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Abstract Exploring cathode materials that combine
excellent cycling stability and high energy density poses a
challenge to aqueous Zn-ion hybrid supercapacitors
(ZHSCs). Herein, polyaniline (PANI) coated boron-
carbon-nitrogen (BCN) nanoarray on carbon cloth surface
is prepared as advanced cathode materials via simple high-
temperature calcination and electrochemical deposition
methods. Because of the excellent specific capacity and
conductivity of PANI, the CC@BCN@PANI core-shell
nanoarrays cathode shows an excellent ion storage
capability. Moreover, the 3D nanoarray structure can
provide enough space for the volume expansion and
contraction of PANI in the charging/discharging cycles,
which effectively avoids the collapse of the microstructure
and greatly improves the electrochemical stability of
PANI. Therefore, the CC@BCN@PANI-based ZHSCs
exhibit superior electrochemical performances showing a
specific capacity of 145.8 mAh/g, a high energy density of
116.78 Wh/kg, an excellent power density of 12 kW/kg,
and a capacity retention rate of 86.2% after 8000
charge/discharge cycles at a current density of 2 A/g. In
addition, the flexible ZHSCs (FZHSCs) also show a
capacity retention rate of 87.7% at the current density of 2
Alg after 450 cycles.
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1 Introduction

With the growing need for foldable and wearable elec-
tronic devices, researchers are concentrating on creating
electrochemical energy storage (EES) systems that can
provide rapid charging and discharging capabilities, high
energy density, and improved security features [1-4].
Supercapacitors (SCs) were initially considered for this
purpose due to their high-power density, fast charging
speed, and excellent cycling stability [5]. However,
compared with rechargeable batteries, the low energy
density limits its further development [6—8]. Hence, the
promising strategy for augmenting the energy density of
EES systems is the fabrication of hybrid supercapacitors
(HSCs), which combine the advantages of rechargeable
batteries and SCs [9].

Due to the scarcity and high reactivity [10,11], alkali
metal resources such as Li, Na, and K used in single-
valent HSCs cannot be used together with aqueous
electrolytes, while most organic electrolytes are toxic and
prone to explosion [12]. Compared with single-valent
metal ion HSCs, divalent metal ion HSCs (such as Zn?*,
Mg2*, and Ca?*) have the advantages of low cost, large
capacity, safety, and no pollution [13—15]. From many
divalent HSCs, Zn-ion hybrid supercapacitors (ZHSCs)
stand out because of the abundant Zn resources with high
theoretical capacity (820 mAh/g), lower redox potential
(—=0.76 V versus standard hydrogen electrode), low cost
and high safety [16-18]. In addition, flexible ZHSCs
(FZHSCs) have also attracted widespread attention from
researchers due to their ease of integration, high
flexibility, high safety, and wearability. However, recent
studies have found that the active material used in the
flexible electrode of FZHSCs is prone to detachment and
fracture during the bending process, resulting in a gradual
decrease in energy density and rapid degradation of cycle
life. Therefore, the new flexible composite material needs
to be developed to improve its electrochemical
performance [19]. For example, Pu et al. succeeded in
synthesizing the 3D nitrogen-doped carbon nanotube
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array fiber electrode. This 3D nanoarray structure
exhibits an excellent stress release ability during
continuous electrode bending, avoiding the shedding of
the active material and maintaining an excellent
electrochemical stability [20]. However, its ion
adsorption and desorption energy storage mechanism,
which is still mainly based on the double-layer capaci-
tance, limits the further increase of energy density of
FZHSCs. Therefore, the pseudocapacitive materials with
high specific capacity need to be introduced to improve
this defect.

Typical conductive polymers, such as polypyrrole and
polyaniline (PANI), are considered a charming pseudo-
capacitive material for ZHSCs which had a great poten-
tial on account of its excellent exceptional electrical
conductivity, simple synthesis, and incredibly high ion
storing capacity [21,22]. Moreover, PANI exhibits dissi-
milar properties compared to vanadium oxides and
manganese oxides, whose inherent flexibility allows for
its utilization in the construction of cathodes for FZHSCs.
But the unsatisfactory rate performance and limited cycle
life of PANI-based ZHSCs have hindered their advance-
ment [23,24]. Compared with PANI, carbon-based
materials are widely studied for their excellent electrical
conductivity and chemical stability [5,11,25]. Unfortuna-
tely, the energy storage mechanism of the double-layer
capacitor result in a low ion storage capacity, which
limits the improvement of energy density. Therefore,
combining PANI with carbon materials that possess a
high electrical conductivity and a chemical stability
appears to be a feasible approach. Recent studies have
shown that doping of B and N atoms in the framework of
carbon materials (BCN) can transform the electroche-
mical negativity of C atoms, and activate the the electron
activity, which in turn improves the stability and energy
density of electrode materials [26-29]. Furthermore,
BCN materials can be fabricated into BCN nanotube
arrays using specific processing techniques, which can
enhance the intermolecular interaction between the
substrate material and PANI and improve its structural
stability [30,31]. Therefore, it is of significant importance
to advance the development of high-performance ZHSCs
by utilizing low-cost and abundant raw materials and
obtaining a positive electrode material with excellent
capacitance performance through a simple and secure
synthetic method.

Herein, PANI-coated BCN core-shell nanoarrays were
constructed on the surface of carbon cloth (CC@BCN@
PANI) by utilizing the simple calcination and electro-
chemical deposition method. First, the 3D nanoarray
structure of CC@BCN@PANI could release the stresses
to maintain a structural stability under twisting condi-
tions. In addition, this structure can also provide space for
the expansion and contraction of PANI molecular chains
during the charging and discharging process. Besides,
PANI coating on the BCN nanoarray surface can greatly

increase its contact area with the electrolyte, facilitating
the adsorption and infiltration of the ions. To demonstrate
the excellent electrochemical performance of CC@BCN@
PANI, the obtained CC@BCN@PANI//Zn exhibite a
significantly enhanced rate capability, a high specific
capacitance of 145.8 mAh/g (at the current density of
0.5 A/g), a high energy density of 116.78 Wh/kg, and an
excellent power density of 12 kW/kg. Moreover, the
ZHSCs show a fast charge/discharge capability and a
long cycle stability (86% capacity remaining after 8000
charge/discharge cycles at a current density of 2 A/g, and
the Coulombic efficiency close to 100%). Furthermore,
the flexible quasi-solid-state ZHSCs fabricated by
CC@BCN@PANI cathodes show a high reversible
discharge capacity of 160 mAh/g at the current density of
0.1 A/g. This research will provide new methods and
knowledge for the development of new high-performance
flexible electrodes.

2 Experiment
2.1 Preparation of CC@BCN

First, wash the carbon cloth (CC) (Hesem, Shanghai)
with deionized water and anhydrous alcohol and dry.
Then dissolve 10 g urea (CH4N,O) (Macklin, AR), 1 g
polyethylene glycol (PEG-2000, Macklin, AR), and 0.3 g
boric acid (H3BO3) into 100 mL deionized (DI) water.
Afterwards, immerse the CC in the above solution and
dry in an oven at 100 °C for 10 h. Finally, the precursor
was calcined at a high temperature (900 °C) for 4 h under
a nitrogen atmosphere. Now the CC@BCN nanoarrays
electrode was generated. The mass of BCN nanoarrays
loading is about 1.2—1.6 mg/cm?.

2.2 Preparation of CC@BCN@PANI and CC@PANI

The CC@BCN@PANI nanoarrays were produced by
electrodeposition in an electro-deposition solution com-
prising 2.5 g of aniline (Macklin, AR), 5.4 mL of H,SO4
(Xilong Scientific, AR), 14.2 g of Na,SO. (Xilong
Scientific, AR), and 200 mL of DI water. The obtained
CC@BCN nanoarrays electrode as the working electrode,
the Pt sheet as the counter electrode, and a standard
calomel electrode (SCE) served as the reference
electrode. Electrodeposition was carried in a voltage
range of —0.2 to 1 V and a current sweep speed of 50
mV/s for 16 cycles. Then, under the same conditions, the
CC@PANI electrode was obtained with a CC substrate as
the working electrode under the same electrodeposition
conditions. To clean the residual electrodeposition
solution on the surface, the gained electrodes were
washed with DI water 3 times and dried under vacuum at
60° for 3 h. The mass of PANI on the electrode was
approximately 0.8-1.2 mg/cm?.
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2.3 Preparation of ZnSOy/gelatin gel electrolyte (GGE)

4 g of gelatin (Macklin, AR) was dispersed in 40 mL of 1
mol/L ZnSO4 aqueous solution under stirring at 60 °C.
Then for cross-linking, a certain volume of
glutaraldehyde solution was applied.

2.4 Assembly of coin-type ZHSCs and sandwich-type
FZHSCs

To assess the electrochemical characteristics of the
materials, the CC@BCN, CC@PANI, and CC@BCN@
PANI electrodes were used as cathodes, commercial Zn
plates as anode electrodes, 1 mol/L of ZnSO4 aqueous
solution as electrolyte, and fiberglass as the separator to
assemble coin-type CR2032 ZHSCs.

Sandwich-type FZHSCs devices were also fabricated.
To be specific, the nanocomposite CC@BCN@PANI
(1 cm % 3.5 cm) cathodes and commercial Zn foil (30 pm
in thickness, 1 cm x 3.5 cm) anodes were used as
cathodes and anodes, which were separated by GGE, and
polyimide tape was used for encapsulation at last.

2.5 Material characterization

Scanning electron microscopy (SEM, type specification:
ZEISS 300) was used to measure the surface microstruc-
ture of the three cathodes. X-ray diffraction (XRD,
5°-90°, 10°/min, model: D8 advance, US) was used to
measure the composition and crystal structure. X-ray
photoelectron spectroscopy (XPS, type specification:
ESCALAB 250) was used to detect the chemical bonds.
Fourier-transform infrared (FTIR) spectroscope (GREAT
20, RuiJ) was used to measure the chemical bond and
molecular structure.

2.6 Electrochemical measurements

Cyclic voltammetry (CV), galvanostatic charge-discharge
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(GCD) and electrochemical impedance spectroscopy
(EIS) were tested in the CHI 660E (Chenhua Instrument,
Shanghai). The rate and cycling stability performance of
ZHSCs and flexible devices were measured by a Neware
BTS8000 battery testing system. The EIS was tested at
open circuit voltage, whose frequency ranges from 10
mHz to 100 kHz and AC amplitude is 5 mV. The CV
performances of ZHSCs and FZHSCs were measured at
the voltage range of 0.1-1.6 V. The current densities of
GCD measurements were in the range of 0.5-15 A/g
(ZHSCs), and 0.1-2 A/g (FZHSCs).

The gravimetric specific capacity (C,, mAh/g) is
calculated based on the GCD curves by

IAt
C, =0, 1
" 3.6m M
1
E = EmexAV, 2
E
P= 7><3600, (3)

where [ is the current (A), At is the discharging time (s),
AV is the potential window (V), m is the mass of active
materials (g), E is the energy density (Wh/kg), and P is
the power density (W/kg).

3 Results and discussion

The typical preparation of the CC@BCN@PANI cathode
is shown in Fig. 1. Initially, the CC was put into a
precursor solution of BCN comprising PEG-2000,
CH4N,0O, and H3BO;3; for 5 h, and the mixture was
subsequently dried at 100 °C for 4 h in an oven to
promote pre-crosslinking of the reactants into BCN
precursors. Subsequently, the CC@BCN precursors were
calcined at 900 °C for 4 h in the tube furnace to prepare
CC@BCN 3D nanoarrays. PANI was then electrochemi-
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Fig. 1 Synthetic illustration of CC@BCN@PANI cathode.
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cally deposited on the surface of the CC@BCN 3D
nanoarrays to obtain CC@BCN@PANI. The possible
formation mechanism of BCN nanoarrays could be
attributed to the B, N, and C atoms, forming a nanosheet
structure comparable to the graphene network at a certain
temperature. Then, the BCN nanosheet gradually extru-
ded and rolled into BCN 3D nanoarrays with the
temperature increase [32,33].

The morphology of electrode materials was examined
by SEM. Compared to the smooth surface of CC (Fig.
S1(a) in the Electronic Supplementary Material (ESM)),
the surface of CC@BCN (Figs. 2(a) and 2(b)) is unifor-
mly grown with 3D nanoarrays of BCN, which can
increase the contact area with the electrolyte. Moreover,
the 3D nanoarray structure could prevent breaking and
falling off of the active material during bending and
endure the volume expansion/contraction phenomenon of
PANI [34,35]. Compared with the CC@BCN, the BCN
nanoarrays of CC@BCN@PANI were completely coated
by a layer of rough PANI (Figs. 2(c) and 2(d)), confir-
ming the formation of a core-shell flexible electrode
material. This structure gave full play to the advantage of
the high electrical conductivity and fast ion transport
capability of BCN nanoarrays, as well as the high specific
capacitance of the PANI shell. Figures S1(b) and S1(c) in
the ESM show the images of CC@PANI. It can be seen
that irregular PANI was unevenly distributed on the
surface of CC, which is caused by poor infiltration of CC
and electrolyte. As displayed in Figs. 2(e) and 2(f), the
elemental mapping images confirmed that B, C, N, and S
were homogeneously distributed at CC@BCN@PANI
electrodes. The presence of S was attributed to the sulfate
ions in the electrodeposition solution adsorbed by CC and
CC@BCN during the electrodeposition process of PANI

XRD testing was used to analyze the crystal structure
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of electrode materials. As shown in Fig. 3(a), two broad
characteristic peaks of the electrode materials were
detected around 25.3° and 43°, indicating the (002) and
(100) crystal planes of carbon material, which were
similar to the XRD spectrum of BCN materials reported
earlier [32,36]. To demonstrate that the surface of CC
was successful in situ growth of BCN nanoarrays, and the
deposition of PANI on CC@BCN, FTIR spectroscopy
was used to assess the vibration patterns of specific
chemical groups (Fig.3(b)). The inconspicuous peak
nearby 3729 cm ! was put down to the stretching
vibration of N-H bonds. Besides, two same absorption
bands of CC@BCN at 1381 cm™! and 835 cm™! were
applied to the intimal tensile vibration and outer bond
bending vibrations of B-N [37,38]. The peaks of C=C
stretching vibration were observed near 1573 cm™!, and a
peak of 696 cm™! was applied to B-C bonds. Further-
more, the characteristic peaks of CC@BCN located at
1196 cm™! and 1689 cm™! were applied to the stretching
vibrations of C=N and C-N. The spectrum of CC@BCN@
PANI samples was similar to that of the CC@PANI. This
was attributed to the uniform deposition of PANI on the
surface of CC@BCN nanoarrays and the weak depth of
infrared light absorption into the sample layer to detect
the CC@BCN characteristic peak. Moreover, the peaks
situated at 1557 cm™! and 1473 cm™! were consistent
with the characteristic peaks of the stretching vibration of
quinoid and benzenoid rings, and the vibration and
stretching of the characteristic peaks at the peaks
1300 cm™! corresponded to the C=N bonds [39]. The
peaks at 1117 cm™! and 798 ¢cm™! were consistent with
the C-H stretching vibration in quinoid and benzenoid
rings.

XPS was used for analyzing the element type and valen-
ce bond composition of electrode materials. Figure 3(c)

Fig. 2 SEM characterization of electrode materials.
(a, b) CC@BCN; (c—) CC@BCN@PANI; (f) elemental mapping images of CC@BCN@PANL
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Fig. 3 Characterization of electrode materials.

(a) XRD patterns; (b) FTIR spectra and (c) XPS spectra of CC, CC@BCN, CC@PANI, and CC@BCN@PANTI; (d) XPS spectra N 1s of
CC@BCN; (e) XPS spectra N 1s of CC@PANI; (f) XPS spectra N 1s of CC@BCN@PANI.

exhibited the full survey spectra of electrode materials, in
which the B 1s, C 1s, N 1s, and O 1s sharp peaks were
observed at 192.08, 285.08, 400.08, and 532.08 eV,
respectively. Noticeably, the O 1s peaks were signifi-
cantly stronger in CC@BCN, CC@PANI, and CC@
BCN@PANI samples compared with the CC, which
could increase the wettability of electrolyte and improve
Zn2 * chemical adsorption [40]. B 1s and N 1s peaks in
CC@BCN samples meant that BCN nanoarrays were
successfully grown on the CC surface. In particular, the
electron could be repositioned and activated by the B
atom as a recipient and the N atom as a provider of
electronic coordination [41].

In Figs. 3(e) and 3(f), the high-resolution XPS N 1s
spectrtum of CC@PANI and CC@BCN@PANI in
Figs. 3(e) and 3(f) were divided into four subpeaks,
corresponding to —-N= (398.9 eV), —-NH- (399.6 V),
~N*= (400.6 ¢V), and -N*— (402 eV), respectively [42].
By contrast, the CC@BCN samples (Fig. 3(d)) were
divided into another four peaks: 398, 398.8, 399.6, and
400.1 eV, corresponding to N-B, pyridinic N, pyrrolic N,
and quaternary N [26]. CC@BCN@PANI showed the
highest active nitrogen ratio -N*= , which could bring a
lower charge transfer resistance and benefit in improving
the electrochemical performance [43]. The 284.3, 284.8,
285.9, and 286.7 eV in the C Is spectrum of CC@BCN
(Fig. S2(a)) demonstrated the existence of C-B, sp? C,
C—N, and C=N bonds. Compared with the CC@PANI

samples (Fig. S2(b)), CC@BCN@PANI (Fig. S2(c))
showed two new peaks at 284.3 and 288.6 eV, matched
to the C—B and C-O, respectively. In addition, the C-O
bonds could enhance the wettability of the CC@BCN®@
PANI, and promote the rate of electrode adsorption and
desorption of ions in electrolytes [34]. As shown in Fig.
S2(d), the B 1s spectrum of CC@BCN was deconvoluted
into three peaks: 190.4, 191.3, and 192.2 eV, with the
centers of B-C, B-N, and B-O bonds. The results
confirmed that B was covalently bonded with C and N,
which was beneficial to the chemisorption on the surface
of the BCN material [44]. Furthermore, timing by
electrodeposition of droplets, the CC and CC@BCN
showed a contact angle of 126.1° + 0.7° and 102.9° +
0.3° (Fig. S3), indicating that CC@BCN has a better
wettability than CC. The optimized hydrophilic proper-
ties could promote homogeneous PANI deposition in the
CC@BCN electrode and reduce the ion transfer impe-
dance in the solid-liquid interface. CC@BCN@PANI
hybrid material showed more N/B synergistic active sites
and a lower charge transfer resistance, which improves
the charge storage capacity [26].

Typical coin-type aqueous ZHSCs were assembled
based on CC@BCN, CC@PANI, and CC@BCN@PANI
as cathodes. The self-discharge behavior of electroche-
mical energy storage devices has important implications
for their practical application [45-47]. As shown in
Fig. S4, the voltage of CC@BCN@PANI//Zn showed a



560

marked contrast with CC@BCN@PANI//CC@BCN@
PANI after 100 h hole time, as it retained 78.4% of its
capacity compared to a mere 16.7% capacity retention by
the latter. The superior self-discharge resistance of CC@
BCN@PANI//Zn was attributed to the larger voltage
platform between the positive and negative terminals and
a higher energy barrier for spontaneous stripping/plating
associated with metal Zn in the ZHSCs compared to
symmetric supercapacitors. Moreover, the CC@BCN//Zn
system relies on double-layer capacitance, and the energy
storage results mainly from the physical electrostatic
adsorption of electrolyte ions on electrodes, leading to a
faster self-discharge rate of CC@BCN//Zn. In compa-
rison to BCN electrodes, the energy storage mechanism
of PANI electrodes is based on reversible chemisorption/
desorption or redox reactions. This process occurs not
only on the surface of the electrode but also inside it,

Front. Energy 2023, 17(4): 555-566

leading to a better anti-self-discharge performance.

The CV curves of ZHSCs were displayed in Fig. 4(a),
with the voltage range from 0.1 to 1.6 V. In contrast to
CC@BCN//Zn, both CC@PANI//Zn and CC@BCN@
PANI//Zn exhibited distinct redox peaks on the CV
curves. This was attributed to the energy storage
mechanism of PANI primary through the redox reactions
during charge-discharge cycling, indicating that this
specific capacity was mainly provided by the pseudoca-
pacitive behavior [48]. Notably, CC@PANI//Zn also
displayed an apparent polarization at the working voltage
near 0.1-0.3 V, suggesting its inferior rate performance
and reversibility as the cathode of ZHSCs [49].
Moreover, CC@BCN//Zn exhibited a nearly rectangular-
shaped CV curve, indicating that its capacity is mainly
contributed by double-layer capacitance, which is consis-
tent with the characteristics of carbon-based electrode
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Fig. 4 Electrochemical performance of coin-type ZHSCs.

(a) CV curves at the current scan rate of 2 mV/s; (b) GCD curves at the current density from 0.5 to 15 A/g; (c) specific capacities at the
current density from 0.5 to 15 A/g; (d) rate performance; (e) EIS curve and fitting results; (f) Ragone plots; (g) cycling stability at 2 A/g.
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materials. Combining the advantages of both electrode
materials, CC@BCN@PANI//Zn demonstrated a supe-
rior specific capacity with an excellent rate capability and
cycling stability. This could be attributed to the stable
electrode structure of CC@BCN@PANI and the
synergistic effect of BCN component and PANI, with the
electrochemical processes being jointly dominated by
double-layer capacitance and pseudocapacitance. The
GCD curves of the CC@BCN@PANI//Zn were displa-
yed in Fig. 4(b), where two voltage plateaus at nearly 1.0
and 1.4 V were observed, which matched the analysis in
Fig. 4(a).

The rate performance of the three cathodes materials
was also evaluated in Figs. 4(c) and 4(d). CC@BCN@
PANI//Zn showed a capacity of 145.8 mAh/g at 0.5 A/g,
which was more than twice as many as that of
CC@PANI//Zn (78.81 mAh/g) and CC@BCN//Zn
(56.41 mAh/g). It was worth noting that while the current
density increased to 5 A/g, the CC@BCN@PANI//Zn
capacity retention rate was 73.27%, much better than the
CC@PANI//Zn (10.31%). This enhanced performance
could be attributed to the coordination effect of the 3D
nanoarray structure and PANI of CC@BCN@PANI
cathodes, as well as its stable microstructure, which could
endure the expansion and contraction of PANI charge
and discharge processes [50]. Specifically, the BCN 3D
nanoarrays structure exhibits a stable chemical structure
and abundant active sites, resulting in an increased
specific surface area of the electrode and making it a
suitable anchor for PANI electrochemical deposition.
Additionally, its excellent conductivity facilitates the
transfer of electrons along the BCN nanoarray toward
PANI, promoting its involvement in the redox process
and ultimately improving the electrochemical perfor-
mance. The validity of this claim was further supported
by the impedance spectra curves displayed in Fig. 4(e).
The semicircular diameter of the high frequency region
indicates the charge transfer resistance (R) at the
electrode-electrolyte interface. According to the fitting
results, CC@BCN@PANI//Zn possess the smallest Ry
than CC@PANI//Zn and CC@BCN//Zn, which also
accounted for the excellent high specific capacity and rate
capability of the hybrid CC@BCN@PANI electrode.
Moreover, the CC@BCN@PANI//Zn obtained a distin-
guished energy density of 116.78 Wh/kg, and an excel-
lent power density of 12 kW/kg. In comparison to other
reported ZHSCs, the CC@BCN@PANI cathodes exhibit
a superior electrochemical performance, placing them in
the forefront as depicted in Fig. 4(f) [51-54].

Cycling stability is one of the key indicators to estimate
the electrochemical property of ZHSCs [55,56]. As
shown in Fig. 4(g), after 8000 cycles at the current
density of 2 A/g, the specific capacity of the CC@BCN@
PANI//Zn remained 126.3 mAh/g (86.2%), and the
Coulombic efficiency remained close to 100% during the
long-term charge/discharge cycles, which implied that

CC@BCN@PANI performing as the cathode of ZHSCs
could have a superior electrochemical reversibility.
Moreover, after undergoing approximately 1000 charge/
discharge cycles, the specific capacity of CC@BCN@
PANI//Zn increases. This phenomenon can be attributed
to a small fraction of the the active material of the
electrode, which initially fails to participate effectively in
the electrochemical reaction. However, as the cycle
progresses, the wettability of the material improves,
allowing this fraction of the active material to gradually
participate in the reaction, resulting in an increase in
capacity. Overall, compared with the ZHSCs reported in
the previous studies in Table S1, the CC@BCN@PANI
electrode exhibits a superior performance in terms of
cycling stability. The inferior cycle stability of PANI
could be attributed to the expansion/contraction of the
PANI molecular chain during charge/discharge cycles, as
well as the sluggish electrochemical kinetics, which could
causally trigger the damage to the electrode structure.
The integration of BCN 3D nanoarrays and PANI could
effectively enhance the active sites and ion transport rate,
and improve the durability of PANI chains under
expansion and contraction. Although the cycling stability
of CC@BCN@PANI//Zn was slightly inferior to that of
CC@BCN//Zn due to a minor shedding of PANI during
the charge and discharge process, it was undoubtedly a
great improvement compared to CC@PANI//Zn. More-
over, it was apparent that the 3D structure and elemental
distribution of the CC@BCN@PANI cathodes were
almost unchanged after 8000 charge/discharge cycles
(Fig. S5). Moreover, the XRD test (Fig. S6) indicated
there was little change in the position and intensity of the
diffraction peak of CC@BCN@PANI, which further
demonstrated the outstanding electrochemical stability of
CC@BCN@PANL

The electrochemical reaction kinetics of the CC@
BCN@PANI, CC@BCN, and CC@PANI cathodes were
studied based on the CV curves (Figs. 5(a), S7(a), and
S8(a)). According to Egs. (4) and (5), when the
electrochemical reaction occurs, the relationship between
the scanning rate v (mV/s) and the peak current i (A/g)
could be applied to investigate the electrochemical
performance [57].

i=a, 4

log (i) = blog (v) +loga, 5)
where a and b were variable parameters, which could be
calculated by matching the plots of log(i) versus log(v).
When the value of b was 0.5, the electrochemical reaction
kinetics was dominated by diffusion-controlled and the
response was sluggish. When the value of » was 1.0, the
electrochemical reaction kinetics was controlled by the
capacitive process with a quick response [58,59]. As
shown in Fig. 5(b), the value of b of the oxidation and
reduction peaks of CC@BCN@PANI//Zn was 0.774 and
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Fig. 5 Electrochemical kinetics of ZHSCs with the CC@BCN@PANI cathode.
(a) CV curves; (b) values of b; (c) capacitance contribution rate at 2 mV/s; (d) capacitance contribution rate at different scan rates.

0.736, while the CC@PANI//Zn corresponded to 0.697
(Fig. S8(b)). Moreover, the values of » of the CC@
BCN//Zn were 0.83 (anodic peak current) and 0.819
(cathodic peak current) (Fig. S7(b)). All three types of
CC cathodes were between 0.5 and 1.0, indicating that
the electrochemical reaction processes of CC@BCN,
CC@PANI, and CC@BCN@PANI-based ZHSCs were
synergistically controlled by capacitive and diffusion
behaviors. Hence, according to Eq. (6), the current
generated in an electrochemical reaction can be grouped
into two parts [60]:

i=kv+kovi, (6)

Furthermore, to evaluate the response current contri-
bution quantitatively, k;v represents the capacitance
effect and kyv!/2 represents diffusion behaviors [61]. As
displayed in Fig. 5(c), almost 31.93% of the capacity was
contributed by the capacitive process for the CC@
BCN@PANI//Zn at 2 mV/s (violet area). The capacitive
contribution ratio increased from 31.93% to 94.1%, when
the current scanning rate increased from 2 to 100 mV/s,
whereas the diffusion contribution ratio decreased from
68.07% to 5.9% (Fig. 5(d)). For CC@BCN and CC@

PANI based ZHSCs, the capacitive process contributed
from 73.3% to 99.12% (Fig. S7(d)) and 26.8% to 92.52%
(Fig. S8(d)). Since the capacitive process has quick
kinetics, it is easier for the CC@BCN@PANI cathodes to
achieve a rapid charge/discharge than the CC@PANI
cathodes, which were consistent with the rate capability
and EIS results analyzed in Figs. 4(d) and 4(e).

Based on the above analysis, the energy storage
mechanism of the ZHSCs with the CC@BCN@PANI
cathode could be concluded as follows: During charge/
discharge cycles, Zn anodes experienced a reversible
plating/stripping. The CC@BCN@PANI nanocomposite
cathode stored/released energy by the capacitive mecha-
nism and the redox process [62—64]. More specifically,
the energy storage of the PANI component was mainly
attributed to the Faraday redox reaction which facilitated
the transfer of charges, whereas the CC@BCN compo-
nent stored energy mainly through ion adsorption/desor-
ption (i.e., double-layer capacitor). The synergistic coor-
dination mechanism between the PANI and CC@BCN
components resulted in outstanding electrochemical
properties of the CC@BCN@PANI composite.

The high safety and excellent electrochemical perfor-
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mance of aqueous ZHSCs with the CC@BCN@PANI
cathodes also could be used for FZHSCs. The structure of
FZHSCs was shown in Fig. 6(a), with CC@BCN@PANI
composites as the cathode, Zn foil as the anode, GGE as
the gel electrolyte and diaphragm, and polyimide tape
used to encapsulate the FZHSCs, respectively. As shown
in Fig. 6(b), the FZHSCs had an outstanding discharge
capacity of 160 mAh/g at the current density of 0.1 A/g,
and 93.29 mAh/g at 0.5 A/g. As shown in Fig. 6(c), to
test the flexible performance of CC@BCN@PANI-based
FZHSCs, the devices could be bent from 0° to 180° and
still maintained a nearly constant discharge capacity at
the current density of 0.5 A/g. Additionally, the capacity
retention of FZHSCs after 200 cycles of 90° bending at a
current density of 2 A/g was simultaneously studied. As
revealed in Fig. S9, the capacity retention reached 86.2%
after repeated bending, which verified the best perfor-
mance of the prepared FZHSCs in terms of the excellent
flexibility. Notably, the specific capacity of the device
increased slightly after 80 bending cycles, which could be
attributed to the slight increase in temperature during the
bending process (i.e., frictional heating), leading to an
improved ion conductivity of the gel electrolyte [65]. The
excellent electrochemical performance and remarkable
flexibility are due to the fact that the CC@BCN@PANI
3D nanoarray structure can relieve the stress produced by
the twisting of the electrodes, avoid cracking and shed-
ding of the active material, and keep the electrode struc-
ture stable. Moreover, when two FZHSCs were connec-

1.8

ted to light an LED, it could maintain a high brightness
after 30 min of continuous working (Fig. 6(d)), demon-
strating the stability and excellent energy output of the
FZHSCs devices. Furthermore, the capacity retention rate
reached 87.7% at the current density of 2 A/g after 450
cycles (Fig. 6(e)). It should be noted that compared to
coin-type ZHSCs, the specific capacity of CC@BCN@
PANI-based FZHSCs decreases significantly. This is
attributed to the fact that the gel electrolyte used in
FZHSCs have a lower ion conductivity and a higher
interfacial transfer resistance than the ZnSOs aqueous
electrolyte used in coin-type ZHSCs.

The modification and optimization of Zn anodes were
widely considered crucial elements in producing FZHSCs
with a superior electrochemical performance. However, it
should be noted that in the experiments, Zn foils served
as direct substitutes for Zn anodes. While employing Zn
foil for anode fabrication of FZHSCs could simplify
assembly, it also constrains the capacity for further
enhancement of the FZHSCs performance. Moreover,
electrochemical reactions may induce secondary reac-
tions alongside the Zn foil, resulting in Zn passivation
and Zn dendrite formation, thereby significantly
impacting the cycle life of FZHSCs, suggesting that the
utilization of Zn foil for anode preparation was not
ideal [6,66]. Therefore, future research will focus on
discovering solution strategies, such as minimizing the
occurrence of Zn dendrites and mitigating the negative
effects of secondary reactions on electrode performance.
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powered by the devices; () cycling stability at the current density of 2 A/g.
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To achieve this, a Zn anode with a 3D composite
structure will be developed, as it offers exceptional
flexibility and promotes the homogenous deposition of
Zn%" onto the anode.

4 Conclusions

In general, high-performance and flexible ZHSCs using
functionalized CC@BCN@PANI cathodes were desig-
ned. The ZHSCs showed an outstanding electrochemical
performance, such as a high specific capacitance of
145.8 mAh/(0.5 A/g), a high energy density of
116.78 Wh/kg, a high power density of 12 kW/kg, and an
ultra-high cycle life with a capacity retention rate of
86.2% after 8000 cycles. Further, the FZHSCs devices
assembled with CC@BCN@PANI electrodes as positive
electrodes also exhibit an excellent energy output, an
excellent bending performance, and an excellent stability.
This research has provided a reference for the design of
conductive polymer and 3D carbon nanoarrays hybrid
electrodes for high performance FZHSCs.
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