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The achievement of electrode materials with favorable electrolytic wettability is of significance for raising their
electrochemical performance due to the occurring of electrostatic and pseudocapacitive processes at the inter-
face. Herein, a polyaniline-decorated carbon nanofiber/nanosheet network (PANI@CNF/CNS) was prepared by
in-situ polymerization of PANI on the surface of an interwoven carbon nanofiber/nanosheet network (CNF/CNS).
Molten-salt pyrolysis of bacterial celluloses produced CNF/CNS hybrids, which were subsequently used as a 3D

interwoven conductive network for the decoration of PANI. Benefiting from high conductivity of the hierarchical
carbon network and fast ion transport within the PANI@CNF/CNS, an asymmetric supercapacitor using the
PANI@CNF/CNS and CNF/CNS as cathode and anode materials, respectively, exhibited a high energy density of
65.3 W h kg™! at a power density of 800 W kg ™! and an excellent cycling life of 98% retention after 5000 cycles
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1. Introduction

With the rapid development of smart electronics, electric vehicles
and portable digital devices, energy storage devices (e.g., lithium-ion
batteries, fuel cells, supercapacitors) have been attracting increasing
interest recently [1-3]. Among the numerous energy storage devices,
supercapacitors, especially pseudocapacitors, have a promising prospect
for realizing large-scale and high-performance energy-storage systems
due to their unique features of lightweight, economical synthesis,
environmental-friendly and high power density [4-8]. Compared with
metal oxides/hydroxides and transition metal nitrides, conducting
polymers of polyaniline (PANI) are great candidates as electrode mate-
rials for pseudocapacitors due to their easy synthesis, good environ-
mental stability, and high theoretical capacitance [9]. However, the
excellent electrochemical performance of pristine PANI is restricted by
its poor cycling life, low rate capability, limited practical capacitance
and high equivalent series resistance. This is because directly utilizing
PANI as an electrode material suffers from challenges such as severe
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self-aggregation, high mass-transport resistance and large volumetric
change during charge/discharge processes [10]. Besides, the reversible
faradaic redox kinetics of PANI is hindered by its limited liquid-solid
interface as well as the poor ion/electron mobility within the elec-
trodes and at the electrode/electrolyte interface [11]. Therefore, the
engineering of three-dimensional (3D) PANI architectures with fasci-
nating conductivity and surface wettability is ungently needed to
circumvent these demerits [12].

Recently, tremendous efforts have been devoted to achieving high
energy storage of PANI electrode materials by incorporation of hierar-
chical carbon materials (e.g., carbon nanotubes, graphene, carbon aer-
ogels) into nanostructured PANI (e.g., nanofiber, nanosheet,
nanoflower) [3]. Among them, the preparation of hydrophilic PAN-
I/hierarchical carbon composites provides the possibility for achieving
efficient electrode materials with abundant electrochemically active
sites, fast ion diffusion and good mechanical stability [13]. However, the
architectural design and carbon substrate selection still impede the
construction of hydrophilic PANI/hierarchical carbon conductive
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networks [14]. The natural organisms provide enormous inspiration for
the design of nanostructures with desirable properties. It is reported that
the fish scales contain a superhydrophilic micropapillary and hierar-
chical rough structure, demonstrating superhydrophobicity in the air.
This is because the hydrophilic chemical composition and strong capil-
lary forces of fish scales improve the solution spreading capacity [15].
Therefore, the special structural features of fish scales provide feasible
ideas for the construction of biomimetic PANI/hierarchical carbon ar-
chitectures with excellent surface wettability [16]. Besides, the rational
carbon frameworks with large surface area, tunable pore volume, high
electrical conductivity and superior mechanical stiffness are also strictly
required for the realization of high-energy-density PANI/hierarchical
carbon electrode materials [11]. Compared with carbon nanotube,
carbon nanobelt, carbon foam, etc., the carbon nanofiber (CNF) derived
from bacterial cellulose (BC) is an attractive carbon framework due to its
3D conductive networks, availability and low cost [17]. Moreover,
incorporation of carbon nanosheets (CNSs) into CNFs for consecutive
CNF/CNS hybrid can further promote the mechanical strength, elec-
trolyte contact area and ion/electron transport of carbon skeletons for
hybridization with nanostructured PANI [2]. However, their practical
application is dramatically limited by the long-duration and toxic syn-
thesis routes [18]. Therefore, the synthesis of a hydrophilic PAN-
I/hierarchical carbon network mimicking fish scales via an
environmental-friendly and innovative method is a crucial challenge.
Herein, we proposed a simple and green approach for the prepara-
tion of an electrode material of fish scale-like hydrophilic PANI@CNF/
CNS nanocomposites. Hierarchical CNF/CNS hybrids were first pro-
duced by the pyrolysis of BC in LiCl/KCl eutectics, and the CNF/CNS
hybrids were subsequently employed as a 3D carbon framework for
uniformly immobilizing a PANI nanorod array. The hierarchical porosity
and microstructure of the CNF/CNS hybrids were tailored by varying the
weight ratios of BC and molten salts. Molten salts can be easily removed
and reused for subsequent synthesis, which is low-cost and
environmental-friendly. The CNF/CNS hybrids exhibited a fast electron
transport pathway, high specific area and well-balanced micro/meso-
porous structure; meanwhile, the PANI@CNF/CNS networks demon-
strated favorable wettability, enhanced ion diffusion in the electrodes-
electrolyte interface and superior capacitance. As a result, the PAN-
I@CNF/CNS electrodes performed a high specific capacitance and
excellent rate capability. Moreover, an asymmetric supercapacitor with
the PANI@CNF/CNS and CNF/CNS hybrid as positive and negative
electrodes, respectively, exhibited an excellent energy density and a
long cycling life. This finding thus developed a new strategy for the
fabrication of high-performance electrode materials with excellent
electrolyte wettability and high energy density for supercapacitors.

2. Results and discussion

Fig. laillustrates the fabrication process of the CNF/CNS hybrids and
PANI@CNEF/CNS. Briefly, freeze-dried BC squares were mixed with
molten salts (LiCl/KCl: 0.45/0.55 by weight) and then pyrolyzed at
800 °C under a nitrogen atmosphere. After washed with 1 M HCI and
water, the CNF/CNS hybrids were dried at 50 °C under vacuum over-
night. Subsequently, the PANI@CNF/CNS networks were simply syn-
thesized via in-situ growth of PANI nanorod arrays on the surface of the
CNF/CNS hybrids.

Morphological evolutions of the CNF/CNS hybrids and PANI@CNE/
CNS networks were characterized by transmission electron microscope
(TEM) and scanning electron microscope (SEM). The CNF/CNS-1, CNF/
CNS-2 and CNF/CNS-3 represent the pyrolyzed products with BC/
molten salt feeding ratios of 1/20, 1/40 and 1/80, respectively. For
comparison, the CNFs were fabricated by the same processes without
molten salts, which showed the morphology of randomly oriented
nanofibers with a diameter ranging from 20 to 50 nm (Fig. 1b-d). After
adding molten salts into the precursor, the CNF/CNS-1 exhibited a
highly interconnected and branched nanofiber network owing to the
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Fig. 1. (a) Schematic illustration of the preparation procedure of the CNF/CNS
hybrid and PANI@CNF/CNS. SEM and TEM images of (b-d) CNFs, (e-g) CNF/
CNS-2 and (h-j) PANI@CNS/CNF-2.

dissolution of outer cellulose chains in molten salts (Fig. Sla, b) [17].
With the increase of molten salt content in the precursor, the sheet-like
CNS laminas were produced to construct the interwoven CNF/CNS
hybrid for CNF/CNS-2 (Fig. le-g). Compared with CNF/CNS-1 and
CNF/CNS-2, the morphology of CNF/CNS-3 showed less exposed CNFs
and larger CNSs (Fig. Slc, d). The CNS exhibited a wrinkled nanosheet
morphology without exposed CNFs, indicating the formation of ultra-
thin carbon architectures derived from BC (Fig. S2a, b). The increased
molten salt content in pyrolysis facilitated the dissolution of BC and
cycloaddition/elimination of carbonaceous derivatives, increasing the
lateral size of CNS layers [19]. The formation of two-dimensional (2D)
CNS nanostructures was possibly due to the extrusion of carbon from
molten salts in a crystallization front line [20]. When the
one-dimensional (1D) CNFs were embedded in the layers of 2D CNSs to
construct the CNF/CNS hybrids, the CNFs served as junctions effectively
prevented the self-aggregation of CNSs, and the CNSs assembled with
CNFs to create 3D conductive pathways [21]. It was worth mentioning
that the obtained carbon nanofibers showed similar diameter and length
in both CNFs and CNF/CNS hybrids, which were directly carbonized by
BC nanofibers due to the insufficient contact between molten salts and
BC. Subsequently, the vertically aligned PANI nanorod arrays were
chemically grown on the surface of CNF/CNS hybrids to construct hy-
drophilic PANI@CNF/CNS networks, mimicking the micro-nano scale
hydrophilic protrusions on fish scales [22]. The length of PANI nanorod
arrays was controlled by adding the various concentration of aniline
while keeping the feeding content of CNF/CNS-2 constant. The resultant
PANI@CNF/CNS networks are denoted as PANI@CNF/CNS-1, PAN-
I@CNF/CNS-2 and PANI@CNF/CNS-3 with the concentration of aniline
increasing from 20 to 80 mM. Fig. 1h—j showed the PANI nanorods were
homogeneously deposited on the outer surface of both carbon nano-
fibers and carbon nanosheets for PANI@CNF/CNS-2. Besides, the hier-
archical CNF/CNS skeleton was retained after the mechanical agitation,
verifying the carbon nanofibers and carbon nanosheets were strongly
conjoined together. Compared to the short and sparse PANI nanorods in
PANI@CNF/CNS-1 (Fig. S3a, b) and the apparent aggregation of PANI in
PANI@CNF/CNS-3 (Fig. S3c, d), the PANI@CNF/CNS-2 showed the
morphology of vertically aligned PANI nanorod arrays with the average
length of ~20 nm. The contents of PANI in each PANI@CNF/CNS were
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calculated by comparing the weight of samples before and after growing
the PANIL The solid content of PANI in PANI@CNF/CNS-1, PAN-
I@CNF/CNS-2 and PANI@CNF/CNS-3 was calculated as 42.7, 65.6 and
79.1 wt%, respectively.

The crystalline structures of CNFs, CNF/CNS hybrids and PAN-
I@CNF/CNS networks are characterized by XRD patterns (Fig. 2a). All
the CNF/CNS hybrids and the neat CNFs revealed the two characteristic
peaks at 26° and 43°, corresponding to the (002) and (100) planes of
graphite carbon, respectively (Fig. S4a) [23]. The results suggested the
carbon materials were successfully synthesized via the molten-salt py-
rolysis of BC [12]. Compared with the CNF/CNS hybrids, the PANI@
CNF/CNS networks exhibited 15°, 20.3°, and 25.4° patterns assigned to
(011), (020), and (200) planes, respectively, which corresponded to the
characteristic diffraction peaks of the neat PANI (Fig. S4b) [24,25].
Fig. 2b exhibits the Raman spectra of the CNFs, CNF/CNS hybrids and
PANI@CNF/CNS networks. The two characteristic peaks at 1351 and
1578 cm™! for all CNF/CNS hybrids and the neat CNFs belonged to D
and G bands (Fig. S5a). The D-band is related to the disordered crys-
talline structure in carbon materials, and the G-band attributes to the
regular sp? carbon atoms in the graphitic area, and thus the intensity
ratios of D and G band (Ip/Ig) refers to the disordered carbon content in
the materials [19]. Compared with the neat CNFs (1.04), the Ip/Ig ratios
of CNF/CNS hybrids reduced from 1.01 (CNF/CNS-1) to 0.96
(CNF/CNS-3), indicating the disordered carbon structure gradually
decreased with the increase of molten salts [26]. With the addition of
PANI, the PANI@CNF/CNS networks performed the characteristic bands
at 1260 cm™ !, 1587 cm ™!, 1470 em ™! and 1422 cm™ Y, corresponding to
the C-H bending and C—C stretching in the quinoid ring and benzenoid
ring as well as C=N stretching vibration, respectively (Fig. S5b) [27,28].
This result confirms the hydrophilic PANI nanorod arrays have been
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Fig. 2. (a) XRD patterns and (b) Raman spectra of CNFs, CNF/CNS-2, PAN-
I@CNF/CNS-2 and PANI. (c) Nitrogen adsorption/desorption isotherms and (d)
pore size distributions of CNFs and CNF/CNS hybrids. (e) Contact angles of neat

PANI, CNF/CNS-2 and PANI@CNF/CNS with electrolytes.
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anchored on the surface of the CNF/CNS skeleton to prepare the bio-
mimetic hydrophilic structure [29].

The pore structures of CNF/CNS hybrids and CNFs are investigated
by the nitrogen adsorption/desorption isotherms. Compared with the
neat CNFs, the CNF/CNS hybrids exhibited the typical IV isotherms with
a hysteresis loop when the relative pressure ranging from 0.4 to 1.0,
indicating the existence of mesoporous structures (Fig. 2¢) [30]. Besides,
there existed a sharp slope in all CNF/CNS hybrids when relative pres-
sure is below 0.1, suggesting the micropores have been introduced [31].
The pore size distributions of CNF/CNS hybrids and CNFs showed peaks
varying from 1 to 18 nm, further verifying the formation of hierarchical
micro/mesoporous structures (Fig. 2d). The hierarchically porous
structure provided the possibility for increasing ion diffusions between
CNF/CNS electrode materials and the electrolyte [30]. Investigated by
Brunauer-Emmett-Teller (BET) method, the CNF/CNS-3 exhibited a
higher specific surface area (452.1 m? g~1) and pore volume (0.34 mL
g1 compared with CNFs (91.8 m? g%, 0.16 mL g'), CNF/CNS-1
(375.4 m? g1, 0.28 mL g~ 1) and CNF/CNS-2 (421.4 m? g%, 0.32 mL
g1 in Table 1. The content of molten salts in precursor determined the
specific surface and micro-mesopore volume of CNF/CNS hybrids. The
percentage of CNS in each CNF/CNS hybrid was calculated by
measuring the packing density of powder samples after mechanical
oscillation. The packing densities of CNFs, CNF/CNS-1, CNF/CNS-2,
CNF/CNS-3 and CNSs were calculated to be 0.34, 0.39, 0.46, 0.51 and
0.56 g cm >, respectively. Considering the well-distributed composition
within the CNF/CNS hybrids and the packing density of CNFs and CNSs
is constant, the percentages of CNSs in CNF/CNS-1, CNF/CNS-2 and
CNF/CNS-3 were 22.7, 54.5 and 77.3 wt%, respectively, corresponding
to the CNF/CNS hybrids with diverse specific surface area and
micro-mesopore volume. This demonstrates that the porous structure of
CNF/CNS hybrids can be simply tailored by varying the composition
ratios of CNFs and CNSs. Based on the large specific surface area and
interconnected micro/mesopores of CNF/CNS hybrids, the resultant
PANI@CNF/CNS electrodes have great potential for enhancing rate
capability and energy density as well as accommodating the volume
changes during charge/discharge processes [31,32]. Electrical conduc-
tivities of neat CNFs and CNF/CNS hybrids were measured by four-probe
measurements and summarized inTable S1. Profiting from the 3D
conductive carbon framework and well-balanced micro/mesopores, the
electrical conductivity of CNF/CNS-2 (14.7 Sm™!) is significantly higher
than those of neat CNFs (2.1 S m™1), CNF/CNS-1 (5.8 S m™ ') and
CNF/CNS-3 (7.3 S m ). The uniform distribution of the CNFs between
the CNS layers effectively prevented their self-aggregation and increased
the charge transfer channels within the consecutive CNF/CNS hybrids
[19].

The hydrophilicity of bionic PANI@CNF/CNS networks is further
characterized by electrolyte contact angle measurement (Fig. 2e). The
CNF/CNS-2 performed hydrophobic surfaces with a static electrolyte
contact angle of 135.4° owing to its low-density and porous structure. In
contrast, the PANI@CNF/CNS-2 shows hydrophilic surfaces with an
electrolyte contact angle of 3.1°. This confirmed the adhesion ability and
average surface energy of PANI@CNF/CNS-2 for electrolyte was
dramatically promoted by the growth of PANI nanorod arrays onto the
surface of the CNF/CNS-2 skeleton [33]. However, the contact angles of

Table 1
BET surface area and pore size distributions of the CNF/CNS hybrid and CNFs.
Samples Spgr [m? Pore volume Micropore volume  Mesopore volume
g [mLg'] [mLg '] [mL g']
CNE/ 375.4 0.28 0.13 0.15
CNS-1
CNEF/ 421.4 0.32 0.15 0.17
CNS-2
CNE/ 452.1 0.34 0.16 0.18
CNS-3
CNFs 91.8 0.16 0.03 0.13
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PANI@CNF/CNS-1 and PANI@CNF/CNS-3 are 75.6° and 22.4°, which is
attributed to the inhomogeneous deposition of PANI nanorods on carbon
substrates. This superior electrolyte wettability of PANI@CNF/CNS-2
was not only due to the hydrophilicity of pristine PANI with a contact
angle of 39.3°, but also ascribed to the fish scale-like PANI nanorod
arrays, which probably enhanced the electrolyte spreading capacity in
the electrode-electrolyte interfaces under the strong capillary forces [15,
33,34]. Therefore, these superhydrophobic surfaces endow the resultant
PANI@CNF/CNS-2 with increased permeation rate of hydrated ions and
abundant electrochemically active sites [22,34].

The electrochemical performance of CNF/CNS hybrids and neat
CNFs is evaluated by cyclic voltammetry (CV) curves (Fig. 3a). The
electrode with a thickness of ~0.02 mm was coated on a graphite paper
current collector (thickness: 0.02 mm) in an area of 1*1 cm?. All samples
showed approximately rectangle-shaped curves on behalf of their ideal
double-layer capacitor performance [35,36]. The CV curve of
CNF/CNS-2 showed the largest enclosed area among all the CNF/CNS
hybrids and neat CNFs, suggesting the highest specific capacitance.
Comparing the specific capacitance of the CNF/CNS hybrids and CNFs at
different current densities from 1A g~ to 10A g™}, the CNF/CNS-2 kept
the highest specific capacitance at the same current density (Fig. 3b). In
particular, the specific capacitance of CNF/CNS-2 was 308.8 Fg lat1 A
g~ ! with capacitance retention of 56.5% even at a high current density
of 10 A g™, which was competitive to that of CNFs (100.3 F g~ ! with
61.8%), CNF/CNS-1 (200.4 F g71 with 63.8%) and CNF/CNS-3 (193.1 F
g~ ! with 48.6%), respectively. The high specific capacitance and good
rate capability of the CNF/CNS-2 electrode were attributed to its hier-
archically micro/mesoporous carbon structure and interconnected
conductive pathway, which decreased the resistance of electron/ion
transport for a fast current-voltage response [17,18,37]. Electro-
chemical impedance spectroscopy (EIS) was used to measure the inter-
nal resistance and interfacial contact resistance of all the samples
(Fig. 3c). The Nyquist plots of CNF/CNS hybrids and neat CNFs showed
nearly straight lines in low-frequency regions, indicating the ideal
electric double-layer capacitance behaviors [10]. The absence of the
semicircle in high-frequency regions implied the fast ion diffusion and
low charge-transfer resistance within CNF/CNS hybrids [38]. Compared
with the CNF/CNS-2, the CNF/CNS-3 electrode stored a relatively low
capacitance. This is because the CNS layers with an increased content
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among the CNF/CNS-3 were easily agglomerated into a compact
assembled structure. The compact structure made the electrolytic ions
difficult to diffuse into the interior parts of electrodes, leading to
insufficient utilization of the intrinsic high surface area of the
CNF/CNS-3 [39]. Besides, the lower electrical conductivity of
CNF/CNS-3 (7.3 S m ™) compared to CNF/CNS-2 (14.7 S m ') made the
electron transfer inside the electrode not that efficient. Compared with
the CNFs, CNF/CNS-1 and CNF/CNS-3, the CNF/CNS-2 exhibited rela-
tively large surface area and balanced micro/mesopore distribution,
which was demonstrated as an ideal conductive substrate for the uni-
form deposition of PANI nanorod arrays with more ion-accessible sites.
Additionally, benefiting from its high mechanical stiffness, rapid elec-
trolyte penetration and good electrical conductivity, the CNF/CNS-2
showed the highest specific capacitance and excellent rate perfor-
mance among all CNF/CNS samples. The interconnected conductive
CNF/CNS-2 framework greatly increased ultrafast charge/ion transfer
and electroactive stability of the PANI@CNF/CNS [40]. Therefore, these
merits of CNF/CNS-2 made it a promising substrate for the subsequent
growth of PANIL

The CV curves of the bio-inspired superhydrophilic PANI@CNF/CNS
networks and pristine PANI are shown in Fig. 3d. All the samples
exhibited two pairs of redox peaks of PANI, suggesting the leucoemer-
aldine states of PANI were converted to emeraldine salt states and then
to the pernigraniline states. Compared with other samples, PANI@CNF/
CNS-2 showed a higher specific capacitance. For the PANI@CNF/CNS-2,
the superior hydrophilicity of PANI nanorod arrays possibly increased
the diffusion coefficient and shorten diffusion length of electrolyte in the
electrode-electrolyte interfaces, and the 3D hierarchical CNF/CNS
formworks provided an excellent conductivity [27,38]. Based on the
galvanostatic charge-discharge curves, the specific capacitance of
PANI@CNF/CNS and pristine PANI at different densities varying from
1A g~ ! to 10A g~ ! were calculated (Fig. 3e). The PANI@CNF/CNS-2
exhibited the highest specific capacitance of 810 F g™* at 1 A g!
compared with PANI@CNF/CNS-1 (381.8 F g! at 1 A g1,
PANI@CNF/CNS-3 (586 Fg ' at1 A g™') and PANI (260 Fg ' at1 A
g’l). The reduced capacitance of PANI@CNF/CNS-3 was because
entangled PANI nanowires agglomerated together on the surface of
CNF/CNS substrates and thus damaged its superhydrophobic architec-
tures. When the current density reaches up to 10A g7,
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PANI@CNF/CNS-2 still showed a higher specific capacitance of 712 F
g~! than that of PANI@CNF/CNS-1 (250 F g~1), PANI@CNF/CNS-3
(416 F g 1) and the pristine PANI (204 F g~ 1), respectively. The elec-
trochemical reaction between the interfaces of electrode and electrolyte
for PANI@CNF/CNS networks and pristine PANI was also studied by
electrochemical impedance spectroscopy (EIS) in Fig. 3f. The PAN-
I@CNF/CNS networks showed smaller semicircles and intercepts on the
7' axis in the high-frequency region than pristine PANI, indicating their
low charge transfer resistance (R.) and depressed equivalent series
resistance (Rs) [41-43]. In the low-frequency part of the Nyquist plots,
the slopes of PANI@CNF/CNS networks were much higher than that of
the pristine PANI, corresponding to their efficient ion exchange and
electron transfer at bionic electrode-electrolyte interfaces [44]. The key
role to enhance the capacitive performance of the PANI@CNF/CNS was
explained as follows: (i) The presence of consecutive CNF/CNS form-
work acting as a highly conductive substrate to load PANI nanorod ar-
rays with enhanced electrode/electrolyte interfacial areas; (ii) The
CNF/CNS formwork with high mechanical stability acting as an elastic
buffer effectively overcame the aggregation of PANI during cycling; (iii)
The PANI@CNF/CNS network with fascinating surface wettability pro-
vided shortened pathways for infiltration of electrolytic ions, and the
CNF/CNS formwork with hierarchically meso/microporous structure
provided large ion reservoirs especially for fast insertion and extraction
of ions. Therefore, the above-mentioned optimized nanostructures and
synergistic effects between the PANI nanorod arrays and CNF/CNS
formwork effectively endowed the resultant PANI@CNF/CNS network
with excellent energy storage performance.

An asymmetric supercapacitor (ASC) device is further assembled by
using PANI@CNF/CNS-2 as positive electrode materials and CNF/CNS-2
as negative electrode materials. The electrochemical performance of the
as-fabricated ASC is evaluated in a two-electrode configuration. The
operating cell voltage of the ASC was greatly enhanced due to different
electrode-potential ranges of positive and negative electrode materials
[12]. The CV curves of the ASC are measured at different operating
potential windows from 0-0.8 V to 0-1.8 V (Fig. 3g). The ASC showed
quasi-rectangular shaped curves even at an operating voltage of 1.6 V,
exhibiting its good capacitive behavior with a wide potential window.
When the voltage window reaches up to 1.8 V, the CV curves of the ASC
became distorted due to electrochemical water splitting and decompo-
sition of PANI [45]. The as-assembled ASC showed excellent long-term
electrochemical stability with 98% capacitance retention after 5000
cycles at 10 A g~! (Fig. 3h). The Ragone plots of the as-assembled ASC
device and the symmetric supercapacitors based on CNF/CNS-2 and
PANI@CNF/CNS-2 were compared with recent ASC devices assembled
by previously reported PANI/carbon composites (Fig. 3i). The resultant
ASC device showed a high energy density of 65.3 W h kg™ at a power
density of 800 W kg™, which is better than the symmetrical super-
capacitor of CNF/CNS-2 (21.4 W h kg™! at 500 W kg™,
PANI@CNF/CNS-2 (55.2 W h kg ™! at 500 W kg~?!) as well as the other
ASC devices in the literature [12,14,44,46]. The high energy density and
long cycle life of our ACS are explained as follows: (i) the CNF/CNS
formworks with hierarchically meso/microporous structure not only
provides high electronic conductivity, but also serve as effective elastic
buffers to accommodate the volumetric change during charge/discharge
processes [33,34]. (ii) the superhydrophilic PANI@CNF/CNS networks
have short diffusion paths for ion insertion and expulsion, which im-
proves the pseudocapacitance of PANI [44]. Therefore, the facile
electrolyte-electrode interfacial contact, fast electron transport and good
interaction between carbon substrates and PANI coatings of electrode
materials endow the as-assembled ACS with optimizing electrochemical
performance.

3. Conclusion

In summary, an easily scalable and environmentally friendly strategy
was demonstrated for the construction of a bio-inspired hydrophilic
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PANI@CNEF/CNS. The hierarchical CNF/CNS hybrids were fabricated by
simple molten-salt pyrolysis of BC and further used as a conductive
carbon substrate for the deposition of PANI nanorod arrays. The resul-
tant hydrophilic PANI@CNF/CNS networks showed rapid ion diffusion
and increased electrode-electrolyte contact areas, and their CNF/CNS
frameworks provided interconnected electron transport pathways and
tunable micro/mesoporous ion diffusion channels. As a result, the ASC
device assembled by CNF/CNS-2 and PANI@CNF/CNS-2 exhibited a
great energy density of 65.3 W h kg~!, a large power density of 8 kW
kg~! and excellent cycling performance (only 2% capacitance loss after
5000 cycles). Therefore, this work offers a facile and renewable way to
construct favorable ASC device for various practical applications.
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