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flexible electrode for high-rate Zn-ion hybrid
supercapacitors†

Yuyang Cao, Shiqiang Wei,* Yujian Xia, Quan Zhou, Yixiu Wang, Wenjie Xu,
Changda Wang, Shuangming Chen * and Li Song

Flexible zinc-ion hybrid supercapacitors (f-ZHSCs), with their inherent safety, combine the advantages of

the high power density of supercapacitors and the high energy density of zinc-ion batteries, making

them a promising energy supply device for wearable and implantable devices. However, commonly used

rigid cathode materials and fracture-prone metallic current collectors encounter significant challenges,

such as inadequate flexibility and compromised cycling stability, which impede the further development

of f-ZHSCs. Herein, we design a free-standing flexible membrane electrode VN@CNT for f-ZHSCs

through a nitridation strategy. Soft X-ray absorption spectroscopy (s-XAS) reveals the boosted

occupation of electrons in the V eg orbital 3dx2−y2 state after nitridation, leading to enhanced metallicity

and conductivity. As a result, the VN@CNT flexible electrode exhibits an excellent specific capacitance of

314.44 F g−1 at 0.5 A g−1. Moreover, it demonstrates exceptional rate capability, retaining 80.17% of its

capacitance at a high current density of 10 A g−1 compared to that of 0.5 A g−1. Importantly, it also

shows excellent flexibility, enduring bending angles of 0 to 180° and showing no detectable degradation

in capacitance after 1200 bending cycles. By design and in-depth study of the local structure of the

flexible electrode, this work provides insight into the development of flexible electronics.
1 Introduction

The rapid advancement of exible electronic devices in recent
years has been driven by the growing demand for wearable and
portable technology, which not only has the potential to revo-
lutionize next-generation electronic devices but also signi-
cantly impact and shape people's daily lives.1–4 However, the
development of exible electronics is heavily reliant on the
availability of safe and high-performance exible energy storage
solutions.5 While exible lithium-ion batteries have made
substantial strides,6,7 the inherent ammability of commonly
used organic electrolytes (such as EC and DEC) raises safety
concerns, making them unsuitable for meeting the rigorous
safety standards required for wearable and implantable appli-
cations.8,9 Among the various energy storage technologies,
aqueous ZHSCs have surfaced as promising candidates for
developing exible energy storage devices due to their intrinsic
high safety and high power density.10–15 However, achieving
high-performance f-ZHSCs still presents signicant chal-
lenges.16 Firstly, commonly used electrode active materials
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(such as activated carbon17 and metal oxides18) are predomi-
nantly rigid and possess poor mechanical exibility, making
them prone to fracture, delamination, and other failure mech-
anisms under repeated bending strains. Secondly, metallic
current collectors (such as stainless steel), despite their
outstanding electrical conductivity, have limited exibility and
poor fatigue resistance, making them susceptible to fracture
under dynamic stress, which severely limits the cycling stability
of the devices.

To tackle these challenges, in situ growth has been regarded
as an effective electrode preparation strategy. Wang et al.19 re-
ported a cable-like V2O5 structure in situ grown on carbon cloth
for constructing exible zinc-ion batteries, simultaneously
addressing the exibility issues of both the electrode material
and current collector. However, this method typically requires
the use of relatively thick carbon cloth as the substrate, signif-
icantly reducing the energy density of the electrodes and
hindering their further commercialization. Recently, various
novel exible conductive substrates, such as carbon paper20 and
graphene lms,21 have emerged, exhibiting outstanding
mechanical exibility. Nevertheless, the insufficient intrinsic
conductivity of these substrate materials limits the full utiliza-
tion of the electrochemical performance of the active electrode
materials, leaving a gap between current performance and
practical application requirements.
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In this work, we develop a free-standing exible membrane
electrode, VN@CNT, as a cathode material for ZHSCs, and its
local structure, electrochemical performance, and exibility
were comprehensively studied. s-XAS revealed increased elec-
tron occupation in the V eg orbital 3dx2−y2 state aer nitridation
from V2C@CNT to VN@CNT, leading to a reduction in the
valence state of V. This signicantly enhanced the metallicity
and electrical conductivity of VN@CNT, with the van der Pauw
method showing a nearly tenfold increase in conductivity to
2.48 × 104 S m−1 aer nitridation. Consequently, the VN@CNT
electrode exhibited a high specic capacitance of 252.09 F g−1

even at a high discharge rate of 120 C, retaining 80.17% of its
capacitance compared to that at 1.6 C. Notably, the f-ZHSC
assembled with VN@CNT demonstrated exceptional exi-
bility, maintaining stable discharge curves and capacitance at
various bending angles ranging from 0° to 180°. Remarkably,
the device demonstrated an enhancement in capacitance aer
being subjected to 1200 bending cycles, surpassing its initial
performance, showcasing its outstanding mechanical exibility
and long-term usability. This study highlights the importance of
innovative material design and thorough investigation of the
local structure of materials in achieving excellent electro-
chemical performance as well as exibility, thus paving the way
for the development of advanced exible electronic devices.
2 Experimental section
2.1 Synthesis of V2C MXene

V2AlC MAX with a particle size of 400 mesh was purchased from
Jilin 11 Technology Co., Ltd. V2C was obtained by etching V2AlC
with a mixture of HCl and LiF. Typically, 30 mL of HCl (98%)
and 2 g of LiF were mixed uniformly. This mixture was then
slowly added to the inner liner of a 50 mL reaction vessel con-
taining 0.5 g of V2AlC MAX. The vessel was placed on a rotary
heating plate inside a fume hood and the mixture was stirred at
a constant temperature of 70 °C for 7 days. Aer the reaction,
the mixture was allowed to settle and cool to room temperature
(care must be taken when handling uoride-containing acidic
solutions to ensure safety). The supernatant was removed and
30 mL of hydrochloric acid was added to remove any residual
LiF. Aer the reaction, the supernatant was again removed, and
the remaining liquid was subjected to centrifugation with water
or anhydrous ethanol at a speed of 8000 rpm per minute. This
process was repeated ve times or until the pH of the super-
natant reached 7. The powder obtained by centrifugation was
then placed in a freeze dryer with a −60 °C cold trap for 12
hours until fully dried, yielding V2C MXene.
2.2 Synthesis of d-V2C

Delaminated V2C (denoted as d-V2C) samples were obtained
following the synthesis process reported in our previous work.22

Briey, 6 mL of 25% TMAOH and 0.5 g of V2C MXene were
mixed evenly and stirred at 500 rpm for 8 hours. The reaction
product was then centrifuged at 8000 rpm for 5 minutes, which
was repeated twice to remove excess TMAOH. Subsequently, the
product was placed in an ultrasonic disruptor and sonicated for
J. Mater. Chem. A
30 minutes at a low temperature of 5 °C. Then, the resulting
solution was centrifuged at a speed of 3000 rpm for 10 minutes.
The supernatant was collected and frozen under liquid
nitrogen before being placed into a freeze-dryer for 4 days to
obtain d-V2C.

2.3 Synthesis of V2C@CNT, A-V2C@CNT, and VN@CNT
exible membranes

V2C@CNT and VN@CNT exible membranes were assembled
via a vacuum ltration process. Typically, 1 mg of single-walled
carbon nanotubes (SWCNT), 9 mg of d-V2C, and 20 mg of CTAB
(cetyltrimethylammonium bromide) were placed in an ultra-
sonic disruptor and sonicated for 40 minutes at a low temper-
ature of 5 °C. The mixture was then transferred to a vacuum
ltration apparatus to form the membrane. The membrane was
then washed with a total of 100 mL of deionized water in small
increments to remove residual CTAB. Aer that, the membrane
was washed with acetone to remove the water-based mixed ber
membrane used as a support, yielding the V2C@CNT
membrane. Finally, the obtained sample was placed in a tube
furnace and annealed under a 99.9% ammonia atmosphere at
600 °C for 2 hours, and then naturally cooled to room temper-
ature to obtain the VN@CNT membrane. Under the same
annealing temperature and duration as VN@CNT, annealing in
an argon atmosphere produces annealed V2C@CNT (denoted as
A-V2C@CNT).

2.4 Assembly and fabrication of coin-type ZHSCs and pouch-
type f-ZHSCs

To assemble the coin-type ZHSCs, the as-abstained VN@CNT
exible membrane was cut into circular discs with a diameter of
12 mm to function as the cathode. GF/C, with a diameter of 20
mm, was utilized as a separator. Zinc metal foil, also with
a diameter of 12 mm, was employed as the anode. These
components were layered and incorporated into a coin-cell
casing along with 100 mL of a 3 M Zn(CF3SO3)2 solution,
serving as the electrolyte. The aforementioned components
were assembled into a CR2032 button cell in the air.

For the construction of the pouch-type f-ZHSCs, layers con-
sisting of the VN@CNT membrane, GF/C separator, and zinc
foil were assembled in descending order and encapsulated
within a 9 cm × 8 cm pouch made of an aluminum–plastic
laminate. Nickel tabs, measuring 0.1 mm in thickness, 2 mm in
width, and 60mm in length, and coated with a sealing adhesive,
were affixed to both the VN@CNT composite and the zinc foil to
create external electrical leads. Before the nal sealing step, 600
mL of a 3 M Zn(CF3SO3)2 solution was introduced into the pouch
as the electrolyte. The packaging process was completed with
the aid of a vacuum sealing machine, which rst evacuated the
pouch for 30 seconds and then heat-sealed it at 130 °C for
another 30 seconds to create a vacuum environment, thereby
nalizing the creation of the f-ZHSC.

2.5 Electrochemical characterization

All electrochemical tests were conducted on a CHI760E,
a CHI660E electrochemical workstation, and a LAND CT2001A
This journal is © The Royal Society of Chemistry 2024
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battery tester. The mass of the active material was determined
from the total weight of the membrane aer nitridation. For
galvanostatic charge/discharge (GCD) testing methods, the
specic capacitance of the device was calculated according to
the following eqn (1):

Cm ¼ IDt

mDV
(1)

For CV testing methods, the specic capacitance of the
device was calculated according to eqn (2):

Cm ¼
Ð
IdV

DVm v
(2)

In the aforementioned formula, Cm represents specic capaci-
tance with the unit of F g−1, I is the current,m is the mass of the
membrane, Dt is the discharge time, and DV is the voltage
without IR drop.

Ð
IdV is the integral of the current (I) with

respect to voltage (V) over one complete cycle of the cyclic vol-
tammetry scan, representing the total charge transferred
between the voltage limits. v denotes the scan rate of the
voltage.

2.6 Material characterization

X-ray diffraction (XRD) patterns were recorded on a sample
horizontal high-power X-ray diffractometer (Rigaku TTRIII, Cu
Ka, l = 1.54178 Å). Scanning Electron Microscopy (SEM) char-
acterization was performed using a Field Emission Scanning
Electron Microscope (SEM at 2 kV, Zeiss Gemini360).
Fig. 1 Characterization of VN@CNT and V2C@CNT. (a) XRD patterns o
section of the VN@CNT flexible membrane, and the inset shows the VN@
VN@CNT flexible membrane and the inset shows a partially enlarged im

This journal is © The Royal Society of Chemistry 2024
Transmission Electron Microscopy (TEM) images, High-
Resolution TEM (HRTEM) images, and Energy-Dispersive X-
ray Spectroscopy (EDS) images were captured using a JEOL
JEM-2100 Plus instrument operating at 200 kV. Transport
measurements were performed using a PPMS setup (Quantum
Design DynaCool system). The Vander Pauw method was used
to measure electrical transport. V L-edge XANES measurements
were carried out at the beamlines BL11U, BL10B, MCD-A, and
MCD-B S at the National Synchrotron Radiation Laboratory
(NSRL). XAFS measurements were performed in transmission
mode at the beamline 1W1B of the Beijing Synchrotron Radia-
tion Facility (BSRF). In situ XRD patterns were obtained at the
beamline BL14B1 in the Shanghai Synchrotron Radiation
Facility (SSRF). The WinXAS program was used to analyze
XAFS data.23
3 Results and discussion

The VN@CNT exible electrode was obtained via a vacuum
ltration process, followed by a nitridation strategy. The
detailed preparation process is described in the Experimental
section. The X-ray diffraction (XRD) patterns of the achieved
product, as shown in Fig. 1a, indicate the presence of only the
(002) peak in V2C@CNT, conrming the successful removal of
the Al component aer etching and delamination.22,24,25 More-
over, the forward shi of the (002) peak aer delamination
suggests an increase in the interlayer distance,22 and the XRD
before delamination is provided in Fig. S1 in the ESI.† Upon
f VN@CNT and V2C@CNT, respectively. (b) SEM images of the cross-
CNT membrane electrode (c). SEM images of the vertical view of the

age. (d) HRTEM image of VN@CNT.

J. Mater. Chem. A
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nitridation, the characteristic (002) peak vanishes, and new
diffraction peaks emerge corresponding to the (111) and (200)
planes, characteristic of cubic VN.26 This transformation is
indicative of a phase transition from the layered delaminated
V2C to the cubic crystal structure of VN. It is noteworthy that the
cross-sectional view from Fig. 1b reveals a tightly stacked
VN@CNT membrane, with VN and CNT uniformly dispersed,
forming a cross-stacked structure. This uniformity is also
conrmed by the EDS mapping in Fig. S2,† particularly for V
and N, which exhibit a highly uniform distribution throughout
the entire membrane. Furthermore, the top view of the
VN@CNT membrane in Fig. 1c and its corresponding high-
magnication image displays a tight interconnection between
VN and the carbon nanotube network. This unique architecture
not only provides excellent exibility but also establishes an
effective conductive network, enhancing the accessibility of the
VN layers to electrolytic ions, thereby promoting superior
energy storage performance. As indicated by the TEM image in
Fig. S3,† the anchoring of VN nanoparticles on CNTs remains
robust even aer ultrasonication to create a suspension. The VN
particles exhibit an extremely small particle size, around 10 nm,
which is signicantly different from bulk commercial vanadium
nitride (denoted as C-VN), as depicted in the SEM image shown
in Fig. S4.† The HRTEM image of VN@CNT reveals two distinct
lattice spacings of 0.207 nm and 0.238 nm (Fig. 1d), which
correspond to the (111) and (200) planes of cubic VN,27 respec-
tively, conrming the results obtained from XRD analyses.
Fig. 2 X-ray spectroscopy characterization of the electronic structure o
VN@CNT, V2C@CNT and c-VN. (b) High-resolution V 2p XPS spectra of V
V2C@CNT and V foil, and (d) Fourier-transformed V K-edge EXAFS spec

J. Mater. Chem. A
To investigate the electronic structure of VN@CNT, tech-
niques such as s-XAS, X-ray photoelectron spectroscopy (XPS),
and X-ray absorption ne structure (XAFS) were employed. As
illustrated in Fig. 2a, the reduction of vanadium was evidenced
from the perspective of electronic transition. Within the pre-
edge region, the peak located at 517.8 eV in C-VN corresponds
to the V 3dxy state, which is the lowest unoccupied state in the V
t2g orbitals.28,29 The peak positioned at 519.6 eV in V2C@CNT
exhibits the unoccupied characteristics of the 3dx2−y2 state in
the V eg orbitals.29–31. In VN@CNT, the peak at 517.8 eV disap-
pears, indicating electron occupancy in the 3dxy state. Similarly,
the peak at 519.6 eV also disappears with an increase in the
width and a decrease in resonance aer nitridation, indicating
electron occupation in the 3dx2−y2 state.32 The occupation of
electrons in both V t2g and eg orbitals suggests that VN
undergoes a reduction to a lower valence state upon composite
formation and nitridation,28 which is benecial to electron
transfer.33 Comparing V2C@CNT with VN@CNT, the peaks at
the L2 and L3-edges both shi towards lower energies aer
nitridation, conrming the reduction of V and the decrease in
its valence state.22,24,34 The signicant reduction in the area
under the L2 and L3-edge peaks also corroborates the increased
metallic nature of VN@CNT.35,36 These changes indicate an
enhancement in metallic character, which usually leads to
improved electrical conductivity. The conductivities of
VN@CNT and V2C@CNT were further determined by the Van-
der Pauw method, as shown in Table S1 and Fig. S5,† where the
f VN@CNT and V2C@CNT. (a) V L-edge and O K-edge s-XAS spectra of
N@CNT. (c) Normalized XANES spectra of the V K-edge for VN@CNT,
tra of VN@CNT, V2C@CNT, and V foil × 0.6.

This journal is © The Royal Society of Chemistry 2024
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conductivity increased from 2.20 × 103 S m−1 to 2.48 × 104 S
m−1 aer nitridation. This over tenfold increase in conductivity
signicantly accelerates the electron transfer capability of
VN@CNT, which is benecial for accelerating the charge
transfer rate inside the electrode, thereby improving the elec-
trode's rate performance.37–39 The I–V curve of the membrane is
presented in Fig. S6,† revealing the ohmic contact behavior and
outstanding electrical conductivity of the material. At the O K-
edge, the attenuation of the t2g and eg intensities is related to
the occupation of the 3d orbitals by electrons and the distortion
of the structure.40 Aer nitridation, the peak at 545.0 eV shis to
546.0 eV, which is associated with the distortion of the V–O
bond structure.41

The formation of V–N bonds and the overall reduction in the
valence state were further characterized by XPS. For V2C@CNT,
a pair of peaks located at 516.10 and 523.25 eV correspond to
V4+ (Fig. S7†),28 while another pair at 517.35 and 524.55 eV
corresponds to V5+.22 In the case of VN@CNT, two peaks at
513.85 and 521.5 eV correspond to V–N (Fig. 2b). The remaining
two pairs of peaks located at 515.13 and 522.45 and at 517.2 and
524.6 eV are associated with V–N–O and V–O, respectively.26 By
deconvoluting the N 1s spectrum, three chemical states of
nitrogen species can be identied in VN@CNT. The corre-
sponding subpeaks shown in Fig. S8† are located at 397.25,
398.95, and 401.25 eV, which can be attributed to the metal–
nitride bond (V–N), pyrrolic nitrogen, and graphitic nitrogen,
respectively.42 Aer nitridation, there is a substantial shi of the
binding energies towards lower values, indicating that vana-
dium gains electrons and the overall valence state of vanadium
Fig. 3 Electrochemical performance of the VN@CNT cathode for ZHSCs
the densities of 0.2 to 10 A g−1. (c) Rate capability at different current dens
GCD curves of 5–10 cycles and 1995–2000 cycles. (e) The Ragone
comparing this work with other ZHSC studies.

This journal is © The Royal Society of Chemistry 2024
is reduced aer nitridation.29 This observation is consistent
with the results obtained from s-XAS.

The analysis of the V K-edge XANES spectra is shown in
Fig. 2c. Due to the sensitivity of the pre-edge peak to the local
coordination environment of the absorbing atom and the
density of d-state electrons, it can be used to evaluate changes in
the local symmetry of the V atoms.43 Compared to V2C@CNT,
the V atoms in VN@CNT exhibit higher local symmetry due to
the structural symmetry brought about by the cubic phase
crystal structure of VN.22 The edge energy of VN@CNT shis to
a lower position compared to V2C@CNT, indicating that V is
reduced and its valence state is lowered aer nitridation, which
is consistent with the previous characterization. The Fourier-
transformed Extended X-ray Absorption Fine Structure
(EXAFS) spectra in R-space of the V K-edge for V2C@CNT, as
shown in Fig. 2d, display a lower peak intensity corresponding
to the V–V bond, suggesting that delaminated V2C MXene is
close to isolated monolayers aer delamination with only in-
plane V–V bonding. However, aer nitridation, the intensity
of the V–V bond signicantly increases due to the trans-
formation of monolayer V2C into cubic phase VN, where the
structure recombines and V–V bonds are established.

To investigate the electrochemical performance of the
VN@CNTmembrane electrode and its application in ZHSCs, we
fabricated VN@CNT//Zn ZHSCs using zinc foil as the counter
electrode and 3 M Zn(CF3SO3)2 aqueous solution as the
electrolyte.

As illustrated in Fig. 3a, the cyclic voltammetry (CV) curves of
the Zn//VN@CNT supercapacitors were recorded at different
. (a) CV curves at the scan rates of 0.2 to 100 mV s−1. (b) GCD curves at
ities. (d) Cycling stability of VN@CNT at 5 A g−1 and the inset shows the
plots of ZHSCs assembled with the VN@CNT membrane electrode,

J. Mater. Chem. A
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scan rates ranging from 0.2 to 100 mV s−1, within a voltage
window from 0.01 V to 1.40 V. The CV curves exhibit a quasi-
rectangular shape with distinct redox peaks, indicating that
the CV response of the device encompasses both double-layer
capacitance behavior and battery-like reactions.44–46 As the
scan rate increased up to 100 mV s−1, the shape of the CV curves
remained essentially unchanged, demonstrating excellent
reaction kinetics and energy storage capability of the VN@CNT
electrode during charge–discharge processes.47 Additionally,
the two pairs of redox peaks located at approximately 0.844/
0.358 V and 1.215/0.861 V could correspond to the continuous
desorption and adsorption of Zn2+ ions.48 Within the same
voltage window, the GCD curves of the VN@CNT//Zn ZHSC were
recorded at different current densities ranging from 0.5 A g−1 to
10 A g−1 (Fig. 3b), exhibiting typical near-isosceles triangular
shapes, indicative of high reversibility during the charge–
discharge processes. The specic capacitance calculated from
the GCD discharge curves at various current densities is illus-
trated in Fig. 3c. At a current density of 0.5 A g−1, a specic
capacitance of 314.44 F g−1 is exhibited. Due to the high
conductivity, even when the current density is increased by 20
times to 10 A g−1 (120 C), a capacitance of 243.542 F g−1 is still
maintained, retaining 80.17% of the capacitance compared to
that at 0.5 A g−1. Remarkably, when the current is restored from
10 A g−1 to 0.5 A g−1, the capacitance can rebound to 318.89 F
g−1. To further evaluate the rate capability of the material, GCD
tests were conducted over a wider range of current densities.
Fig. S9† shows that even at 15 and 20 A g−1, the material still
maintains a considerable capacity retention rate, demon-
strating its exceptional rate performance, which is associated
with the rise of conductivity aer nitridation,37 catering to the
rapid charge–discharge needs and varying power requirements
encountered in the daily use of exible devices. Furthermore,
due to the high usage frequency of exible wearable devices,
cycling stability is also a crucial performance metric in exible
electronics.49 The cycling performance of the ZHSC is demon-
strated in Fig. 3d. During the initial cycles, the specic capaci-
tance exhibited a certain degree of increase, which can be
attributed to the activation process of the material.50–52 It is
noteworthy that even aer 2000 cycles at a current density of
5 A g−1, the ZHSC maintained 94.39% of its initial capacitance.
Notably, as shown in the inset in Fig. 3d, there is only a slight
change between the rst and the last ve GCD curves at
a current density of 5 A g−1, evidencing excellent cycling
stability. To evaluate the stability of the material during the
cycling process, we performed SEM and TEM characterization
on the electrode aer 500 cycles to observe the morphological
evolution and microscopic surface behavior of VN@CNT. As
shown in Fig. S10a,† it can be clearly observed that even aer
undergoing 500 charge–discharge cycles, the membrane main-
tains a tightly connected state without any signs of particle
aggregation or cracks. Further TEM and HRTEM analyses in
Fig. S10b and c† reveal that the VN nanoparticles remain rmly
anchored on the CNTs. These results conrm the exceptional
stability and structural integrity of the VN@CNT composite
material during long-term cycling. Comparative evaluation
through GCD and CV tests showed that the V2C@CNT and C-VN
J. Mater. Chem. A
based ZHSCs underperformed relative to the VN@CNT-based
ones, a nding that underscores the signicant performance
enhancements associated with higher electrical conductivity,
with detailed results presented in Fig. S12 and 13.† To investi-
gate the inuence of the high-temperature annealing step
during the material synthesis process on its performance, A-
V2C@CNT was synthesized to demonstrate the positive impact
of nitridation. Fig S14† clearly shows that A-V2C@CNT, which
underwent high-temperature annealing treatment in an argon
atmosphere, exhibits signicantly inferior electrochemical
performance compared to VN@CNT, which was subjected to
nitridation treatment. This further conrms the remarkable
improvement in the electrochemical properties of the material
brought about by the nitridation process. As represented in the
Ragone plots in Fig. 3e, the power density and energy density
calculated from the GCD curves of VN@CNT were compared
with those reported for other cathode materials (Ti3C2 lm//
Zn,44 MXene-rGO//Zn,53 GH lm//Zn,54 and PDA-MXene//Zn55),
demonstrating the superior zinc-ion storage performance of
VN@CNT. At a power density of 357.80 W kg−1, the device
exhibits an energy density of 84.38 W h kg−1, and when the
power density is increased by nearly 22 times to 8118.06 W kg−1,
the device still retains 78.83% of the energy density at 66.52 W h
kg−1, which indicates that the device is capable of delivering
high power output and long-term usage while also having
advantages in terms of size and weight.

To further investigate the energy storage mechanism behind
the exceptional electrochemical performance of VN@CNT,
additional studies are presented in Fig. 4. Fig. 4a illustrates the
adsorption–desorption process of Zn2+ on the surface of the
VN@CNT membrane electrode during the charge–discharge
cycles, while Fig. 4b displays the in situ XRD patterns of the
VN@CNT membrane electrode during the charge–discharge
cycles, characterized by synchrotron radiation based in situ
XRD. Throughout the entire charge–discharge process, the
positions of the diffraction peaks corresponding to the (111)
and (200) planes of VN remained unchanged, indicating that
Zn2+ did not intercalate into the VN crystal lattice during the
discharge process, suggesting that the energy storage mecha-
nism for Zn2+ is based on surface adsorption–desorption. Aer
one complete charge–discharge cycle, the characteristic peaks
stayed at their original positions, and no change in the crystal
structure was observed, indicating that the VN@CNT electrode
possesses good cycling performance as an electrode material.56

As the interest and research in exible wearable electronics
continue to grow, exible devices that combine electrochemical
and bending performance have become an important research
direction in the eld of energy storage.57,58 In line with this trend,
we have fabricated an f-ZHSC device with so Zn foil, a separator,
a VN@CNT membrane electrode, and an electrolyte. The sche-
matic diagram of the device assembly is shown in Fig. 5a, and the
specic fabrication process is detailed in the Experimental
section. Electrochemical performance tests based on exibility
have been further provided. For exible and wearable electronic
devices that frequently encounter bending in daily use, their
electrochemical performance under various bending states is
particularly critical. GCD tests were conducted on the f-ZHSC in
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Schematic illustration of the discharge and charge process of the VN@CNTmembrane electrode. (b) In situ synchrotron radiation XRD
patterns of the VN@CNT membrane electrode during the first discharge/charge cycle.
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a at state and at bending angles of 30°, 60°, 90°, and 180° under
a current density of 0.5 A g−1, with the results shown in Fig. 5b. It
can be observed that the discharge curves and capacitance values
Fig. 5 Flexibility of the ZHSC device. (a) Schematic illustration of the
materials. (b) GCD curves at a current density of 0.5 A g−1 of the flexible
respectively. (c) The CV curves after different bending times, from 0–120
measured after undergoing a range of bending times, from 0–1200 tim

This journal is © The Royal Society of Chemistry 2024
remain consistent whether the device is at or bent at various
angles. This demonstrates the excellent exibility of the device
and highlights the potential application of VN@CNT membrane
flexible ZHSC device based on flexible VN@CNT membrane cathode
device in a flat state and at bending angles of 30°, 60°, 90°, and 180°,
0 times. (d) The capacitance delivered by the flexible ZHSC device was
es.
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electrodes in exible wearable electronics.59 The retention of
electrochemical performance aer multiple bending cycles is
crucial for the sustainable usability of exible wearable devices,
and thus the capacity retention rate post-bending has become
a key indicator of the exibility performance of such devices. We
have conducted over a thousand bending tests on the device.
Manual bending introduces more variability than mechanical
bending and thereforemore closely simulates real-life usage; this
includes both lateral and longitudinal bending, with a specic
bending process available in ESI 2.† As shown in Fig. 5c, there are
no signicant changes in the CV curves corresponding to 0–1200
bending times, indicating the device's tolerance to bending.
Fig. 5d presents the specic capacitance corresponding to 0–
1200 bending times, as calculated from the CV curves. Aer 100
bending cycles, there is a slight decrease in capacitance, which
may be attributed to the device adjusting to the changes induced
by bending. However, the specic capacitance fully recovers in
the subsequent bends, and the uctuations in capacitance aer
every 100 bends are minimal, suggesting that the material can
fully withstand the number of bends encountered in daily use.
Remarkably, aer 1200 bends, the capacitance shows no degra-
dation, demonstrating excellent mechanical exibility and
signicant potential for practical applications.

4 Conclusions

In summary, this study has successfully fabricated a VN@CNT
exible electrode through a vacuum ltration and high-
temperature nitridation strategy. s-XAS revealed that the 3d
state of V eg orbitals becomes occupied by electrons aer the
transition from V2C@CNT to VN@CNT, leading to a reduction
in valence states and an enhancement in metallicity. The elec-
trical conductivity measured by the van der Pauwmethod shows
an almost tenfold increase aer nitridation, signicantly
improving the rate performance of the VN@CNT membrane as
a cathode material for ZHSCs. At a high current density of
10 A g−1, the device still maintains a high specic capacitance of
252.09 F g−1, retaining 80.17% of its capacitance compared to
that at 0.5 A g−1. Aer 2000 charge–discharge cycles, it main-
tains 94.39% of its capacitance, demonstrating considerable
cycling stability. The ZHSCs based on VN@CNT not only
possess high power and energy densities but also exhibit
excellent exibility and bending resistance. The GCD curves and
capacitance show no signicant changes under multiple
bending angles from 0 to 180°. Furthermore, even aer 1200
repeated bending cycles, the capacity shows no degradation.
The excellent electrochemical and exible properties of the
VN@CNT membrane electrodes prepared are veried in this
study. Therefore, this research can not only guide the structural
design of exible electrode materials but also provide insights
into the further development of exible electronic devices.
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