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Quasi-two-dimensional (q2D) conducting polymer thin film synergizes the advantageous features of long-
range molecular ordering and high intrinsic conductivity, which are promising for flexible thin film-based
micro-supercapacitors (MSCs). Herein, we present the high-performance flexible MSCs based on highly
ordered quasi-two-dimensional polyaniline (q2D-PANI) thin film using surfactant monolayer assisted in-

terfacial synthesis (SMAIS). Owing to high electrical conductivity, rich redox chemistry, and thin-film
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future flexible electronics.

morphology, the q2D-PANI MSCs show high volumetric specific capacitance (ca. 360 F/cm?) and energy
density (179 mWh/cm?), which outperform the state-of-art PANI thin-film based MSCs and promise for

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recently, flexible micro-supercapacitors (MSCs) attracted con-
siderable attention due to their high-power capability, fast charge-
discharge rate, and long cycling lifetime that are promising power
sources for portable and/or wearable microelectronics [1-4]. Con-
ducting polymers have been intensively studied as advanced high-
performance electrode materials for flexible MSCs [5,6]. In contrast
with conventional bulk state, crystalline thin-film of conducting
polymers can achieve efficient charge transport at in-plane direc-
tion as well as offer a large ratio of charge carriers to volume of
active layer in devices [7,8]. As such, a simple, scalable and cost-
effective deposition technique for conducting polymers that pro-
duces uniform thin-film morphology and ordered molecular struc-
ture is highly desirable [9-11].
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As one of the most important conducting polymers, polyaniline
(PANI) has exceptional pseudocapacitive properties [12-16], which
render it with great potential for the energy storage applications.
Unfortunately, the classical interfacial synthetic approaches (e.g.,
air-water, liquid-liquid and liquid-solid interfaces) that have been
successfully used in the synthesis of two-dimensional (2D) poly-
mers [17-20], only resulted in rough PANI with fibrillary or hi-
erarchical morphologies [21-23], presumably due to the aggrega-
tion (via w-m stacking) of aniline oligomers. Here, in this work,
we fabricate flexible MSCs based on highly ordered quasi-two-
dimensional (q2D) PANI thin film, which was prepared utilizing
the surfactant-monolayer assisted interfacial synthesis (SMAIS) ap-
proach. After transfer onto flexible Kapton® substrate, the fabri-
cated MSCs delivered high volumetric specific capacitance of 370
F/cm3 at 1.3 Ajcm3, which is superior to the MSCs using other or-
ganic electrode materials, such as PANI nanowires [24], azulene-
bridged coordination polymer framework [25], B/N-enriched conju-
gated polymer film [26]. Moreover, the Pl-supported devices exhib-
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Fig. 1. (a) Schematic illustration of the synthetic procedures via SAMIS. (b) Photo-
graph of a 2D PANI thin film floating on water surface, which is highly homoge-
neous and transparent. (c) Freestanding q2D-PANI thin film on a copper TEM grid.
The white arrow points to a hole in the q2D-PANI thin film, which is in contrast to
surrounding freestanding film. (d) The q2D-PANI thin film on 300 nm SiO,/Si wafer
visualized by optical microscopy. Scale bars: (c, d) 100 pm.

Fig. 2. (a) AFM topographic image and (b) corresponding height profile of the q2D-
PANI thin film prepared in 48h. (c) SAED pattern of q2D-PANI along [001] axis.
The 200 and 020 reflections are at 2.96 nm~! and 2.70 nm~!, respectively. (d) AC-
HRTEM image of q2D PANI along [001] axis. (e) A close-up of (d). (f) XPS high-
resolution N1s core level spectrum of q2D-PANIL The fitting in (f) was performed
with a set of Voigt peaks. Scale bars: (a) 10pm; (c) 1nm; (d) 2nm; (e) 0.3 nm.

ited excellent flexibility and stability with different bending angle
measurements.

The SMAIS synthesis of q2D-PANI was achieved with an an-
ionic surfactant monolayer (e.g., sodium oleyl sulfate, SOS) on wa-
ter surface to control the preorganization of subsequently added
aniline monomers (0.13 mmol/L) (Fig. 1a) [11,27-30]. Hydrochlo-
ric acid (0.5mol/L) and ammonium persulfate (APS, 0.05 mmol/L)
were then added into the subphase to initiate the polymerization.
The reaction was kept at 1°C under ambient conditions for 72h
to produce q2D-PANI thin films on the water surface (Fig. 1b).
The assembling and polymerization of aniline was guided under-
neath surfactant monolayer due to the electrostatic interactions
and hydrogen bonds, thus ensure the polymerization of aniline in a
more controlled way than classical interfacial synthesis approaches
[31,32].

The resulting q2D-PANI thin film can fully float on water sur-
face with more than 28 cm? (Fig. 1b), or suspend over large holes
of ~20pm on a copper grid (Fig. 1c), suggesting high mechani-
cal strength of the q2D-PANI. The resultant film was fished using
a 300nm SiO,/Si wafer and visualized under optical microscopy
(Fig. 1d), which shows a large-area continuous morphology with
excellent uniformity. After cleaning with chloroform, atomic force
microscopy (AFM) measurements at edges by random sampling
revealed a thickness of ca. 10nm (Figs. 2a and b). In order to
prove the existence of long-range order within q2D-PANI, the film
was suspended over copper grid and characterized by selected-
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area electron diffraction (SAED) that gives a clear and very repro-
ducible diffraction spots of single crystal structure (Fig. 2c). The
nearest reflections revealed a rectangle unit cell with lattice pa-
rameters of a=6.8A and b=74A [11]. Further characterization
by aberration-corrected high-resolution transmission electron mi-
croscopy (AC-HRTEM) shows that the linear polymer chains align
parallel to each other (Figs. 2d and e), packing into a 2D molec-
ular sheet. Unlike polymers obtained by solution synthesis [33,34],
the PANI chains in the molecular sheet exhibit long-range order,
showing no chain folding or any entanglement. X-ray photoelec-
tron spectroscopy (XPS) reveals that the q2D-PANI film contains
carbon, nitrogen, chlorine, sulfur, and oxygen in a ratio of 63.4%,
7.0%, 1.2%, 0.2% and 28.1% (Fig. S1 and Table S1 in Supporting in-
formation), respectively. The two prominent peaks of N1s signal at
401.9eV and 399.8eV can be attributed to two types of nitrogen
(-NH- and =NH-) in q2D-PANI (Fig. 2f). The four peaks of C 1s sig-
nal can be assigned to C 1s of C=C at 284.5eV, C-C at 285.0eV,
C-N at 285.9eV, and C-O at 288.2eV (Fig. S2 in Supporting infor-
mation), respectively. The peak at 197.7 eV belongs to the Cl~ coun-
terions of acid dopant (Fig. 2e). The infrared spectroscopic data of
the q2D-PANI film showed that the characteristic bands at 1563
and 1488 cm™!, attributable to the C=C a stretching deformation
mode of the quinoid and benzenoid rings (Fig. S3 in Supporting
information). Band at 1287 cm™! arises from the C-N stretching of
the secondary aromatic amine and C-N stretching vibration in the
polaron structures, respectively.

PANI has been widely used as the electrode material for elec-
trochemical energy storage due to its variable oxidation states and
excellent doping-dedoping characteristic, which contributes to a
very high specific pseudocapacitance [12-14,22,24,35,36]. Due to
the unique morphology and ordered molecular structure, the q2D-
PANI thin films are expected to serve as a novel class of promis-
ing electrode materials for electrochemical energy storage [37-39].
As such, in the next part, we evaluated the electrochemical proper-
ties of the synthesized q2D-PANI thin films as electrodes in flexible
MSCs.

Fig. 3a illustrates the fabrication process of the MSC based
on a g2D-PANI thin film supported on substrates (e.g., Kapton®
foil or SiO,/Si wafer), and a photograph of the as-prepared MSC
is presented in Fig. 3b. This device was constructed with 20
interdigitated microelectrodes (10 positive and 10 negative mi-
croelectrodes). Cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) measurements were then performed to investigate
the electrochemical performance of the fabricated MSCs. It is clear
that the CV curves exhibit the typical pseudocapacitive behavior
of PANI with strong redox peaks in the range of 0 to 1V at various
scan rates (Fig. 3¢ and Fig. S4a in Supporting information). The pla-
nar architecture of q2D-PANI allows to reduce the ionic diffusion-
pathway as well as maximize the accessible surface area, and thus
results in the fast charge/discharge rates observed with the MSCs
as confirmed by the GCD curves (Fig. 3d and Fig. S4b in Supporting
information).

Among the MSCs based on q2D-PANI thin films of various thick-
nesses (10, 20 and 40nm) (Fig. S5 in Supporting information), the
q2D-PANI10 (~10 nm in thickness) MSC delivered the highest volu-
metric specific capacitance of ca. 370 F/cm3 at 1.3 A/cm3 (i.e., 0.37
mF/cm?2; Fig. 3e), superior to the state-of-the-art MSCs based on
other PANI electrode materials (e.g., PANI nanowires: 105 F/cm?3)
[24], and other organic thin-film electrode materials, such as B/N-
enriched conjugated polymer films (f-3BNF: 20.9 F/cm?3) [26] and
azulene-bridged coordination polymer frameworks (PiCBA: 34.1
F/cm?3) [25]. The achieved volumetric specific capacitance is also
largely higher than the most carbon-based electrodes (usually less
than 100 F/cm3; Table S2 in Supporting information), which im-
plies that the ultra-thin 2D structure contributes to the fast ion
diffusion and high-charge storage behavior. Even at a higher scan
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Fig. 3. Electrochemical performance of q2D-PANI thin film-based MSCs. (a) Schematic fabrication of q2D-PANI thin film-based MSCs. (b) Digital photo of the fabricated MSC
on a Kapton® foil. (c) CV profiles for a q2D-PANI thin film (ca. 10nm) MSC at various scan rates. (d) Charge-discharge curves of the MSC at various current densities. (e)
Evolution of the volumetric capacitances as a function of current density of MSCs with various thicknesses.

Fig. 4. (a) Ragone plots for q2D-PANI10 based MSC in comparison to commercial
Li-thin-film batteries, electrolytic capacitors, MSCs based on carbon onions, D-Ti3C5,
CNT-graphene carpets, elastic carbon films, PANI nanowires, coordination polymer,
PEDOT paper, MOF-MSC, phosphorus/graphene, TCNQ-MOF. (b) Capacitance ratio
(Ca) for the q2D-PANI10 MSCs at different bending angles between 0° and 90°. (c)
CV profiles for the g2D-PANI10 MSCs at 1%t and 1000t cycles.

rate of 1000 mV/s, the q2D-PANI10 MSC still presented a significant
volumetric specific capacitance of 92 F/cm3. To further evaluate the
overall performance of the MSCs, the volumetric power and energy
densities were calculated. The q2D-PANI10 MSCs exhibited a high
energy density up to 17.9 mWh/cm? (at 1.3 A/cm3) and power den-
sity of ca. 20W/cm3 (Fig. 4a and Table S2), which are comparable
to those of reported on-chip MSCs [24,25,36,40-42].

Since flexibility is crucial for portable and wearable energy stor-
age devices, we examined it under various bending angles of 0°,
30°, 60°, and 90° (Fig. 4b). The MSCs devices showed only slight
changes of the CV curves at different bending angles (Fig. S6 in
Supporting information) and 97% of initial capacitance was kept for
bending even at 90° (Fig. 4b), highlighting exceptional flexibility.
The high flexibility of the q2D-PANI-MSCs could be attributed to
the following two reasons: (1) The abundant micro/nano wrinkles
on q2D-PANI surface induced by substrate-effect (mechanical mis-
match) improve its flexibility (Fig. S7 in Supporting information)
[43]; (2) The high crystallinity and molecular ordering enhance
mechanical stability of q2D PANI film [17]. Furthermore, q2D-PANI-
MSCs showed good cycling stability under flat and constant bend-
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ing states, maintaining the initial performance after 1000 cycles
(Fig. 4c). This superior performance can be attributed to the ultra-
thin electrode that facilitates the transport of ions and electrons
and provides abundant surfaces for charge-transfer reactions [7],
ensuring a great utilization of active materials.

In summary, we have developed a robust interfacial approach
for the preparation of crystalline q2D-PANI thin film as advanced
electrode materials for flexible on-chip MSCs. The fabricated on-
chip MSCs delivered high specific capacitances and energy densi-
ties, fast charge/discharge rates as well as excellent flexibility. We
can expect that these results will inspire the applications of q2D-
PANI thin film in flexible electronics.
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