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HIGHLIGHTS

o Freestanding, binder-free flexible nanopaper electrode was successfully fabricated.

o Electrode with excellent flexibility, cycling stability and mechanical property.

e Symmetric supercapacitor device delivered high areal capacitance and energy density.
e Great potential for next-generation green-economy portable and wearable electronics.
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With the fast-expanding markets of portable and wearable electronics, the development of sustainable, cost-
effective, and flexible electrodes for energy storage applications is critical. Herein, a flexible, freestanding,
binder-free polyaniline: poly (sodium 4-styrene sulfonate)/cellulose nanopaper (PANI: PSS/CNP) electrode was
prepared using an in situ polymerization with a facile vacuum filtration approach. The low-cost and environ-
mentally friendly nanocellulose with a three-dimensional (3D) hierarchical porous structure was chosen as the
substrate that not only reduced the production cost but also improved the electrolyte absorption, flexibility, and
mechanical strength for PANI: PSS/CNP. The freestanding and binder-free structure simplifying the preparation
process and increasing the mass loading of the active material in the electrode was beneficial to maximizing
electrode utilization. Due to the effective combination of cellulose and PANIL: PSS complex, PANI: PSS/CNP
electrode exhibited high specific capacitance (2.56 F/cm?) with excellent cycling stability (81.5% capacitance
retention, 8000 cycles), mechanical strength, conductance stability, and flexibility. A symmetric supercapacitor
device was constructed with PANI: PSS/CNP electrodes, showing outstanding areal specific capacitance (460
mF/cm?) and high energy density (40.9 pWh/cm?). Our work offers a novel and economical approach for the
future production of sustainable, low-cost, and energy-efficient flexible electrode materials.

1. Introduction

With rapidly growing industries and markets for portable and
wearable consumer electronics, such as foldable displays, electronic
skin, and electric paper, the demand for flexible and renewable energy
storage devices with low cost, lightweight, environmental friendliness,
and superior energy efficiency is clearly increasing [1-4]. Among
various energy storage devices, flexible supercapacitors have been
widely recognized as promising candidates due to their high power
density, long cycling life, robust mechanical flexibility, and good
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operational safety [5-9]. As the most important part of flexible super-
capacitors, the flexible electrode is considered as a key impact on the
successful fabrication of high performance flexible supercapacitors.
Polyaniline (PANI) as a promising electrode material has been
extensively studied in supercapacitors due to its high specific capaci-
tance, easy and simplistic preparation, easy control of doping level and
conductivity, good environmental stability, and low cost [10,11].
However, the weak solubility in common solvents, structural instability,
and poor mechanical performance limit its applications in flexible
electronic devices. A common method used to overcome the insolubility
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problem of conducting polymers is to combine polymeric surfactants
with different sulfonating groups and conducting polymer to form
complexes [12,13]. For instance, polyaniline: poly (sodium 4-styrene
sulfonate) (PANL PSS) with excellent solution-processability and
unique redox behaviors has been widely applied in supercapacitors. A
hybrid electroactive material formed by iron oxide-decorated few-layer
graphene/PANIL: PSS composite films through a simple dip-coating
procedure showed excellent capacitive performance [14]. The “sand-
wich-like” nanocomposites multiwalled carbon nano-
tubes/polyaniline/poly (sodium 4-styrenesulfonate)-graphene
(MWCNTs/PANI/PSS-GR) demonstrated a high specific capacitance
[15]. In addition, extensive work has been done to modify and improve
the electrochemical performance of PANI, such as preparing different
morphologies of PANI, making composites with carbon-based materials,
and depositing active conducting materials on flexible, porous, and
light-weight substrates [16-21].

Cellulose nanofibrils (CNFs), the most abundant natural polymer on
earth, has received great attention, in light of its abundant and renew-
able raw materials source, high surface area, superior mechanical
strength, non-toxicity, great biocompatibility and biodegradability, and
prospects for environmental sustainability, etc. [22] The
three-dimensional (3D) hierarchical porous structures of cellulose
formed through intramolecular and intermolecular hydrogen bonds
among cellulose molecules provide rich ion absorptive sites and more
diffusion channels for charge transfer, which is beneficial for enhancing
the performance of supercapacitors [23]. Furthermore, the hydroxyl
groups can be easily modified and provide a good platform for the
construction of new materials to broaden their potential applications.
Compared to other flexible substrates, CNFs is widely regarded as an
ideal building block to reduce production costs and build environmen-
tally friendly processes for the fabrication of the functional flexible
electrodes. A series of cellulose-based functional materials have been
fabricated and applied in flexible energy storage devices. For example,
Deng et al. prepared multiwalled carbon nanotube (MWNT)/activated
cellulose (ACNF) whose capacitance was 1.38 times higher than that of
pure ANCF, when adding 6 wt% MWNTs in CNFs. In addition, 94%
initial capacitance was retained over 1000 cycles at the current density
of 2 A/g [24]. Uniform cellulose/graphene/polypyrrole (CNF/GN/PPy)
microfibers were prepared with a convenient wet-spinning strategy. This
microfiber electrode manifested excellent tensile strength (364.3 MPa),
high specific capacitance (334 mF/cm?), and good cycling stability
(capacitance retaining nearly 100% after 2000 charge-discharge cycles)
[25].

In this study, we aim to develop a sustainable and inexpensive
strategy to synthesize flexible electrodes with high electrochemical
performance to meet the requirements of global markets for flexible and
renewable energy storage devices. Here, we designed and prepared a
new freestanding, binder-free flexible polyaniline: poly (sodium 4-sty-
rene sulfonate)/cellulose nanopaper (PANL: PSS/CNP) electrode
through in situ polymerization and a fast vacuum filtration method,
which combines the solution-processable PANI: PSS complexes as the
active material with CNFs as the flexible substrate. The cheap and green
CNF as a substrate not only effectively reduces the production cost but
also improves the flexibility and mechanical strength of electrodes. The
optimized PANI: PSS/CNP electrode exhibited high tensile strength,
where the sample strips (10 mm wide and 0.1 mm thick) could still lift a
static load of 800 g. The freestanding and binder-free construction
eliminates the need for binders, conductive additives, and current col-
lectors while simplifying the preparation process and increasing the
mass loading of the active material in the electrode, and maximizing
electrode utilization. The optimized PANI: PSS/CNP demonstrated a
high areal specific capacitance of 2.56 F/cm? and good cycling stability
(81.5% capacitance retention, 8000 cycles). A symmetric supercapacitor
assembled with two pieces of PANI: PSS/CNP electrodes delivered a high
areal energy density of 40.9 pWh/cm? (4.09 mWh/cm®) at a power
density of 100.5 pW/cm? (10.05 mW/cm?). This research opens a new
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avenue for developing low-cost freestanding flexible electrodes of
supercapacitors.

2. Experiments
2.1. Materials

The CNFs with a concentration of about 3 wt% were purchased from
the University of Maine, USA. (Lot Number U31). Aniline monomer
(99%) and ammonium peroxydisulfate (APS, 98%) were purchased from
Alfa Aesar. Poly (sodium-4-styrenesulfonate) (PSS, 99%) was purchased
from Acros, USA. Sulfuric acid (H2SO4, 95%-98%) and hydrochloric
acid (HCI, 36.5%-38%) were purchased from VWR, USA. All chemicals
were directly used without further purification.

2.2. Preparation of cellulose nanopaper (CNP)

The preparation of CNP was carried out according to our previous
work [26]. In short, the suspension of CNFs with a concentration of 0.5
wt% was diluted by 1 M HCI. The diluted suspension of CNFs (40 ml)
was magnetically stirred for 2 h to obtain a uniform suspension. Then,
the suspension was filtered using a polypropylene filter membrane
(diameter of 10 cm, pore size of 0.45 pm) by a vacuum filtration method.
Finally, another polypropylene filter membrane was covered on the wet
CNFs film and dried at 105 °C for 2 h to obtain the CNP.

2.3. Preparation of PANI: PSS/CNP

40 ml of CNFs suspension (0.5 wt%) was dispersed in 1 M HCI (20
ml) and stirred for 30 min to form a homogeneous suspension. Then the
aniline monomer and PSS were introduced to the suspension and stirred
for another 10 min. Next, the oxidant of APS was added into the mixture
to initiate the polymerization of aniline. The reaction was carried out for
3-4 h under constant magnetic stirring at room temperature. The
resultant solid was centrifuged and washed several times with deionized
water. After that, the product was diluted to 200 ml with deionized
water and sonicated for 5 min at a power input of 500 W. Finally, the
PANI: PSS/CNF suspension was filtered by vacuum filtration using a
polypropylene filter membrane (diameter of 10 cm, pore size of 0.45
pm). The PANI: PSS/CNP was obtained by drying the wet PANI: PSS/
CNF film that was covered by another polypropylene filter membrane at
105 °C for 2 h. The schematic of forming the PANI: PSS/CNP is shown in
Scheme 1, where PSS acts as a surfactant as well as a dopant in the
composite. The weight percentage of PANI: PSS in the PANI: PSS/CNP
was calculated following Eq. (1):

Weight ratio=(m—0.2/m) x 100% 1)

where m is the dry weight (g) of the PANI: PSS/CNP.

To obtain optimal performance of composites, the weight ratio of
PANI: PSS in PANIL: PSS/CNP was accurately controlled. The detail is
given in Table 1.

2.4. Tensile test

The mechanical properties of PANI: PSS/CNP samples were exam-
ined by the TA Instrument dynamic mechanical analyzer RSA III with
the ASTM standard D882-18 test method. The specimens were cut into
the 1 cm (width) x 5.5 cm (length) segments used to test. The crosshead
speed and gauge length were 6 mm/min and 15 mm, respectively. Three
measurements data were averaged to obtain the value for each sample.

2.5. Conductivity measurement

The electric conductivity (p, S/cm) of PANI: PSS/CNP was examined
by the four-point probe method using a digital multimeter (RIGOL



Y. Liang et al.

<o
:@:7';
A |

PANI:PSS/CNF

Vacuum filtration

Hot pressing
P m— " ) m—

Journal of Power Sources 548 (2022) 232071

R -
g N
G0 cHioH

oH on
Q Q
J o " \—d '
o con M

CHOH

N NH" N
H 1 H
SOH  SHO;  SOM

D O O
Q

SOH  SOM

f

105°Cfor2h

L ——
(S —

PANIL:PSS/CNP |
\

Scheme 1. Schematic formation of PANI: PSS/CNP.

Table 1
Operation conditions for the synthesizing of PANI: PSS/CNP.

Sample CNF Aniline PSS(g) APS Weight ratio of
(€3] (ml) (® PANL: PSS (%)
PANI: PSS/ 0.2 0.1 0.0097 0.228 7.7+ 0.3
CNP-1
PANI: PSS/ 0.2 0.2 0.0194 0.456 29.0 £ 0.8
CNP-2
PANI: PSS/ 0.2 0.3 0.0291 0.684 46.8 + 1.2
CNP-3
PANI: PSS/ 0.2 0.4 0.0388 0.912 541+15
CNP-4
PANI: PSS/ 0.2 0.5 0.0483 1.140 62.2+ 1.8
CNP-5
DM3068) and calculated by Eq. (2) [27],
p=1/(R;x 1) (2)

where R; is the sheet resistance in Ohm, which is the average value after
five square specimens (1 x 1 cm?2) measured for each sample. t is the
thickness of the film in centimeter.

2.6. Electrochemical measurements

All electrochemical tests were carried out on a CHI electrochemical
workstation (CHI 760D) using three-electrode or two-electrode system
in 1 M H3SO4. The reference electrode, the counter electrode, and the
working electrode were Ag/AgCl electrode, platinum sheet (1 x 1 cm?),
and PANI: PSS/CNP (1 cm x 1 cm x 0.10 mm, 11 mg), respectively.
Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD)
curves were conducted with a potential window from 0 to 0.8 V. The
PANI: PSS/CNP electrode (1 cm x 1 cm x 0.10 mm, 11 mg) was
employed as cathode and anode to build the symmetric supercapacitor.
Electrochemical impedance spectra (EIS) were obtained at open-circuit
voltage using an AC amplitude of 0.005 V in the frequency range of
107! to 10° Hz. The stability tests were performed on Arbin Instrument
(version 4.21). The areal specific capacitance (Ca, F/cm?) of the elec-
trode was estimated by Eq. (3) from the GCD curves [28],

Ca=I1At/AAV 3)

where I is the discharge current (A), At is discharge time (s), A is the area
of the electrode (cmz), and AV is the potential window (V). When the
area in the formula is replaced by the volume or mass of the electrode,
the gravimetric capacitance (Cg, F/g) and the volumetric capacitance
(Cy, F/cm®) will be obtained.

The energy density (E, Wh/cm?) and power density (P, W/cm?) were
calculated according to the following Egs. (4) and (5):

E=CAV?/(2 x 3600) C)]

P = (3600 x E)/At 5

3. Materials characterization

Scanning electron microscopy (SEM; Apreo FE) and energy disper-
sive X-ray spectroscopy (EDS; EDAX Instruments) were used to confirm
the morphologies and compositional elements of the samples, respec-
tively. The function groups were investigated by Fourier transform
infrared spectroscopy (FTIR) on a Nicolet 6700 using a KBr disk in the
region of 400-4000 cm™!. X-ray photoelectron spectroscopy (XPS,
Kratos XSAM 800) was used to determine the elemental valence state of
the samples.

4. Results and discussions
4.1. Material characterization

Structural characterization of CNP, PANI: PSS, and PANI: PSS/CNP
were investigated by FTIR as shown in Fig. 1. Pure CNP exhibited a few
peaks including the bending mode of the absorbed water at 1645 cm ™,
symmetric bending of ~CH, at 1430 cm ™!, O-H bending at 1369 cm ™,
C-O symmetric stretching at 1315 ecm ™}, asymmetric stretching of C-O
at 1161 cm ™!, C-OH skeletal vibration at 1105 cm™!, pyranose C-0O-C
stretching at 1050 cm !, and deformation vibrations out of the plane of
the aromatic ring at 896 cm ™, respectively [29]. In the spectrum of
PANTI: PSS, the bands at 1556 cm ™!, and 1483 cm™* correspond to C=C
stretching vibrations of the quinoid and benzenoid rings, respectively.
The peak presented at 1290 cm™! is assigned to C-N stretching of sec-
ondary aromatic amine. The peaks at 1108 cm™*, 1029 cm ™!, and 1002
cm ™! belong to the benzene ring in-plane vibration. The absorption peak
at 663 cm ! is due to the C-S stretching vibration of the benzene ring of
PSS [30-32]. The FTIR spectrum analysis confirmed the successful

Transmttance (a.u.)

——CNP
—— PANI:PSS
—— PANI:PSS/CNP

1 1 1 1 I I 1
2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm™)

Fig. 1. FTIR spectra of CNP, PANI: PSS, and PANI: PSS/CNP.
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doping of PSS into PANI. As shown in the spectrum of PANI: PSS/CNP,
typical characteristic peaks of PANI: PSS (C—=C (quinoid rings), C=C
(benzenoid rings), and C-N) are observed, and the cellulose peaks
almost disappear, indicating that PANI: PSS is uniformly coated on the
CNFs surface. Furthermore, compared with the spectrum of PANI: PSS,
the peaks of PANI: PSS/CNP is slightly shifted to low frequencies, which
can be attributed to the formation of hydrogen bonds between CNFs and
PANI: PSS. This result proves the successful synthesis of the PANI:
PSS/CNP.

XPS analysis was performed to further elucidate the chemical
structure of PANIL: PSS/CNP. As presented in Fig. 2a, the XPS survey
spectra of PANI: PSS/CNP exhibited four main peaks located at 532 eV,
399 eV, 284 eV, and 164 eV corresponding to Ols, N1s, Cls, and S2p,
respectively [29,33]. The peak for N1s is from PANI, while the S2p is
attributed to PSS. The N1s core-level spectrum is divided into three
peaks situated at 401.06 eV (— Nt —), 399.81 eV (— NH- ), and
398.88 eV (— N =), respectively (Fig. 2b) [34,35]. Additionally, the
ratio of N*/N is 50.6% indicating a high N-doping level of PANI, which
is beneficial to improving the pseudocapacitive performance of elec-
trodes [36].

The morphology of pure CNP and PANI: PSS/CNP was investigated
by SEM. As shown in Fig. 3a, the surface of pure CNP was smooth and
showed an entangled nanofiber network. The cross-sectional images
displayed a lamellar structure formed by CNFs tightly entangled with
each other through the strong hydrogen bonding (Fig. 3b and c). CNP
with a compact multilayer configuration is chosen as the flexible sub-
strate, which is beneficial for the high mechanical properties and the fast
diffusion of electrolyte ions of the electrode [37,38]. Fig. 3d confirmed
that PANI: PSS particles aggregated on the surface of CNP resulting in a
rougher surface of PANI: PSS/CNP after the introduction of PANI: PSS
compared to pure CNP, which gived the electrode a high surface area to
perform a better contact with the electrolyte [39]. Moreover, the EDS
elemental mappings of carbon (C) and nitrogen (N) further demon-
strated the formation of PANI: PSS on the surface of CNP (Fig. S1). The
uniformly distributed PANI: PSS particles on the surface of CNF may be
attributed to the hydrogen bond between the CNFs and PANI chains
[40]. The expanded interior lamellar cross-sectional structures of PANI:
PSS/CNP evidenced that PANI: PSS particles penetrated into the sub-
strate, not only coated on the surface of CNP. Such a structure offers the
obtained electrode excellent electrical conductivity and shorts the
diffusion distance of the ions, leading to high electrochemical
properties.
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4.2. Mechanical property

The mechanical characteristics of pure CNP and PANIL: PSS/CNP was
investigated by a stress-strain experiment. As shown in Fig. 4a and b, the
tensile stress and strain of PANI: PSS/CNP decreased distinctly
compared to pure CNP. This degraded behavior of PANI: PSS/CNP in
terms of mechanical properties may be related to the disruption of the
original CNF connecting network and the formation of new hydrogen
bonds between PANI: PSS and CNF after the introduction of PANI: PSS.
This result matches the FTIR data. It is obvious that the PANI: PSS-CNF
interactions are inherently weaker than CNF-CNF, resulting in
decreased mechanical properties of PANI: PSS/CNP [41-43]. Further-
more, with the increase of PANI: PSS content, the tensile strength of
PANI: PSS/CNP decreases from 49.98 MPa with a fracture strain of
14.11%-14.28 MPa with a fracture strain of 6.83%. This phenomenon
can be explained by the percentage reduction of the CNFs content in
PANI: PSS/CNP. The higher percentage content of CNFs in the com-
posites typically leads to more intramolecular and intermolecular
hydrogen bonds among CNFs in the PANIL: PSS/CNP, which endows the
composites with a higher mechanical strength. Conversely, the existence
of PANI: PSS will prevent the formation of a large number of hydrogen
bonds and therefore lower the mechanical strength [44]. This result
evidences that the number of hydrogen bonds among CNFs affects the
mechanical properties of PANI: PSS/CNP. In addition, when the PANTI:
PSS/CNP was sliced into 10 mm wide with 0.1 mm thick strips, the
sample could still lift a static load of 800 g, where the weight ratio of
PANTI: PSS is 54.1% in PANI: PSS/CNP. It implies that PANI: PSS/CNP
has excellent mechanical strength, which enables practical applications
in flexible supercapacitors.

4.3. Conductivity

Theoretically, the electrode with a high mass loading of electrically
conductive material is favorable to improve the supercapacitor perfor-
mance. As anticipated, when the mass ratio of PANI: PSS to PANI: PSS/
CNP increases from 7.7% to 62.2%, the conductivity of PANI: PSS/CNP
electrode increases from 0.008 S/cm to 1.16 S/cm (Fig. 5a). It certifies
that the electrical conductivity of PANI: PSS/CNP is mainly correlated to
the content of PANI: PSS. Moreover, the measured values are superior to
those of the reported cellulose conductive nanopapers [45-47]. It is
worth noting that we can further improve the electrode conductivity via
increasing the content of PANI: PSS, nevertheless, the mechanical per-
formance of the composite electrode will be sacrificed. In order to pre-
pare an electrode with high conductivity and good mechanical

(a) (b)
O1s
C1s
m -
(7]
5 g
2 =
£ 2
= (]
8 WW\J N1s G
£ i
S 2p
" 1 L 1 L | 1 1 I | L 1 2 1 L | 1 1 1
800 1000 1200 1400 397 398 399 400 401 402 403 404
Binding Energy (eV) Binding Energy (eV)

Fig. 2. (a) XPS survey spectra of PANI: PSS/CNP; (b) N1s spectra of PANI: PSS/CNP.
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properties, the PANI: PSS/CNP-4 was chosen as an optimal electrode maintaining the luminance of a blue LED bulb, where PANI: PSS/CNP-4
candidate and was used for the electrochemical test later. Additionally, as a wire was subjected to different bending angles (Fig. 5b).

their conductance stability and flexibility were demonstrated by



Y. Liang et al.

4.4. Electrochemical characterization

Fig. 6a depicted the detailed CV profiles of PANI: PSS/CNP-4 be-
tween 0 V and 0.8 V at various scan rates. The shape of curves exhibited
a quasi-rectangle under lower scan rates, which was induced by the
pseudocapacitive behavior of the materials. As the scan rate increased,
the curve deviated from the original shape, which was attributed to the
fact that electrolyte ions with finite diffusion rates couldn’t diffuse from
the solid/liquid interface to the electrode material and complete the
electrochemical reaction at a high scan rate [48]. GCD behaviors of
PANI: PSS/CNP-4 was measured at different current density. Fig. 6b
showed the nearly triangular GCD curves of PANI: PSS/CNP-4 with a
very small voltage drop indicating superior capacitive performance. As
the current density increased, the shape of the curves was almost
maintained, indicating a highly reversible charge/discharge property
[49]. According to Eq. (3), the specific capacitance of the electrode
derived from the GCD curves was calculated and shown in Fig. 6¢ and d.
The maximum specific capacitance value can be obtained as high as
2.56 F/cm? (256 F/cm®, 233 F/g) at 2 mA/cmz, which is higher than
other PANI-based electrode materials (Table 2). Moreover, with the
increasing current density, the capacitance value obviously decreased,
which was because the protons didn’t have enough time to reach the
surface of the electrode, which decreased the accessibility of ions and
active sites resulting in low utilization of active materials. EIS was
employed to analyze the ion transport behavior of PANI: PSS/CNP-4. As
shown in Fig. 6e, the Nyquist plot consisted of a small semicircle in the
high-frequency region presenting the charge transfer resistance and a
straight line in the low-frequency region, suggesting the ideal capaci-
tance characteristics. The cycling stability of PANI: PSS/CNP-4 was
verified by GCD measurements and shown in Fig. 6f. After 8000 cycles,
the specific capacitance of PANIL: PSS/CNP-4 was still able to retain
81.5%. The remarkable cycling stability is ascribed to the introduction
of good mechanical strength cellulose, which can more effectively pre-
vent volume expansion/shrinkage for PANI during the charging/di-
scharging processes. In addition, the flexibility of the electrode was
evaluated by CV and GCD tests at different bending angles (0°, 90°, and
180°) (Fig. 7a—c). The result indicated that while the capacitance
decreased with increasing bending angle (87% capacitance retention, at
180°), the overall stable performance demonstrated that the electrode
had excellent electrochemical behavior in the bending state (Fig. 7d).
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Table 2
Comparison of PANI: PSS/CNP electrode with other PANI-based electrode
materials.

Electrode materials  Specific capacitance Capacitance Ref

retention (Cycles)

CNF/CNT/PANI 315F/g,at 1 A/g 10000, 92.0% [50]

CNFs/MWCNTs/ 207.2 F/g, at 0.2 A/g 1000, 82.4% [51]
PANI

MnS/GO/PANI 773 F/g, at 1 A/g 1000, 95.6% [52]

graphene/PANI 871.4 mF/cmz, at 0.5 5000, 85.5% [53]
fiber mA/cm?

GO/PANI/ 312.7 F/g, at 1 A/g 5000, 84.2% [54]
CuCo,04

SWCNT/cellulose/ 330 mF/cm? at 0.2 mA/ 1000, 79.0% [55]
PANI cm?

NiO/PANLPSS 834 F/g,at1 A/g 3000, 88.9% [56]

PANI:PSS/Fe- 768.6 F/g, at 1A/g 1600, 84.0% [14]
modified
graphene

MWGCNTSs/PANI/ 602.5 F/g, at 0.5 A/g 2000, 78.32% [15]
PSS-GR

PANI:PSS/CNP 2.56 F/cm? (256 F/cm®, 8000, 81.5% This

233 F/g) at 2 mA/cm? work

To better understand the underlying mechanism for the improved
performance of the PANI: PSS/CNP electrode, a symmetric super-
capacitor was fabricated with two pieces of PANI: PSS/CNP-4 (1 cm x 1
cm x 0.10 mm, 11 mg). The electrochemical performance of the device
was evaluated in the two-electrode system. Fig. 8a exhibited the CV
curves of the device at different scan rates. As the scan rate increased,
the CV curves of the device showed no noticeable change, suggesting an
excellent rate feature and good reversibility. The GCD curves demon-
strated a near triangle shape indicating the ideal capacitive property. As
the current density increased, the GCD curves maintained their original
shape, matching the CV results (Fig. 8b). The specific capacitance based
on area, volume, and weight was calculated from the GCD curves and
presented in Fig. 8c and d. The device could deliver the maximum areal
capacitance of 460 mF/cm? (46 F/cmg, 20.8 F/g) at 0.25 mA/cm?. The
cycling performance of the symmetric supercapacitor exhibited 78.3%
capacitance retention after 2000 cycles at 2 mA/cm? (Fig. 8e). To esti-
mate the specific energy and power density of the device, the corre-
sponding ragone plot was exhibited in Fig. 9a and b. The device offered a
maximum energy density of 40.9 pWh/cm? (4.09 mWh/cm®) with a
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power density of 100.5 pW/cm? (10.05 mW/cm®), which outperformed
most reported cellulose materials [26,39,49,57-66]. This result suggests
that PANI: PSS/CNP is a really promising candidate material for device
applications of flexible wearable energy storage.

5. Conclusion

In summary, a new freestanding, binder-free flexible PANI: PSS/CNF
nanopaper electrode has been successfully fabricated by combining in
situ polymerization with a simple and fast vacuum filtration method.
Due to the effective combination of the cellulose as the flexible substrate
and PANI: PSS as the active material, the PANI: PSS/CNP electrode
exhibited high mechanical strength, good conductance stability, and
superior flexibility. Besides, the PANI: PSS/CNP electrode yielded a high
specific capacitance of 2.56 F/cm? (256 F/cm3, 233 F/g) and good
cycling stability (81.5% capacitance retention rate, 8000 cycles).
Furthermore, the PANI: PSS/CNP-based symmetric supercapacitor
showed a high areal energy density of 40.9 pWh/cm? at a power density
of 100.5 pW/cm?. It is worth noting that PANI: PSS/CNP may function
well as a flexible supercapacitor electrode material because 1) PSS
served as a dopant forming a water-soluble copolymer (PANI: PSS) with
PANI effectively improving the processability problems of PANI, as well
as a surfactant to improve the dispersity of PANL 2) PANI with high
conductivity provides good electrochemical properties (high specific
capacitance, long cycling life, high power density, and energy density)
to the electrode; 3) Cellulose is chosen as the flexible substrate, which
provides good flexibility and mechanical strength for the electrodes due
to the abundance of hydrogen bonds among cellulose molecules.
Compared to conventional “rigid” electronic devices, our work provides
new insight into the development of low-cost and energy-efficient flex-
ible electrodes for the future design of green electronics.
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