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Aqueous Asymmetric Supercapacitors with Pyrenetetraone-
Derived Pseudocapacitive Polymer-Functionalized
Graphene Cathodes Enabling a 1.9V Operating Window

Cheng Peng, Cong Guo, Yu Wang, Yafei Li, and Xiaoyan Zhang*

Pseudocapacitive polymers have garnered significant attention in the realm of
supercapacitors due to their versatile molecular design capabilities, cost-
effectiveness, and impressive electrical conductivity. However, limited by the low
capacity and short cycle life, the investigation on conducting polymers for
potential electrode materials is still insufficient. Herein, a series of pyrenetetraone-
derived polymers with pyrazine units are designed and synthesized. Furthermore,
UV-vis spectroscopy demonstrates the different interaction behavior between
the polymers and reduced graphene oxide (rGO), which can further indicate
the performance difference of the composite electrodes. As a result, the
pseudocapacitive polymer/rGO composite electrode (2/1 PPYT/rGO) exhibits a
high specific capacitance of 591 Fg ' at 1A g ' in a 1 m sulfuric acid electrolyte.
The asymmetric supercapacitor (ASC) assembled by the 2/1 PPYT/rGO cathode
and the annealed Ti;sC,T, anode (2/1 PPYT/rGO//A-Ti3C,T,) delivers an excellent
energy density of 38.1 Whkg ' at a power density of 950 W kg ~'. Additionally,
both devices demonstrate outstanding stability, retaining over 90% of their
capacity after 15 000 charge/discharge cycles. As a result, these carefully
engineered organic polymers, with their well-thought-out structural designs,
showcase exceptional electrochemical performance, positioning them as
highly promising candidates for the next generation of high-performance energy

1. Introduction

With the increasing demand for portable
consumer electronics and electric vehicles,
various energy storage devices have
been continuously explored by many
researchers."™®! Among them, aqueous
supercapacitor is a kind of safe, durable
power supply with high power density, long
lifespan, and low cost.” ") Compared with
batteries, the widespread use of aqueous
supercapacitors has been restricted due to
the narrow voltage window brought by
water thermodynamic decomposition volt-
age (~1.23V).l'¥ Since energy density (E)
is proportional to the square of potential
window (V) and specific capacitance (C)
of an electrode material according to the
formula E=1/2CV2 To address this issue,
strategies include but are not limited to
electrolyte engineering,"***! surface opti-
mization of electrodes,'® chemical func-
tionalization of carbon-based materials,!"”!
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and constructing asymmetric supercapaci-

tors (ASCs),!”'® are employed to expand

the operation window. Among them, ASCs

are designed with two different electrode
materials, which can cover a wider potential window to maximize
the working voltage of the full cell.">?% Therefore, the explora-
tion of novel electrode materials possessing high specific capaci-
tance and wide operating window has emerged as the most
sought-after research topic in the advancement of supercapacitor
devices.

Graphene, the most extensively researched 2D material,
shows exceptional properties such as high specific surface area,
outstanding thermal and electrical conductivity, and excellent
chemical stability. These unique features render it suitable for
diverse applications in electronic devices, energy conversion
and storage, as well as nanocomposites.*' ! For graphene, the
energy storage mechanism is dominated by adsorption/desorp-
tion of charged ions.”® In contrast to carbon-based materials,
pseudocapacitive materials such as metal oxide (Rqu,m] Bi,05,%®
Mn0,,?” and V,058% etc), redox organic molecules (qui-
nones,?! tetrones,?? porphyrins®*), and conductive polymers
(PANL**) PEDOT?®)) have been employed as the promising
electrode materials due to the rapid near-surface faradaic redox
reactions, which may contribute to an excellent energy density.
While being able to provide large energy density, metal oxides

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH
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and small organic molecules are normally struggling with a low
rate performance which is caused by the limited electrical con-
ductivity. The chemical reversibility is restricted by its dissolution
into the electrolyte during the galvanostatic charge and discharge
(GCD) process.’”*® Compared with these materials, conductive
polymers have drawn much attraction due to their design flexi-
bility, low cost, and tunable properties.?*~*! Functionalization of
graphene with conductive polymers endows electrode materials
with high specific area, excellent electrical conductivity, and
abundant redox-active sites. Compared with covalent approach,
noncovalent functionalization is preferable since it does not dis-
rupt the 7 system of the graphene template. This allows for the
preservation of graphene’s electrical conductivity to a large extent
while still enabling fast charge transfer through z—r interactions.
However, traditional conductive polymers such as polyaniline,
polypyrrole, and polythiophene, which are used as electrode
materials for supercapacitors also suffer from the limited cycle
life,*? which is caused by the irreversible redox reactions™? and
swelling and shrinking of the electrode material during the
charge/discharge process.***’! For example, a polyaniline/
reduced graphene oxide (rGO) nanocomposite-based supercapa-
citor device only shows a capacitance retention of ~81% after
2000 cycles.*? Thus, constructing novel conducting polymers
with aromatic redox units can be a promising solution to address
these challenges. On the one hand, anchoring conducting poly-
mers onto graphene restricts the volume change of the conduct-
ing polymers.**! On the other hand, the chemical reversibility of
the redox sites is enhanced by the aromatic system within the
conducting polymers. Furthermore, establishing the structure—
property relationship of the conductive polymers will not only
aid in the rational design of the polymer structures, but also
facilitate an understanding of the interaction between the

Asymmetric supercapacitor 1.9V
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components of the electrode materials.*”) Pyrazine is an

electron-deficient, rigid, and planar aromatic unit with a pair
of C=N double bonds which is considered as cathodic materials
for supercapacitor and batteries.***°! The planar aromatic imine
structure guarantees a good #—r interaction between the conduc-
tive polymer and graphene, greatly enhancing the chemical sta-
bility of the electrode material due to the rearomatization during
the redox process.*®>! Therefore, a rational design of conductive
polymers incorporating pyrazine units can not only yield excel-
lent electrochemical performance and extended cycle life but also
contribute to a deep understanding of the interactions within the
composite materials.

2D titanium carbides, with a general formula of Ti,,;C,T,, are
selected as the anode to match with the polymer/graphene compos-
ite cathode due to its metallic conductivity and oxide-like surface,
which allows fast redox reactions at anodic oxidation potential >~
Hence, ASC is assembled using conductive polymer/rGO nano-
composite as the cathode and A-Ti;C,T, as the anode, which
can provide excellent energy density and power density.

In this work, we have designed and synthesized a series of
conductive polymers which contain pyrazines via condensation
reactions between 4,5,9,10-pyrenetetrone and various tetramine
compounds (Figure S1, Supporting Information). These poly-
mers show different behavior when interacting with graphene
due to their varying structures and properties, which can subse-
quently affect the electrochemical performance of the composite
electrodes (Scheme 1). As a result, the 2/1 PPYTQ/rGO electrode
shows a high specific capacitance at 603 F g~*, while the 2/1
PPYT/rGO electrode shows a specific capacitance at 591 F g~ .
With the A-Ti;C,T, anode, the 2/1 PPYT/rGO//A-Ti;C,T, can
deliver an excellent energy density of 38.1 Whkg™"' at a power
density of 950 Wkg™'. The 2/1 PPYTQ/rGO//A-Ti3C,T, device

Composite Cathode

Beea 2

A-Ti, C,T Anode

Scheme 1. Schematic diagram of aqueous ASC using conductive polymer/rGO nanocomposite as the cathode and A-Ti;C,T, as the anode.
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can deliver an energy density of 32.1 Whkg ™' at a power density
of 950 W kg .

2. Results

2.1. Material Characterization of the Cathode

The surface morphology and microstructure of the polymer and
composite samples were characterized by scanning electron
microscopy (SEM). The rGO shows smooth, wavy nanosheets
ranging from several micrometers to more than 10pm
(Figure S2, Supporting Information). In the solid state, the pure
PPYT polymer exhibits an irregular particle shape with varying
sizes (Figure S3a, Supporting Information). The same scenario
can also be observed in the cases of PPYTQ and tPPYT, where
irregular particle shapes and various sizes are observed in the
solid-state (Figure S3b,c, Supporting Information). However,
when combined with the polymer, the rGO can retain its
sheet-like structure while being enveloped by the pseudocapaci-
tive polymers, indicating that the mixing process with the poly-
mers does not disrupt the structure of the rGO (Figure S3d,e,f,
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Supporting Information). The average molecular weight (Mw) of
the dissolved part in dimethyl sulfoxide for PPYT and PPYTQ is
39277 and 43906 Da, respectively (Figure S4a,b, Supporting
Information), which was obtained from gel permeation chroma-
tography. Both of the polymers show a high degree of polymeri-
zation. Due to the very poor solubility of tPPYT in solvents, its
Mw cannot be determined.

Fourier-transform infrared and UV-vis absorption spectros-
copy were utilized to verify the interactions between the pseudo-
capacitive polymers and the rGO. The IR spectra of the PPYT,
PPYTQ, tPPYT polymers, and the corresponding nanocomposite
with the rGO at a ratio of 2/1, are shown in Figure 1a. The peaks
at 1678 and 1281 cm ™' can be attributed to the C=N stretching
from the pyrazine unit in the PPYT polymer and the bending of
the C-H bonds, respectively.””*®! Similar peaks can be observed
at 1681 and 1253 cm™" for the tPPYT polymer, and at 1670 and
1280 cm ™' for the PPYTQ polymer. These peaks correspond to
the stretching of the C=N bond in the pyrazine unit and the
bending of the C—H bonds in each respective polymer.
Furthermore, in the case of the PPYTQ, the peak associated with
the stretching of the carbonyl group overlaps with the C=N
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Figure 1. Infrared and UV-vis absorption spectra of the polymers and their nanocomposites with the rGO. a) IR spectra of the PPYT, PPYTQ, tPPYT
polymers, and the corresponding 2/1 nanocomposites with the rGO. b,c,d) UV-vis absorption spectra of a titration between 0.1 mgmL™' rGO and
0.01 mgmL™" PPYT, PPYTQ, and tPPYT in ethanol. The ratio shown in the legend is polymer/rGO.
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stretching peak, resulting in a broad peak observed at
~1700 cm™'. For comparison, the 2/1 PPYT/rGO composite
exhibits a broad C=N stretching peak at 1662 cm ™', indicating
a 14cm™! shift due to the z—x interaction between the PPYT
and the rGO. Additionally, the intensity of the absorption peaks
in the nanocomposites is weaker compared to the PPYT. The
decrease in the intensity can be attributed to the confined vibra-
tions of the functional groups on the PPYT within the nanocom-
posite.” A similar phenomenon can also be observed for the 2/1
PPYTQ/rGO nanocomposite, which shows a 4cm™" shift of
the C=N peak. In contrast, no significant absorption peak
can be observed in the IR spectrum of the 2/1 tPPYT/rGO
nanocomposite.

The interaction between the three PYT-based polymers and
the rGO is further investigated through UV—vis spectrophoto-
metric titration in ethanol (Figure 1b—d). As a reference, the
rGO exhibits an absorption band at a wavelength of ~271 nm
which can be attributed to the z—z* transitions of the C=C double
bonds.[*” For the PPYT polymer, it shows a strong absorption
band at 323 nm and a less intense broad band in the range of
400-500 nm. Compared with the PPYT polymer, the peak at
323nm of the PPYT/rGO nanocomposite shows a redshift
instead of a blueshift after baseline correction, indicating that
the shift of the absorption is due to the interactions between
the PPYT and the rGO at the ground state, rather than a simple
mathematical superposition of the absorption peaks of the two
components. At the PPYT/rGO ratio of 4/1, after baseline correc-
tion, the absorption band shows a redshift of 2 nm, from 323 to
325nm. The PPYTQ polymer exhibits three main absorption
peaks at 239, 315, and 539 nm, respectively. With the increase

[
~
—

O
~

NN
o o
1

-2.04

Energy (eV)
]
S22

hobo¢
o o

504
5.5
6.0

www.advenergysustres.com

of the rGO ratio, a 5 nm redshift can be observed from 539 to
544 nm while the other peaks remain unchanged. In contrast,
the tPPYT showed a different behavior when the rGO was added.
The major absorption bands can be found at 338 and 471 nm
for the tPPYT polymer. As the concentration of the rGO
increases, the bands remain consistent at 338 and 471 nm after
baseline correction. The difference in the UV titration measure-
ment is due to the different conformations of the three polymers
on the rGO in ethanol. The rigid planar structures of the PPYT
and PPYTQ polymers allow them to interact well with the rGO.
However, the tPPYT polymer consumes more energy on preor-
ganization due to the existence of dihedral angel between
the adjacent units, which makes the n interaction between the
tPPYT and the rGO less preferable.

Density functional theory (DFT) calculations are employed to
predict the properties and the interactions between the three pol-
ymers and the rGO. The calculated frontier orbital of
the PPYT, PPYTQ, and tPPYT is displayed in Figure 2a. The
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of the
tPPYT is calculated to be 2.15 eV, indicating its lower intrinsic
electrical conductivity. In addition, the lower LUMO energy level
of the tPPYT (—3.23 eV) and the PPYTQ (—2.90eV) suggests a
higher electron affinity, implying a higher reduction potential. As
shown in Figure 2b—d, all the polymers prefer (near) AB stacking
(half of the atoms in the upper unit lie over the center of a hexa-
gon in graphene) due to the existence of quadrupole of the aro-
matic system. The adsorption energy of the three polymers is
calculated and displayed in Table S2, Supporting Information.
Among the three polymers, the PPYTQ shows a more negative

0.0286 [¢]

Figure 2. a) HOMO-LUMO plots of the 1.5 units of the PPYT, PPYTQ, and tPPYT. b—d) The schemcatic diagram of AB stacking between the 1.5 units of
the PPYT, PPYTQ, tPPYT, and the rGO; The charge density difference diagram showing the charge transfer between the 1.5 units of the PPYT, PPYTQ,
tPPYT, and the rGO. Isosurface value =0.0002, cyan area: electron accumulation, yellow area: electron depletion.
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normalized adsorption energy (—0.0576¢eV), demonstrating a
more favored stacking process and a stronger coupling strength.
Furthermore, the electrochemical performance is related to the
charge transfer between the conducting polymers and the rGO.
Figure 2b-d shows the calculated electron transfer process by
charge density difference diagram. In the case of 1.5 polymer
units, the PPYTQ demonstrates a transfer of 0.2028 electrons,
whereas the PPYT and tPPYT can only transfer 0.0548 and
0.0286 electrons, respectively. This disparity suggests that elec-
tron transfer is more efficient between the PPYTQ and the
rGO. The results also indicate that the twisted structure of the
tPPYT hinders its interaction with the rGO, resulting in a
decrease in the electrochemical performance of the tPPYT/
rGO nanocomposite.

The elemental compositions of the PPYT/PPYTQ/tPPYT poly-
mer and their corresponding 2/1 nanocomposites with the rGO
were investigated by XPS. As shown in Figure S5, Supporting
Information, all the samples show a major Cls peak and a dis-
tinct Ols peak. In addition, with the existence of the pyrazine
units, the N1s can also be observed as weaker peaks among
the polymers and the corresponding nanocomposites. The
rGO shows a C content of 88.2% and an O content of 11.8%
(Table S3, Supporting Information). The PPYT polymer pos-
sesses a C content of 80.0% and a N content of 7.0% since it
contains two pyrazines in one unit. After the combination of
the PPYT with the rGO at a ratio of 2/1, the N content decreased
to 6.8%, while the O content decreased to 8.9%. The PPYTQ poly-
mer shows a higher O content of 13.0% and a N content of 11.5%
since there are two pyrazine rings and two carbonyl groups in a
single unit. Compared with the PPYTQ, the 2/1 PPYTQ/rGO

www.advenergysustres.com

nanocomposite shows approximately the same O content of
13.6% and a lower N content of 8.4%. The tPPYT polymer shows
alower N content (7.8 %) since it contains 28 C atoms in one unit
alongside two pyrazine rings. A decreasing trend in the N con-
tent can also be seen in the nanocomposite of the tPPYT.
Figure 3a shows the high-resolution Cls spectrum of the
rGO.*Y The C1s peak can be deconvoluted into four peaks at
284.8, 285.7, 287.4, and 288.7 eV with an area ratio of 54.1%,
35.4%, 7.0%, and 3.5%, corresponding to C=C, C—0, C=0,
and O=C—O, respectively. As shown in Figure 3b, the deconvo-
lution of the polymers and the corresponding composites shows
an additional peak at 285.8 eV (C=N), while the polymers do not
display the C—O peaks at 285.7 eV. Interestingly, 3%-5% of the
O =C—O0 peak can be observed in all the polymer samples,
which might be attributed to the trapped acetic acid due to
the protonation of the pyrazine units. This scenario can also
explain the existence of the Ols peak in the PPYT and tPPYT,
in which the structures do not contain any O atom. The corre-
sponding N1s spectra can be deconvoluted into 2 significant
peaks at 399.6 and 400.7 eV, further confirming the existence
of the protonated pyrazine units (Figure S6, Supporting
Information). The PPYTQ polymer exhibits a lower protonation
ratio (14.5%) compared with the other two polymers since the
carbonyl groups decrease the electron density on the nitrogen
atoms, leading to a lower proton affinity. Furthermore, the ele-
mental content analysis of each composite reveals a decrease in
the percentage of the C=N and C—O bonds in the Cls spectra,
while the protonated N remains consistent. This observation is
consistent with the expected structural compositions of the rGO
and the conductive polymers (Figure 3c).

(a) (b) (c)
GO PPYT 211 PPYTIGO
c-cic=c c-cic=c
c=N c
0-C=0 (5.64%) 0-C=0 (4.36%) _C=0
c-o
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0-C=0 (4.54%
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Figure 3. High-resolution X-ray photoelectron spectroscopy (XPS) spectra and the deconvolution of the rGO, three polymers, and the corresponding 2/1
nanocomposites. (a) Cls spectrum of the rGO and b) C1s spectra of the PPYT, PPYTQ, tPPYT polymers. c) Cls spectra of the corresponding 2/1 nano-

composites with the rGO.
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Figure 4. Electrochemical characterization of the PPYT/rGO electrodes at different ratios in a three-electrode system. a) Cyclic voltammetry (CV) curves of
the rGO and the PPYT/rGO electrodes at 20 mV s '. b) GCD curves of the 2/1 PPYT/rGO electrode at various current densities. c) CV curves of the 2/1
PPYT/rGO electrode at different scan rates. d) GCD curves at various current densities. €) The specific capacitance of the rGO and the PPYT/rGO
electrodes at different current densities. f) log (i) versus log (v) plots according to the CV curves.

2.2. Electrochemical Measurement of the Cathode

Electrochemical measurement was performed in a three-
electrode system in a 1M H,SO, electrolyte to evaluate the elec-
trochemical performance of the cathodes. The CV curves of the
rGO and the PPYT/rGO electrodes (including 1/2, 1/1, 2/1, and
3/1 PPYT/rGO ratios) at a scan rate of 20 mV s™* are shown in
Figure 4a. The CV curve of the rGO electrode exhibits a typical
rectangular shape, illustrating an electrical double-layer energy
storage behavior. The pseudocapacitive PPYT polymer in the
PPYT/rGO electrodes introduces a pair of redox peaks at
~0.38/0.18 V (versus Ag/AgCl), which can be attributed to the
pyrazine unit, endowing the CV curves a large area. The
increased area can imply a higher capacity of the electrodes.
The same trend can also be seen among the GCD curves that
are shown in Figure 4b. When charging and discharging at
the current density of 1 A g™, the rGO electrode shows almost
a symmetric triangle-shaped GCD curve. A longer discharge time
was observed with the increase of the ratio of the PPYT polymer
(except for the ratio of 3/1), with a contribution from the dis-
charge plateau corresponding to the redox behavior. Furthermore,
among all the different ratios, the 2/1 PPYT/rGO electrode
exhibits the longest discharge time, demonstrating the most
favorable performance.

Three-electrode system testing was employed to investigate
the electrochemical performance of the optimized electrode.
Figure 4c shows the CV curves of the 2/1 PPYT/rGO electrode
at different scan rates from 2 to 50 mV s~ '. With the increase of
the scan rate, the redox peaks shift toward both more positive and
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more negative potentials, attributed to the charge transfer
between the PPYT and the rGO.®”) Even at a high scan rate
of 50mVs™!, the CV curve can still remain well-defined and
symmetric, indicating high chemical stability and excellent
reversibility. Moreover, GCD measurement was conducted to
investigate the specific capacitance of the 2/1 PPYT/rGO elec-
trode at 1-5 A g~ (Figure 4d). A symmetric shape can be seen
at each current density of the GCD curve, demonstrating the
kinetic reversibility during the redox reaction in the 2/1
PPYT/rGO electrode. The optimized 2/1 PPYT/rGO electrode
exhibits the highest specific capacity of 591, 550, 533, 520,
and 508 F g~ ' at 1-5 A g~ !, respectively. Even at a current density
of S0A g™, it can still exhibit a specific capacity of 235F g~*
(Figure S7, Supporting Information). It is notable that at a cur-
rent density of 5Ag "', the 2/1 PPYT/rGO electrode can still
show an 86% retention of the specific capacitance compared to
1A g, indicating excellent rate performance. In addition, the
rate performance of the electrodes at different ratios is displayed
in Figure 4e. It can be seen that the specific capacity decreases as
the graphene mass ratio increases, except for the ratio of 3/1.
To further investigate the charge transfer mechanism of the
2/1 PPYT/rGO electrode, the relationship between the scan
rate/mV s~ and the peak current density/A g™" is plotted based
on the formula i=a" (log(|i|) = b log(v) + log(a)). The b value
corresponds to the slope of the log(|i]) — blog(v) (Figure 4f). If
b=1, the charge storage process is dominated by surface-
controlled reactions. If b = 0.5, diffusion-controlled reactions will
dominate the process.®*! Herein, the b values of 2/1 PPYT/rGO
electrode are 0.68 and 0.64, which are close to 0.5, indicating that
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diffusion-controlled reactions dominate the charge storage pro-
cess. To evaluate the capacitive process contribution at a certain
scan rate, the following equation is used

i= kv + ky!/? (1)

In this equation, k;v represents the capacitive-controlled reaction,
while kyv'/? represents the diffusion-controlled reaction. The sur-
face contribution of the PPYT/rGO electrode at various scan rate
from 2 to 50mVs~' is shown in Figure S8, Supporting
Information. From 2 to 10mV s, the capacitive-controlled reac-
tion and the diffusion-controlled reaction almost contribute equally.

The PPYTQ polymer, which possesses more redox sites, is
also evaluated by a three-electrode system in 1M sulfuric acid.
Figure 5a shows the CV curves of both the rGO and PPYTQ/
rGO electrodes at different ratios, encompassing rGO, 1/2,
1/1, 2/1, and 3/1 PPYTQ/rGO. After mixed with the pseudoca-
pacitive PPYTQ polymer, two pairs of redox peaks at ~0.26/0.13
and 0.34/0.22 'V versus Ag/AgCl were observed from the redox
reactions of the C=N and the C=O groups (Figure S9,
Supporting Information). With the existence of these redox
peaks, the CV curves can encircle a larger integrated area which
implies a higher capacity. When the ratio of the PPYTQ increases
to 2/1, the integrated area of the CV curve reaches to the maxi-
mum. The GCD curves of the rGO and the PPYTQ/rGO electro-
des at 1Ag™" are shown in Figure 5b. What is particularly
notable in this figure is the consistent rise in specific capacity
as the discharge time is extended, correlating with the increase
of the PPYTQ/rGO ratio, except for the ratio of 3/1. The rGO
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electrode shows a triangle-shaped GCD curve with a capacitance
of 93.7 F g™, while the GCD curves of the PPYTQ/rGO electro-
des exhibit a contorted shape due to the pseudocapacitive behav-
ior from the redox-active PPYTQ polymer.

The electrochemical performance of the PPYTQ/rGO elec-
trode is further investigated by CV and GCD measurement based
on the optimized composite ratio (2:1). Figure 5c shows the CV
curves at various scan rates (2-50 mV s~ '). With the increase of
the scan rate, the two pairs of redox peaks slightly shifted toward
more positive and more negative potentials due to the charge
transfer between the PPYTQ and the rGO. At a scan rate of
50mVs ', the CV curve maintains its shape, indicating out-
standing reversibility. The specific capacitance of each electrode
can be calculated based on the discharge time at different current
densities (1-5A g™ in Figure 5d. The 2/1 PPYTQ/rGO elec-
trode shows a specific capacitance at 603, 511, 470, 447, and
418 Fg ' at the current density of 1-5A g ". At5A g ', the elec-
trode shows a 69% retention of the specific capacity compared
with the one at 1A g™, which shows a lower rate performance
than the 2/1 PPYT/rGO electrode. At 50 A g%, the electrode can
still retain a specific capacitance at 172Fg ' (Figure S10,
Supporting Information). The rate performance of the electrodes
at different polymer/graphene weight ratios is displayed in
Figure Se. The composite electrode with a higher polymer weight
ratio shows a more significant extinction on the specific capacity
due to the increase of the current density, except for the ratio of
3/1. Moreover, the b values of the 2/1 PPYTQ/rGO electrode
are 0.79, 0.78, 0.78, and 0.84 (Figure 5f), indicating that both
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Figure 5. Electrochemical characterization of the rGO and the PPYTQ/rGO electrodes at different ratios in a three-electrode system. a) CV curves of the
rGO and the PPYTQ/rGO electrodes at 20 mV s™'. b) GCD curves of the 2/1 PPYTQ/rGO electrode at different current densities. c) CV curves of the 2/1
PPYTQ/rGO electrode at different scan rates. d) GCD curves of the rGO and the PPYTQ/rGO electrodes at different current densities. e) The specific
capacitance of the rGO and the PPYTQ/rGO electrodes at different current densities. f) log (i) versus log (v) plots according to the CV curves.
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diffusion-controlled and surface-controlled reactions exist in the
charge storage mechanism. As shown in Figure S11, Supporting
Information, the capacity contribution of the 2/1 PPYTQ/rGO
electrode is similar to the PPYT/rGO electrode. The capacitive
contribution increases from 51.4% to 85.7% with the increase
of the scan rate from 2 to 50mVs™".

For comparison, the tPPYT composite electrode is also evalu-
ated by a three-electrode system under the same condition. The
2/1 tPPYT/rGO electrode shows a narrow operation voltage
window (—0.2-0.1V), while the tPPYT polymer has a limited
contribution to the specific capacity due to the weak interaction
between the tPPYT polymer and the rGO (Figure S12, Supporting
Information). Meanwhile, the electrochemical impedance spec-
troscopy of the rGO, 2/1 PPYT/rGO, and 2/1 PPYTQ/rGO electro-
des was also conducted (Figure S13, Supporting Information). All
the Nyquist plots of the samples consist of semicircles in the high-
frequency region and sloping lines in the low-frequency area. The
sharp rise in the imaginary part of the curves in the low-frequency
region suggests the low-proton diffusion impedance and capaci-
tive behavior.** In the high-frequency region, the intersection
point on the real X-axis represents the electrode resistance (Ry),
including the electrical resistance of the active material, the inter-
facial resistance between the carbon paper and the active material,
and the ohmic resistance of the electrolyte.[® In addition, the
diameter of the semicircle in the middle-frequency region corre-
sponds to the charge-transfer resistance (R.).°®! Compared with
the rGO, the composite electrodes show a lower R, value,'”) indi-
cating that the composite electrodes have better wettability than
the rGO electrode at the interface of the electrode (Table S4,
Supporting Information). Besides, the 2/1 PPYTQ/rGO electrode
and the 2/1 PPYTQ/rGO electrode have almost the same electrode
resistance Rs.
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Compared to other conducting polymer cathodes reported (as
listed in Table S7 of the Supporting Information), the PPYT(Q)/
rGO composite electrode emerges as a robust contender. This is
attributed to its well-thought-out structural design and optimized
component ratio, rendering it a highly competitive cathodic
material.

2.3. Characterization and Electrochemical Test of the A-Ti;C,T,
as the Anode

To match with the 2/1 PPYT(Q)/cathode, the A-Ti;C,T, was pre-
pared by the thermal treatment of the Ti;C,T, under argon atmo-
sphere. The Ti;C,T, nanosheets were obtained by the etching the
Ti;AlC, precursor with LiF/HCl (Figure S14, Supporting
Information). After calcination, the A-Ti;C,T, can still retain the
sheet-like structure, which guarantees good electrical conductivity.
The XRD pattern shows that after exfoliation, the (002) diffraction
peak shifted from 9.6° to 7.0°, indicating a larger interlayer distance
due to the replacement of aluminum with fluorine or oxygen
(Figure S15, Supporting Information). XPS measurement was con-
ducted to further investigate the change in elements for the
A-Ti;C,T,. The survey scan spectra are shown in Figure S16,
Supporting Information, and the main composition of the Ti;C,T,
nanosheets is C, O, F, and Ti, indicating that aluminum is
completely removed during the etching process. Interestingly,
the F content decreases from 11.0% to 7.4% during the calcination,
while the Ti content decreases from 24.7% to 20.5%, leading to an
increase of the C content (Table S8, Supporting Information). As an
electrochemical inert group, the F atoms occupy the facial active site
on the Ti;C,T, surface, which is unfavorable to the electrochemical
performance.®® Figure 6a shows the high-resolution spectra of Ti
2p. The five peaks at 455.3, 456.2, 457.3, 459.2, and 460.4 eV can be

a b c) o
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Figure 6. a) The high resolution of Ti 2p XPS spectra of the Ti;C,T, and the A-Ti;C,T,. b) CV curves of the Ti3C,T, and the A-Ti;C,T, at 50 mV s c) CV
curves of the Ti;sC,T, and the A-Ti;C,T,. d) GCD curves of the A-Ti;C,T, at the current density of 2—10Ag’1. e) The specific capacity at various current

densities.
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attributed to Ti—C, Ti*", Ti*™, Ti—0, and TiO,_,F,, respectively.[*”!
In addition, the Ti—O content increased from 3.18% to 5.23%,
which may be attributed to the oxidation during the calcination.
Introducing Ti—O bonds can increase the redox sites on the surface
of A-Ti;C,T,, allowing better pseudo capability.

The electrochemical properties of the Ti;C,T, and the
A-Ti3C,T, electrodes were evaluated by a three-electrode system
in a 1™ sulfuric acid electrolyte. The A-Ti;C,T, electrode can
encircle a larger CV area compared to the Ti;C,T, electrode at
a scan speed of 50 mV s}, suggesting a higher specific capacity
after the heat treatment (Figure 6b). The CV curves of the
A-TisC,T, at various scan rates are displayed in Figure 6c.
The broad redox peaks of the CV curves indicate the pseudoca-
pacitive reactions during the proton insertion. A similar curve
shape can be retained even at a rate of 100mV's ™', demonstrat-
ing good redox reversibility and chemical stability. The GCD
curves further elucidate the capacity of the A-Ti3C,T, at various
current densities (Figure 6d). The distorted triangle-shaped GCD
curves demonstrate that the pseudocapacitive behavior predom-
inates the energy storage mechanism. At the current density of
2—10Ag_1, the A-Ti;C,T, exhibits a capacity at 502, 445, 420,
411, and 384 F g™ !, respectively. Compared with the TisC,T,,
the A-Ti;C,T, shows a larger specific capacitance at different cur-
rent densities (Figure 6e).

2.4. ASC Devices

The all-pseudocapacitive 2/1 PPYT(Q)/rGO//A- Ti;C,T, ASCs
were assembled using the 2/1 PPYT(Q)/rGO electrode as the
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performance was tested in 1M H,SO,4. For the 2/1 PPYTQ/
rGO//A-Ti;C,T, ASC device, based on the charge balance
formula, the anode and cathode mass ratio are ~1.1 (the total
mass of the cathode and anode is 3.49 mg). Figure 7a shows
the CV curves of the 2/1 PPYTQ/rGO cathode and the A-
Ti3C,T, anode at their operation window, respectively. Both
the cathode and the anode exhibit a high capacitance at a scan
rate of 10 mV s™*. CV was deployed at various operation windows
at a scan rate of 50 mV s~ to determine the operation window of
the 2/1 PPYTQ/rGO//A-Ti;C,T, ASC, which is shown in
Figure 7b. The CV curve shows a sharp peak when the voltage
is over 1.9 V due to the evolution of oxygen on the anode.’” As a
result, the appropriate operation window for the 2/1 PPYTQ/
rGO//A-Ti3C,T, ASC is 0-1.9 V. With the optimized operation
window in hand, the electrochemical performance of the 2/1
PPYTQ/rGO//A-Ti;C,T, ASC is evaluated by CV at the scan rate
of 2-100mV s™'. The board redox peaks can be observed at all
the measured scan rates of 2-100 mV s~ " (Figure 7c). As the scan
rate increases, the CV curves can retain a similar symmetric
shape, indicating good chemical stability and excellent reversibil-
ity. The specific capacity of the ASC is further investigated by the
GCD curve at a current density of 0.5-10 Ag~" (Figure 7d). The
curves keep a symmetric curved-triangle shape with the increase
of the current density, demonstrating good redox chemical
reversibility during the charge/discharge cycles. Furthermore,
the ASC shows an excellent specific capacity of 64.1, 59.5,
56.1, 53.9, 52.2, and 46.3Fg ' at the current density of
1-10 A g~ * based on the total mass of the cathode and the anode,
respectively (Figure 7e). In addition, the cycle life of the ASC is
investigated by cyclic charge/discharge at a current density of
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Figure 8. a) CV curves of the 2/1 PPYT/rGO and the A-TisC,T, electrode at 10 mV's™' based on the three-electrode system. b) CV curves recorded at
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shows a 91.3% capacitance retention and a high coloumbic effi-
ciency of ~100%. The electrode morphology after cyclic charge/
discharge was examined through SEM (Figure S17, Supporting
Information). Both the composite cathode and the A-Ti;C,T,
anode maintain their sheet-like structures even after 15000
cycles, demonstrating excellent electrochemical stability.

To compare with the 2/1 PPYTQ/rGO//A-Ti3C,T, ASC, the
2/1 PPYT/rGO composite electrode was fabricated as the cathode
of the ASC and was tested under the same condition. Based on
the specific capacitance, the mass ratio of the anode and the cath-
ode is 1.1:1 to balance the charges. Figure 8a shows the CV
curves of the cathode and the anode at 10 mV s~ ". Both the cath-
ode and the anode show an excellent capacity in the operation
window, while the CV curve of the PPYT-based cathode can have
more overlapping with that of the A-Ti3C,T, anode compared
with the PPYTQ-based cathode. The potential operation window
is investigated by CV at a scan rate of 50mV s~ (Figure 8b). At
2.0V, a sharp peak can be seen, corresponding to the polarization
of water. Therefore, the operating voltage of the 2/1 PPYT/rGO//
A-Ti;C,T, ASC is determined to be 0-1.9V. In this operation
window, the reversible redox peaks can be seen in the scan rate
range of 2-100mV s~ " in the CV curves (Figure 8c), indicating
good redox reversibility and chemical stability. The symmetric
GCD curve at various current densities (Figure 8d) suggests good
electrochemical stability and a fast charge/discharge process. The
specific capacity at different current densities is displayed in
Figure 8e. Based on the mass loading, from 1 to 10Ag™",
the 2/1 PPYT/rGO//A-TisC,T, ASC exhibits an excellent specific
capacity of 75.9, 73.1, 70.2, 68.9, 67.5, and 61.4Fg .
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Furthermore, the 2/1 PPYT/rGO//A-Ti;C,T, ASC demonstrates
excellent cycling capability, maintaining a remarkable retention
rate of 95.1% even after 15 000 cycles (Figure 8f). Compared with
the freshly fabricated electrode (Figure S17b, Supporting
Information), the electrode does not show a significant change in
the structure after 15000 cycles (Figure S17e, Supporting
Information).

As shown in Figure 9 and Table S9, Supporting Information,
the PPYT/rGO//A-Ti3C,T, ASC shows a high energy density of
38.1 Whkg™" at a power density of 950 W kg™, It can still retain
an eminent energy density of 30.8 Whkg™" even at a maximum
power density of 9500 Wkg™'. As for the PPYTQ/rGO//
A-TisC,T, ASC device, the energy density can reach
32.1Whkg . The present device shows much Dbetter
electrochemical performance compared with other reported
organic-based electrodes such as PPy@Ti;C,T,/CC//Ti;C,T,/
CC (15.7Whkg !, 6208Wkg ')’ PANI@M-Ti;C,T,//M-
Ti;C,T, (148 Whkg ™', 490Wkg ")"? PANI@rGO//TisC,T,
(17Whkg ', 200Wkg "),”*) and rGO/COF-20//rGO/COF-20
(10.3 Whkg ™', 50 W kg )"

3. Conclusion

In conclusion, three pyrazine-based pseudocapacitive polymers
starting from the 4,5,9,10-pyrenetetrone have been designed
and synthesized. The polymers exhibit various interaction behav-
ior on the rGO surface due to the different stereo conformations,
which are detected by UV-vis absorption and IR measurement.

© 2023 The Authors. Advanced Energy and Sustainability Research
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Figure 9. A comparison of the electrochemical performance of this work and other ASC devices reported in the literature.

This structure—property relationship is further exhibited in the
electrochemical tests. The resulting 2/1 PPYT/rGO composite
electrode delivers a high specific capacitance at 591Fg ' at
the current density of 1A g™, while the 2/1 PPYTQ/rGO elec-
trode shows a specific capacitance at 603 F g~ " at the same cur-
rent density. With the A-Ti;C,T, as the anode, the 2/1 PPYT/
rGO//A-Ti;C,T, ASC shows an outstanding energy density at
38.1 Whkg ™" at a power density of 950 W kg™'. Even at a power
density of 9500 W kg~ !, the ASC can still show an energy density
of 30.7 Whkg '. Meanwhile, the 2/1 PPYTQ/rGO//A-Ti;C,T,
ASC can also show an energy density of 32.1 Whkg™" at a power
density of 950 W kg™*. Both of the ASCs can exhibit more than
90% retention of the capacity after 15000 cycles. The present
study is an important step toward understanding the structure—
property relationship between conducting polymers and 2D
materials. The ingeniously crafted composite electrodes show-
case outstanding overall electrochemical performance. This
underscores their potential as advanced energy storage materials
for a broad spectrum of applications, including transportation,
renewable energy, consumer electronics, and space exploration.

4. Experimental Section

Chemicals and Materials: Lithium fluoride (LiF, >99%), hydrochloric
acid (HCl, >37%), and tetraminobenzene tetrachloride (98%), 3,3’,
4,4-biphenyl tetramine (98%) were purchased from Sigma-Aldrich.
TisAIC, (MAX) and rGO were purchased from Forsman (98%) and
Graphenea, respectively.

Preparation of pyrene-4,5,9,10-tetraone and 2, 3,5, 6-tetraaminobenzoqui-
none: The two compounds were prepared according to previous
reports.l’>7¢l
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Polymerization of PPYT/PPYTQ/tPPYT: To a round bottom flask
(100 mL), pyrene-4,5,9,10-tetraone (0.1 mmol, 1 equiv.), tetraminobenzene
tetrachloride/3,3’,4,4’-biphenyltetramine/2,3,5,6-tetraaminobenzoquinone/
2,3,5,6-tetraaminobenzoquinone (0.11 mmol, 1.1 equiv.), anhydrous tolu-
ene (10mL), and acetic acid (10 mL) were added. The reaction mixture
was refluxed in N, atmosphere for 7 d. The solvent was removed by a rota
evaporator. The resulting compound was washed with 5% ammonium car-
bonate aqueous (20 mL), MilliQ water (20 mL), and ethanol (20 mL each
time, multiple times) by sonicating and centrifuging until the supernatant
was colorless.

Preparation of Ti;C,T, and A-Ti;C,T,: The etchant was prepared by
adding 12 m LiF (320mg) to 9m HCl (4 mL). The solution mixture was
stirred with a Teflon magnetic bar for 5 min in a polypropylene centrifuging
tube. To this etchant, Ti;AlC; (200 mg) was added slowly and the mixture
was allowed to run for 24 h at 50 °C in an oil bath. After 24 h of stirring,
the etched solution was washed repeatedly with water by centrifugating
at 4000 rpm for 10 min. At a pH of ~5-6 (monitored by pH paper),
the delamination was started. The dark green supernatant was collected
after centrifuging at 4000rpm for 10min at 20°C. This process
was repeated four times by adding water and shaking the whole
dispersion by hand. All the dispersions were combined, and black solids
were obtained after centrifugating at 12000 rpm for 30 min. Finally,
the resulting solid was stored in degassed MilliQ water in a freezer.
A-Ti3C,T, was prepared by annealing the Ti;C,T, in a tube furnace at
450°C for Th with a heating rate of 5°Cmin~' under an argon
atmosphere.

Characterization: The morphology of the materials was characterized
by SEM (Quanta 200 FEG ESEM). Attenuated total reflectance (ATR)
infrared spectra were measured by a PerkinElmer frontier infrared
spectrometer. UV-vis absorption spectra were recorded on a Varian
Cary 50 Bio UV-vis spectrophotometer. XPS measurement was tested
by the PHI 5000 VersaProbe Ill, and the spectra were processed using
the PHI MultiPak software. The electrical conductivity of the as-obtained
composites was measured by a four-probe resistivity meter (JANDEL
RM3000).

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH
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Computational Methods: All DFT calculations were carried out using the
Vienna abinitio simulation package with the Perdew-Burke—Ernzerhof
functional within the generalized gradient approximation.””’® The
projector-augmented plane-wave method was employed to describe the
ion—electron interactions.”>®% The cutoff energy was set to 400 eV, and
the DFT-D3 method was included to illustrate the van der Waals correc-
tion.B" A Monkhorst—Pack k-point sampling mesh of 2 x1x 1 was
deployed for geometry optimizations. The energy convergence tolerance
was set to be 3 x 107> eV. A graphene slab containing 224 carbon atoms
was constructed to explore the interaction between the three polymers and
the rGO, and all the atoms were allowed to relax. The vacuum space was
set to be 20A to avoid the interaction between the adjacent layers.
Specifically, different adsorption configurations were examined, and the
location with the lowest energy was identified and reported.

Electrochemical Measurement: The as-obtained polymers were mixed
with rGO and 10 wt% of polyvinylidene fluoride in N-methyl-2-pyrrolidone
to form a homogeneous slurry. The obtained slurry was cast onto a con-
ductive carbon paper and was further dried at 60 °C in vacuum overnight.
The electrodes were named as x/y polymer/rGO (polymer is PPYT/
PPYTQ/tPPYT, x;y=3:1, 2:1, 1:1, and 1:2), where x and y represented
the mass ratio between the polymer and the rGO. The mass loading of
the polymer/rGO x-y was ~2.08 mgcm 2. All the electrochemical mea-
surement was performed on a Gamry electrochemical potentiostat
(1010 E) using a three-electrode test system with a Tm H,SO4 aqueous
solution as the electrolyte. For the three-electrode system, active
material-loaded carbon paper is the working electrode, Ag/AgCl in 3 m KCl
is the reference electrode, and a platinum gauze is employed as the
counter electrode. A three-electrode system was used to test the electro-
chemical properties of the Ti;C,T, and the A-TisC,T,in a 1 M H,SO4 aque-
ous electrolyte. The TisC,T,-loaded carbon paper (about 1.5 mgcm?),
Ag/AgCl in 3m KCl, and activated carbon (around 5mgcm™2) were
employed as the working, reference, and counter electrodes, respectively.

The specific capacitance (C, Fg™') of an electrode was calculated by

C = IAt/(mAV) @

In this equation, | (mA) is the current, At (s) is the discharge time, m (mg)
is the mass of active materials on the carbon paper, and AV (V) is the
applied potential.

Two-electrodes system (2/1 PPYT(Q)/rGO//A-TisC,T, ASCs) was
assembled by employing the 2/1 PPYT(Q)/rGO electrode as the cathode
and the A-Ti;C,T, as the anode. Moreover, the mass loading of the cathode
and the anode can be balanced using the following formula

Q=0 ®)

+

% —C Vv /Ctvt @)

The specific capacity of a two-electrode system is calculated based on the
total mass loading of the active material on the cathode and on the anode.
The corresponding energy density (E, Whkg™') and power density
(P, Wkg ") of the system were obtained by

E = 1/2C(AV)? (5)
P = E x 3600/At ©)

Here, AV (V) and At (s) are the working potential and the discharge time.
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