excellent performance of the
supercapacitor in terms of its energy storage and delivery
capabilities. The high energy densities show that the
supercapacitor stores a substantial amount of energy per unit
mass, making it suitable for applications requiring long-term
energy storage. Additionally, the wide power density range
demonstrated the versatility of the supercapacitor in delivering
energy quickly; this is an advantage for applications requiring
quick bursts of power.

The cycling stability of the free-standing electrode material
in a two-electrode system was evaluated at a constant current
density of 1 A-g~' over 7000 cycles (Figure 3b). During the
initial cycles, the specific capacitance gradually increased,
indicating the activation and optimization of the electrode
material. After approximately 100 cycles, the specific
capacitance reached a stable plateau, demonstrating an
enhanced electrode performance and improved charge storage
capacity, which was attributed to the electrode accepting ions
present in the operational environment. As the penetration of
ions into an electrode increases, the electrode/electrolyte
interface limitation temporarily decreases, leading to an

https://doi.org/10.1021/acsaem.3c02737
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increase in specific capacitance.*”** Through the application of
an electric current in the charging process, TT-TPA may
accept SWCNT present in the environment as the substrate,
resulting in oligomerization or polymerization on the surface.
This remarkable phenomenon offers potential benefits such as
reduced interface resistance between different electrode
compositions within the structure and an overall enhancement
in electrode conductivity. Moreover, after the charge—
discharge cycling tests, the surface morphology of the TT-
TPA-SWCNT electrode was re-examined using SEM analysis
(Figure 4a,b) at different magnifications. The SEM pictures

SU5000 510KV x20,0k SE(L)

Figure 4. SEM images of the TT-TPA-SWCNT electrode after the
cycling charge—discharge test at different magnifications (a) 2 ym and
(b) 500 nm.

demonstrated similar interconnected and tangled bundles with
the pristine TT-TPA-SWCNT on the electrode morphology
(Figure 2b). On the other hand, formation of some cracks after
the cycling were observed (Figure 4b), which possibly allowed
the ions to penetrate into the electrode surface, causing an
increase in certain amount of speciﬁc capacity, i.e., increase of
specific capacitance after 500 cycles.*””" In the subsequent
processes, no significant change in specific capacitance was
observed, indicating that, despite the cracks, the electrode had
no degradation, and SWCNT had a good adhesion with TT-
TPA. This clearly shows that the TT-TPA-SWCNT hybrid
material has very good cyclic stability.

Remarkably, the stable specific capacitance was maintained
for around 1400 cycles, showcasing the excellent stability of the
electrode material and sustained performance over a significant
number of charge—discharge cycles. Moreover, the electrode
exhibited exceptional cycling stability with approximately 110%
capacity retention up to 7000 cycles. This signifies the
remarkable ability of the free-standing electrode to retain its
charge storage capacity, further emphasizing its suitability for
long-term and reliable energy storage applications. Regarding
all free-standing supercapacitor electrode comparisons, the
performance of TT-TPA-SWCNT outperformed and com-
peted with man hzrbrid SWCNT-based materials available in
the literature.' ' ™"

B CONCLUSIONS

In conclusion, we present, for the first time, the use of TT and
SWCNT-based hybrid materials, TT-TPA-SWCNT, as free-
standing supercapacitors in high performance. The hybrid TT-
TPA-SWCNT, obtained by noncovalent modification of
SWCNT with electron-rich TT-TPA through directly
attaching onto the SWCNT surface, was made clear by
interconnected and tangled bundles of SEM, roughness from
the cross-section of the 3D AFM, and obvious adsorption of
Au nanoparticles on SWCNT of TEM analyses. The TT-TPA-
SWCNT supercapacitor displayed a high specific capacitance
of 83.2 F-g™! at 5 mV-s™', a maximum power density of 3000
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W-kg™!, and an excellent retention capacity of 110% up to
7000 charge/discharge cycling stability. Considering these
remarkable achievements, we believe the TT-TPA-SWCNT
supercapacitor has great potential for practically portable and
wearable electronic applications for clean and renewable
energy-storage protocols.
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