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Conjugated polymers promise extremely-high theoretical supercapacitance to develop large capacitive storage
devices. Existing conjugated polymers commonly realize their < 20% supercapacitance due to inferior electronic
and electrochemical activities. Here we report hyper-conjugated effect to minimize energy level difference and
carrier migration barrier in copolymerized polyaniline (PANI), a typical supercapacitive material. The hyper-
conjugated effect efficiently promotes the elongation of conjugation system and the delocalization of = elec-

trons. The largely increased number of free carriers in combination with the expanded range of carrier mobility
guarantee 800% increments in electrical conductivity. Tests of symmetric supercapacitors with hyper-conjugated
PANI show a high specific capacitance of 512 F g%, excellent rate-capability and long-term cyclability. This work
paves the way for designing conjugated polymers with remarkable electronic and electrochemical properties.

1. Introduction

Energy and environmental issues have become a hot spot and chal-
lenge in the forefront of society and academiall-3]. Energy storage
devices — supercapacitors, have developed rapidly in power vehicles,
portable devices, wearable flexible displays and other fields due to their
advantages of high power density, fast charging and discharging rate
and wide operating temperature range[4-8]. As one of the main factors
affecting the performance of supercapacitors, conjugated polymer
electrode materials combine the advantages of traditional polymer
materials and organic conductors, thus possessing high charge storage
capacitance and mechanical flexibility[9-12]. In such supercapacitive
materials, the main charge storage mechanism is attributed to faradaic
redox reactions occurring at or near the surface of the electrode mate-
rials[13].

Conjugated polymers, such as polyaniline (PANI), show super-
capacitance characteristics in nature, so they share a high theoretical
specific capacitance up to 2000 F g~1[14]. However, the actual capac-
itance of conjugated polymers is still far behind the theoretical value. In
this regard, researchers improve its electrochemical activity by means of
designing nano-structure, compositing with carbon materials, and
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constructing three-dimensional network[15-18]. However, the opera-
tion process is rather complicated and the effect is very limited, most of
which deliver a specific capacitance of 100-300 F g~1[19-21].

Therefore, an alternative strategy based on introduction of secondary
phase during polymerization has been proposed to boost the electro-
chemical properties of conjugated polymer-based supercapacitors
[22,23]. It has been reported that adding a small amount of p-phenyl-
enediboronic acid, in the polymerization process can form a longer
polymer chain with less entangling, which can significantly improve the
specific capacitance and the energy density of PANI-based super-
capacitors[24]. Although the specific capacitance and the energy den-
sity of conjugated polymer-based supercapacitors can be increased to
some extent by introducing the second phase material, there are still
some obstacles need to be solved or clarified[25,26]. The first problem
lies that the introduction of inactive dopants cannot contribute to the
capacitive behavior and therefore results in low specific capacitance.
The second problem is that the mechanism of introducing the secondary
phase in the synthesis process needs to be further clarified. And the last
one is that it is still unclear to the relationship between the electrical
properties and the electrochemical properties after introducing the
secondary phase.
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Herein we firstly propose an active molecular copolymerization (3-
amino benzyl alcohol, 3-ABA in this work) to modify the molecular
chains of conjugated polymers, using pure polyaniline (p-PANI) as an
example. By introducing more amino groups and hydroxyl groups con-
tained on benzene rings, the PANI molecular chains are extended to
achieve higher electrochemical activity. Except from the n-n conjugated
effect in p-PANI, the C-H o bonds interact with the delocalized x bonds
of benzene ring, and therefore forms an additional hyper-conjugated
effect (termed as hyper-conjugated PANI, hc-PANI). We proved that
this hyper-conjugated effect efficiently increases the electrical conduc-
tivity by 800%. And it is in combination with hyper-conjugated and
hydrogen bond effect to enable electrochemical performance, he-PANI
based supercapacitors show a high specific capacitance of 521 F g7}, a
remarkable 50% larger than that of p-PANI.

2. Experimental
2.1. Materials

Aniline and 3-aminobenzyl alcohol (3-ABA) were purchased from
Aladdin (Shanghai, China). Hydrochloric acid and ammonium persul-
fate (APS) were purchased from Kelong chemical reagent factory
(Chengdu, China). All the reagents were analytical grade.

2.2. Synthesis of hc-PANI and p-PANI

The 0.4564 g ammonium persulfate in 2 mL deionized water solution
was prepared in advance and used as the initiator (solution A). Then,
adding 0.062 g 3-aminobenzyl alcohol into 2.03 mL 6 M HCl solution. As
the 3-ABA is completely dissolved, 0.14 mL aniline monomers were
added and mixed well (solution B). For complete cooling, solutions A
and B were put in an ice water bath for 20 min. Next, the solution A was
added into solution B followed by mixing solutions with stirring rapidly
for 5 min. After that, the mixed solutions were let stand on ice water bath
for more than 12 h to form a hydrogel-like substance. With further
permeation, filtration, washing, and desiccation, the product recorded
as hc-PANI was prepared. According to different ratios of aniline to 3-
ABA monomers, hc-PANI-1 (1:3), hc-PANI-2 (2:2), and hc-PANI-3
(3:1) were synthesized, respectively. For comparing, pure PANI (4:0)
was also prepared in accordance with the same procedures except from
no addition of 3-ABA.

2.3. Preparation of supercapacitor electrode and flexible supercapacitors

To prepare supercapacitor electrodes for three-electrode tests,
polyethylene terephthalate (PET) film was employed as the flexible
substrate. Gold thin film was then evaporated onto PET film and served
as the current collector through magnetron sputtering. Sequentially, p-
PANI and hc-PANI dispersed into deionized water were respectively
sprayed onto the current collector to form the film electrodes. For pre-
paring the device of supercapacitors, a spraying technology was
employed to attach the active materials on Au current collectors with the
help of a pattered mask. After removing the mask, interdigital electrodes
were formed. Through coating with PVA/H,SO4 gel electrolyte and
encapsulating with polydimethylsiloxane (PDMS), flexible super-
capacitors were finally prepared.

2.4. Characterizations

Gel permeation chromatography (GPC, OMNISEC, Malvern Pan-
alytical) method was used to confirm the average molecular weight of
the samples. Nuclear Marnetic Resonance (NMR) characterization was
carried out on an AVANCE III HD instrument (Bruker). Scanning Elec-
tron Microscopy (SEM, JSM-7800F Prime) and Transmission Electron
Microscopy (TEM, JEOL JEM-2100F) were used to detect the micro-
structure and morphology of the samples. The crystallinity was

Applied Surface Science 628 (2023) 157350

characterized by X-ray Diffraction (XRD, PANalytical X’Pert). The ele-
ments and their chemical atmosphere were analyzed by X-ray Photo-
emission Spectroscopy (XPS, Thermo Scientific™ K-Alpha™). The
spectral response of the materials was analyzed by Fourier Transform
Infrared Spectroscopy (FTIR, Nicolet iS10) and Raman spectrum (Horiba
Lab RAM HREvolution). For measuring the electrical conductivity by a
four-point probe (RTS-9, China), the powder materials were pressed into
0.3-1.0 mm thick discs with a diameter of 15 mm using a tablet press.
UV-vis (UV2310Il, China) spectra were measured with using N-meth-
ylpyrrolidone solvated p-PANI and hc-PANI solutions. The relative
permittivity was measured on Broadband Dielectric Spectrometer
(Novocontrol). Ultraviolet Photoelectron Spectroscopy (UPS) was tested
by Thermo Fischer, ESCALAB Xi+ (US) under vacuum degree of 8 x 10710
Pa, working voltage of 12.5 kV and filament current of 16 mA. He lamp
is used as a monochromatic light source with photon energy of 21.22 eV.

2.5. Electrochemical properties

The electrochemical properties are mainly characterized by CHI660E
electrochemical workstation (Shanghai, China). The electrochemical
properties of materials are characterized by a three-electrode system,
including working electrode, auxiliary electrode (platinum sheet) and
reference electrode (saturated calomel electrode), and the electrolyte is
1 M H3SO4 aqueous solution. The test methods mainly involve cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), electro-
chemical impedance spectroscopy (EIS) and cycle stability test. Using
the impedance-potential program in the electrochemical workstation,
the Mott-Schottky curves were also measured. Cyclic voltammetry test
operates at a voltage range of 0-0.7 V, and the scan rate increases from 5
mV s! to 100 mV s~!. The test parameters of galvanostatic char-
ge—discharge mainly include voltage range (0-0.7 V) and current density
(1-10 A g™ Y. Electrochemical impedance spectroscopy recorded in the
frequency range of 10° Hz to 0.01 Hz. The specific capacitance of
electrochemical active materials under different current densities can be
analyzed by GCD curves, so as to obtain electrochemical characteristics
such as multiplier performance. The capacitances are calculated ac-
cording to the following formula:

1 At

Cm = 1
,GCD m AV ( )
Where I is discharge current, At is discharge time, m is the loading mass
of active material, and AV is potential window.

I At

C =—— 2
AGED = 3 Ay (2)

Where [ is discharge current, At is discharge time, A is the effective
geometrical area of the interdigital electrodes and AV is potential

window.
2.6. Computational calculations

The structure of hc-PANI and P-Pani were optimized using density
function theory (DFT) by Gaussian 09 software package. The B3LYP
functional associated with 6-31 G (d, p) basis set was used for DFT
calculations. The conjugated structures and energy levels of highest
occupied molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO) were obtained by Gaussian view. The molecular or-
bitals of were visualized by Multiwfn package and VMD.

3. Results and discussion

The carrier of PANI with conjugated structure is composed of bipo-
larons, solitons, polarons and delocalized & electrons introduced by
dopants[27,28]. As it is in original state, there is a difference in energy
level between n bonds of molecular orbitals because the mobile & elec-
trons needs to cross the energy level to form carriers, which hinders its
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migration in the internal molecular chain of the conjugated PANI. After
copolymerization, the energy level of the n electrons would be delo-
calized, leading to the reduction of energy level difference between the
energy bands. This process facilitates to decline the energy barrier in
carrier migration.

For solving this difference, an electrochemical active molecule of 3-
ABA was introduced to generate long chain hc-PANI with hyper-
conjugated and hydrogen bond effect from short chain pure polyani-
line (p-PANI) (Fig. 1a-b). After incorporation of 3-ABA molecules, they
polymerized into the molecular chains of PANI, and hence elongated the
molecular chains. The gel permeation chromatography (GPC) mea-
surement demonstrated that several kinds of average molecular weight
are larger in hc-PANI than p-PANI (Table S1). Specifically, the weight
average molecular (My) of hc-PANI is 3760 while it is 3311 of p-PANI
(Fig. 1¢).

Solid-state HI-NMR of p-PANI and hc-PANI are shown in Fig. 1d.
Because of the limited resolution in solid-state H1-NMR, there is a very
broad peak corresponding to aromatic proton (Fig. 1d). Due to the ring
current effect of the benzene ring, the corresponding peaks at 6 = 8.2
and § = 10.3 are aromatic proton, while in hc-PANI, the peaks at § = 10
are significantly enhanced, indicating that alcoholic hydroxyl group,
which provides the o-1 hyper-conjugated effect, has been successfully
inserted into the benzene ring[29].

The lone pair electron in the P orbital of the N atom forms the p-n
conjugated system with the = electron in the connected benzene ring,
and since the interaction between C-H ¢ bond in 3-ABA and the = orbital
of benzene ring, an additional 6-n hyper-conjugated effect is generated
(Fig. le-f). This hyper-conjugation achieves the purpose of further
expanding the delocalization ability of = electrons and increasing the
transferable range of carriers[30]. The conjugate structure of p-PANI
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and hc-PANI is obtained by Gaussian calculation[31]. In p-PANI, elec-
trons of N atom have no delocalization in Fig. 1g-h, while in hc-PANI
(Fig. 1i-j), the = orbital in benzene ring overlaps with p orbital on the
adjacent N atom to form obvious p-n conjugated system (red circle). The
o bond of C atom provided by the alcohol hydroxyl group on 3-ABA also
forms weak hyper-conjugated (purple circles) with the = orbital in
benzene ring.

The molecular vibrations were probed to detect the microstructure of
hc-PANL. As shown in Fig. 2a, O-H stretching vibration at 3477 cm ™ is
apparently observed in hc-PANI while it is absence in p-PANI[32].
Hence, hydrogen bonds are formed through introducing 3-ABA mole-
cules as above discussed. The oxygen atom in the alcohol hydroxyl group
of 3-ABA forms a hydrogen bond effect with the hydrogen atom in the
amino group of polyaniline molecular chain. The peak near 3228 emlis
related to N-H stretching vibration in emerald imine salt (Fig. S1). In the
fingerprint region (Fig. 2b), quinone structure N = Q = N stretching
vibration in emerald imine salt occurs at 1577 cm™* while at 1494 cm™?
corresponds to benzene structure N-B-N stretching vibration in emerald-
imine salt[33]. The other two peaks located at 1305 cm~ ! and 1249
cm ! are assigned to be C-N and C = N stretching vibration of benzene
ring/aromatic amine in PANI. In addition, another obvious absorption
peak at 819 cm ™7, corresponding to the out-of-plane bending vibration
of C-H [34].

Raman spectra (Fig. 2¢) show that the out-plane C-H waging vi-
bration and deformation of benzene ring appears at 418 cm™! and 813
em ™! while at 1170 em ™}, in-plane C-H bending vibration of quinone
ring is also observed. The stretching vibration of C-N bond in dipole
structure shares a peak at 1334 cm ™. Another weak peak at 522 cm ™ is
assigned to out-plane C-N-C torsion vibration and it becomes weak in hc-
PANIL The peak at 1344 cm ! is assigned to the C-NT stretching
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vibration of more delocalized polaronic structures[35], proving the
intensive formation of polarons. And it becomes stronger in hc-PANI
than p-PANI, implying the generation of more polarons and bipolarons
delocalized on hc-PANI after copolymerization with 3-ABA molecules

[36]. The peak occurred at 1496 cm ! is attributed to the stretching
vibration of quinone C = N bonds. The sharp broad peak can be sepa-
rated two peaks at 1590 cm ™! and 1616 cm ™! that are originated from
the stretching vibration of C = C and C-C bonds. The decrease of relative

(a) (b) (c)
1.6+ p-PANI p-PANI 100 90 S/m
— hc-PANI o hePANL | £ o
> = Hed—
o 1.2 = @ 804
i g B2 " =
NN 2 I\ z
2 o8- ||\- |>|k| g . 12146 g 60
> hi 4y ] g Jaa-na_“,.;,; sdvassresisssassasand D
® \ 2 -
0 04 | 1 - -
o\ - :
\ 20{ 10
004 \._. ' ﬂ ! S‘Jm
= - - - i — - T = 0 L
0z 00 0.2 0.4 06 W0 100 100 100 10" 10 P-EANI he-PANI
Patential (V vs. SCE) Frequency (Hz)
(d) (e) ®
i 81% he-PANI —_p-PANI p-PANI =
! %‘ * measured o he-PANI hetaul 4
— V- md Y i (Y f
i s |/ II,! \ /
Y \ e /
z € /™ | Redshit o | Z
= 3.08 et
b —
404 400 396 392 300 400 500 600 700 8O0 ., 16 24 12 40
(g) Binding erergy (eV) (h] Wavelength (nm) (I) h (8V)
—— he-PANI
ch N h
= I i =rll ]
3 f - | | A RY
s 5 | 21\
= f 8 A 2|\
W | \
2 / z | g
g / g | E N\
1819ev A \ 5'32 i
N S iy
| —ﬂL  CH— e —— N e e —
20 18 16 # m ® 1 5 4 0 4 5 4 2 0 2
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
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peak strengths for both C = N and C = C bonds implies that the
strengthened delocalized effect of n electrons in hc-PANI than p-PANI
because of the additional hyper-conjugated action in the former. In
short, the detection of molecular vibrations implies the successful
introduction of additional hyper-conjugation effect in hc-PANI.

In XRD pattern (Fig. 2d), there are diffraction peaks located at 20 =
20.6°, 24.7°, corresponding to (020), (200) crystallographic planes,
respectively[37]. These two peaks belong to the characteristic of PANI
emeraldine salt in a pseudo-orthorhombic unit cell[38], confirming the
original crystal structure of PANI was not damaged after 3-ABA is
involved in the copolymerization. The two diffraction peaks represent
the diffraction peaks produced periodically parallel to the polymer chain
group and periodically perpendicular to the polymer chain group. The
relative diffraction intensity of (020) crystal plane increases, indicating
that he-PANI has better crystallinity and more regular structure. Such
good crystallinity and regular structure will significantly improve the
electrochemical performance of polyaniline, and inhibit the volume
change in the process of charging and discharging, which is an impor-
tant factor for the electrode material to have excellent cycle stability and
rate-capability [39].Hence, comparing with p-PANI, hc-PANI deliver
enhanced conjugated effect and accordingly electrochemical properties.

The morphology of SEM between hc-PANI and p-PANI is similar
(Fig. 2e-f). And SEM and TEM characterizations (Fig. 2f-g) display the
short rod morphology of hc-PANI that is very common in conjugated
polymers[40]. In addition, in comparison with p-PANI, hc-PANI solution
show a hydrogel characteristic (Fig. S2), indicating further crosslinking
in hc-PANI. We proved that 3-ABA was essential to form hydrogel-like
hc-PANI (Fig. S3).

After realizing hyper-conjugated and hydrogen bond effect in hc-
PANI, we will discuss that the electronic and electrochemical proper-
ties are greatly improved due to these two positive effects. Firstly, the
Mott-Schottky curve was measured. As shown in Fig. 3a, the negative
slope of Mott-Schottky curve for both p-PANI and hc-PANI indicates
their characteristics of p-typed semiconductor. According to Mott-
Schottky formula (Equation (3) [41], the absolute slope value is much
smaller in hc-PANI than p-PANI (7.55 vs. 14.80), indicating that the
former possesses much higher carrier concentration.

1/C* = 2/egNsA*(V — Vig — kT /e) 3)

Where, C is space charge layer capacitance, ¢ is dielectric constant, g
is charge quantity of element charge, N, is carrier concentration, V is
applied bias, Vpp is flat band potential, k is Boltzmann constant.

In combination with determining the permittivity (e) by broadband
dielectric impedance spectrometer, by which the permittivity values of
p-PANI are 2146 F m™~! and he-PANI is 370 F m™ ! at 1 kHz (Fig. 3b).
After quantifying the other values from Mott-Schottky curves, the carrier
concentrations (N,) were determined to be 4.46 x 10%° ¢cm™2 for he-
PANI and 3.93 x 10%* cm™3 for p-PANI, increased by an order of
magnitude. Because of much higher carrier concentrations, hc-PANI
exhibits 800% increment in electrical conductivity as illustrated in
Fig. 3c. The average electrical conductivity of p-PANI is 10 S m™!, while
it is up to 90 S m™! for he-PANI. As kown to us, PANI in original state is
close to the insulator. As H protons are doped into the molecular chains,
the charge will transport in the whole PANI molecular chains because of
the p-n conjugated effect that tremendously enhances the electrical
conductivity.

Next, we revealed that the enhanced electrical properties are corre-
lated with the increased protonation induced by additional hyper-
conjugated effect. The N atoms on the PANI molecular chain are pro-
tonated to produce cations and form a quaternary ammonium salt
structure with anions[42]. During the doping process by proton acids,
the protonation at the N atom in imine is occurred at the first. As the
dissociation of proton acids, the proton hydrogen (H") transfers into the
molecular chains of PANI. This process makes protonation of N atom in
imine and generates excited polarons with charge, which endows 10
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orders of magnitude variation between PANI insulating and conducting
states. In hc-PANI, this p-m conjugated effect is also retained. The
deconvolution of N 1 s XPS spectra shows that the -NH ratio of hc-PANI
is increased from 14.6% to 18.4% (Fig. 3d and Fig. S4). In addition, XPS
full-scan spectra shows the presence of O atoms belonged to 3-ABA
molecules (Fig. S5), again implying the successful polymerization of
hc-PANI. Moreover, the strengthened protonation in combination with
improved electrical conductivity also facilitates to superior pseudo-
capacitive behavior, which we will discuss later.

Additional evidence to the improved electronic properties lies to the
electron transition as analyzed by UV-vis spectra (Fig. 3e). There are
two strong broad absorption peaks at 330 nm and 628 nm, respectively.
The former is related to n-n* transition in the benzene ring of PANI, in
which electrons transit from the highest occupied molecular orbital to
the lowest unoccupied molecular orbital[43]. The peak at 628 nm is
aroused by the n-n* transition that is attributed to the electron transition
from benzene ring to quinone ring in PANI. The absorption peak of hc-
PANI occurs a slight red shift, indicating that the effective conjugated
chain length becomes longer and the = electron delocalization degree
increases, which proves the existence of hyper-conjugated system. Since
this hyper-conjugated effect is much weaker than that of conjugated
effect, the red shift is not very obvious. By converting the UV-vis
spectrum into Tauc diagram (Fig. 3f), band gap values can be obtained.
The band gap of p-PANI is 3.26 eV, while the hc-PANI is 3.06 eV. In
general, a smaller band gap means better conductivity, which also cor-
responds to the previous experiments[44,45]. In order to calculate the
HOMO level of hc-PANI and p-PANI, UPS tests were carried out (Fig. 3g-
i). The interaction information of electrons near the Fermi level (valence
shell electrons) is reflected by vacuum ultraviolet excitation of the
sample. By measuring the energy distribution of valence electrons, UPS
spectroscopy can obtain various information about valence electron
structure, including valence band spectrum, escaped work, and ioniza-
tion potential (IP) of valence electrons, etc[46]. The IP of conjugated
polymer corresponds to the HOMO level, so UPS has become a common
method to measure the HOMO level of organic semiconductor materials
[47]. He 1 light source with an energy of 21.22 eV was used in this work,
and the formula for calculating HOMO is as follows:

EHOMO = — (IP) e (hV - Ecutaﬂ + EVEF) (4)

Where, Egomo is energy levels of highest occupied molecular or-
bitals, IP is ionization potential of valence electrons, hv is incident
photoelectron energy, Ecysof is cutoff energy of the secondary electron,
Evg' is energy difference between valence band top and Fermi level.

The electron work function can be calculated by subtracting cutoff
energy of the secondary electron from incident photoelectron energy,
which represents the minimum energy required to remove an electron
from the material[48]. As can be seen in Fig. 3g, the spectral line begins
to rise near 18.19 eV, indicating strong secondary inelastic scattered
electron emission, which can be obtain the Ey,fris 18.19 eV. The Fermi
edge corresponds to the position of the lowest binding energy, repre-
senting the valence band to Fermi energy[49]. It can be seen from Fig. 3i
that EVBF is 2.82 eV. Therefore, the HOMO of hc-PANI calculated by
Formula 4 is —5.85 eV. The UPS spectrum of p-PANI is shown in Fig. S6,
and the HOMO of p-PANI is —5.32 eV.

E, = Erumo — Enomo 5)

Where, E, is band gap, Erymo is energy levels of lowest unoccupied
molecular orbitals.

UPS cannot measure LUMO levels because the molecule has no
electrons to excite[50]. However, LUMO level can be evaluated in
combination with the optical band gap measured by UV-vis. According
to Formula 5, the LUMO of he-PANI and p-PANI is —2.79 eV and —2.03
eV, respectively.

As above-discussed, hc-PANI possess electrochemical hydrogen bond
effect and additional hyper-conjugated effect promoted extraordinary
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electronic properties, therefore, the superior electrochemical properties
of hc-PANI would be also anticipated. As shown in Fig. 4a, the cyclic
voltammetry (CV) curves at different scanning rates have two obvious
redox peaks within the voltage range of 0-0.7 V, supplying high pseu-
docapacitance for hc-PANI electrodes. The oxidation peak at 0.33 V and
the reduction peak at 0.09 V correspond to the transition of fully
reduced benzene structure leucoemeraldine to the intermediate oxida-
tion state emeraldine in hc-PANI, while the oxidation peak at 0.58 V and
the reduction peak at 0.38 V correspond to the transformation from the
intermediate oxidation state to the full oxidation state of pernigraniline.
[24] At a current density of 1 A g7}, the hc-PANI electrode material
could reach a high average specific capacitance of 521 F g~! (Fig. 4b),
while that of p-PANI is only 342 F g~! (Fig. S7). We also testified the
optimum electrochemical properties occurred in hc-PANI of which
molar ratio of aniline to 3-ABA was 3:1 (Fig. S8). With the current
density increased to 2 A g ™! and 5 A g7, it corresponded to 496 F g~
and 478 F g1, respectively. Even if at 10 A g1, the specific capacitance
still maintained about 86.9% (453 F g’l), indicating excellent rate-
capability (Fig. 4c). After the supercapcitors are assembled (Fig. 4d),
the specific capacitance of the device is 134 F g~! at the current density
of 1Ag~!,123F g ' and 119 F g~ ! at the current densities of 2 A g ! and
5 A g1, respectively. As the current density is up to 10 A g, the
capacitance is 117 F g2, still showing a high capacitance retention rate
of 87.3% (Fig. 4e). Therefore, even after the device is assembled, the
corresponding capacitance of the hc-PANI still does not decay and has
excellent rate-capability.

The device also has a good cycling stability, the capacitance reten-
tion rate can be 89.7% after 10,000 cycles (Fig. 4f). In order to explore
the flexibility of supercapacitors constructed by hc-PANI nanomaterial,
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the electrochemical properties at different bending angles were tested
(Fig. 4g). As shown in Fig. 4h by comparing CV curves at different
bending angles (0°-120°), there is little difference in the curves of
supercapacitors, indicating that the hc-PANI based devices have ideal
flexibility. In addition, the GCD curves also show similar consistency
(Fig. S9). The electrochemical performance comparison between this
work and the reported work confirms that the electrode material based
on he-PANT has excellent specific capacitance, cycling stability and rate-
capability (Table S2)[51-55].

The average thickness obtained by cross-section SEM images is 4.79
pm (Fig. S10). At a current density of 0.5 mA cm’z, the capacitance is
106.4 mF cm ™2, and at the current densities of 1 mA ecm ™2, 2 mA cm ™2,
and 5 mA cm ™2, the specific capacitances were 99.2 mF cm ™2, 93.3 mF
cm™2, and 73.5 mF cm™2, respectively (Fig. S11), showing high areal
capacitance and good electrochemical performance.

Due to the limited energy and output power of a single super-
capacitor, it is often difficult to meet diverse application requirements.
Therefore, in order to be better used in practical working scenarios, a
reasonable series—parallel design of the device is required (Fig. 4i). After
connecting 2-4 devices in parallel, the current of the CV curve increases
accordingly, while the voltage range remains the same (Fig. 4j). From
Fig. 4k, whether 2, 3 or 4 devices are connected in parallel, the char-
ge—discharge time is exactly 2 times, 3 times, and 4 times that of a single
device. After connecting 4 devices in series, the voltage range is widened
from 0.7 V to 2.8 V and the charging and discharging time after con-
necting 2-4 devices in series is basically consistent with that of a single
device, with little difference (Fig. S12). The white LED can be success-
fully lit with the tandem hc-PANI based supercapacitors (Fig. 41). Hence,
the flexible supercapacitors prepared from hc-PANI have extremely

(a) (b) (c)
30 08 120
[—5 20 50 - ’
100mvs - A \ 1 £ gol ’ .
- i \ \ L.} % BA.%°
15 - U5'-.|I'I {4 = T 40
E P I \ —10Ag" b y
= 5 IV \ 0 i 3 [} 8 10
i 04 5 044 'I 5 / LY ( } Current density (A g}
c g I/ \ e) 1
a VA \ \ L =
(I X £ 5ol ° @ @
15 o244 el o
4! & 45
S w'
a0y : ] poi— 1 - . N ok . ; " y ;
00 02 04 06 08 0 200 400 800 80D ¢ & 4 BB W
Potential (V) Time (s) [h] Current density (A g)
(d) f 13- ) () e = | 08-
104§ | T
o 2.0-9-0-99-99-2-9 044
F o084 89.7% 2 7
§ -
2 06 § 0.0 bend angle
o 044 o
044 3
024 50"
e 120°
0ol 081
0 2500 5000 7500 10000 00 02 04 06 08
Cycle NO Paotential (V)
i k
0) I 0 ., W,
asc_s 4 18Cs
o— Il —0 . ' o
i E g
'1 % oo & a4
3 2
in parallel
15 0.2
o—4HHHF>~ | — | | RER
in series 00 02 04 06 08 0 50 100
Potential (V) Time (s)

Fig. 4. The remarkable electrochemical properties of hc-PANI. (a-c) he-PANI supercapacitor electrodes in a three-electrode configuration, (a) CV curve of 5mV s~
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100 mV s’l, (b) GCD curves at current densities from 1 A g’1 to 10 A g’l, (c) Rate-capability of hc-PANI. (d-h) hc-PANI based flexible supercapacitor device, (d)
Schematic illustration of supercapacitors, (e) Rate-capability of hc-PANI based flexible supercapacitor device, (f) Capacitance retention after 10,000 cycles, (g)
Schematic diagram of flexible test, (h) CV curves of hc-PANI flexible supercapacitors at different bending angles. (i-1) hc-PANI based multiple supercapacitors, (i)
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stable electrochemical performance and good uniformity, which can
adapt to different voltage and current requirements of the range of
applications.

4. Conclusion

In conclusion, the strategy of introducing copolymer was proposed to
realize the construction of hyper-conjugated PANI with long conjugated
chains. The introduction of 3-ABA is an essential key to form the addi-
tional hyper-conjugated effect through entering the PANI molecular
chains and forming supramolecular hydrogen bonds. After introducing
3-ABA, hc-PANI also show a p-typed semiconducting behavior while the
electrical conductivity is greatly increased by 800% in comparison with
p-PANI, which is related to the smaller charge transfer energy barrier
and is induced by an order of magnitude increment in the number of
carriers. Because of hydrogen-bonding effect and hyper-conjugated ef-
fect, hc-PANI materials show a remarkable high specific capacitance of
521 Fg~' at 1 A g71, which is 50% higher than that of p-PANI. More-
over, hc-PANI based flexible supercapacitors share an 87.3% retention
in specific capacitance as the current density increases to 10 A g L. After
10,000 cycles, they still have a capacitance retention of 89.7%, which
can meet the needs of wearable electronics and other application fields.
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