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This study presents a free-standing vanadium nitride/carbon fiber
cathode with oxygen defects and vertically aligned porous nanosheets,
which synergistically enhance the kinetics of bulk and surface diftu-
sion, enabling excellent rate capability. The assembled flexible zinc-ion
battery maintains stable performance under bending, showing great
potential for wearable devices.
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ABSTRACT

Flexible aqueous zinc-ion batteries (AZIBs) are promising candidates for wearable devices owing to their high safety and
low cost. However, their progress is plagued by their sluggish ion-transport kinetics, which leads to inferior rate capability.
Herein, a vanadium nitride/carbon fiber (VN/CF) cathode was structurally engineered to incorporate oxygen defects and a
vertically aligned, porous, nanosheet architecture to overcome these issues. This structure was realized via the initial
growth of vertically aligned V,05 nanosheet templates on gas-spun carbon fibers, followed by high-temperature NH; treat-
ment. The oxygen defects accelerate the kinetics of bulk diffusion within VN, while the vertically aligned VN nanosheet
array possesses lower charge-transfer resistance, enhancing the kinetics of surface diffusion. These features synergisti-
cally improve the overall Zn* transport, affording high-rate performance. Consequently, the free-standing VN/CF cathode
exhibits exceptional rate performance, delivering a capacity of 263.4 mAh g-' even at a high current density of 10 A g'.
When assembled into flexible AZIBs, the device exhibits a high-rate capability of 249.7 mAh g at 10 A g and stable
performance even under various bending deformations, demonstrating significant potential for next-generation wearable

devices.
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1 Introduction

Flexible energy-storage devices have promising applica-
tions in wearable electronics, health monitoring, medical
applications, etc.!'”.. To meet the demands of flexible elec-
tronics, the energy-storage devices must possess high
energy/power density and excellent flexibility, while being
durable and safel*'. Compared with lithium-ion and
sodium-ion batteries that rely on flammable organic elec-
trolytes, aqueous batteries utilize aqueous electrolytes with
high ionic conductivity, ensuring high safety and stable
operation under mechanical deformation'”!. Among
them, aqueous zinc-ion batteries (AZIBs) have garnered
increasing interest owing to their inherent safety, rela-
tively low redox potential (—0.76 V vs. standard hydrogen
electrode), low toxicity, and minimal environmental
impact, as well as the abundance of zinc resources and
high theoretical specific capacity of the zinc anode
(820 mAh g')#-. Cathode materials are a critical factor
limiting the performance and practical application of

AZIBs®'-*. Among various candidates, transition-metal
nitrides possess a metal-like, continuous energy-band
structure, which results from their conduction bands,
formed by the hybridization of metal d-orbitals and nitro-
gen 2p-orbitals, yielding a broad energy-band®+*".. Conse-
quently, these materials demonstrate superior electrical
conductivity, — which facilitates efficient  charge
transport*, Within the category of transition-metal
nitrides, vanadium nitride (VN) is a highly promising
cathode material for AZIBs owing to its high theoretical
specific capacity (825 mAh g) and outstanding electrical
conductivity (10*~10° S m~!)!-#,

However, the dense face-centered cubic structure of VN
inherently limits Zn* diffusion**), leading to poor rate
capability. To address these limitations, strategies such as
nanoengineering, defect engineering, and the design of
composite structures have been widely explored—.
Nanoengineering can effectively shorten the ion-diffusion
pathways and increase the number of electrochemically
active sites, thereby improving charge transport. Conse-
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quently, diverse VN nanostructures such as nanorods,
nanosheets, and quantum dots have been synthesized for
achieving enhanced electrochemical performancel®".
Recent studies have also highlighted the role of defect
engineering in facilitating ion transport. Introducing
defects into the VN lattice creates additional pathways for
ion diffusion, which accelerates Zn** transport. Accord-
ingly, researchers have developed oxygen-defect-rich
VN6l npitrogen-vacancy-rich  VN®., and Al-doped
VN, Moreover, rational structural design by hybridizing
VN with conductive materials is effective for improving
the electronic conductivity. Representative composite
architectures have been constructed using carbon
nanofibers®¢, carbon matrices**), rGO"7I, carbon
nanotubes (CNTs)", and MXene”. Despite these
advances, fundamental challenges persist, particularly
regarding the high intrinsic charge-transfer resistance of
VN. Additionally, the conventional powder morphology of
VN lacks mechanical flexibility, and traditional slurry-cast
electrodes suffer from delamination of the active material
under mechanical stress, limiting their applicability in flex-
ible energy-storage devices.

Herein, to address these challenges, we design a free-
standing VN/carbon fiber (VN/CF) with oxygen defects
and a vertically aligned, porous nanosheet architecture.
The structure was created by first growing vertically
aligned V,0; nanosheets on gas-spun carbon fibers,
followed by high-temperature NH, treatment. The carbon
fiber network provides a continuous conductive frame-
work and mechanical flexibility. Oxygen defects engi-
neered in VN provide additional diffusion channels and
active sites for Zn*, enhancing the kinetics of bulk diffu-
sion. The charge-transfer resistance at the surface of the
vertically aligned VN nanosheet arrays is relatively low
and the structure facilitates rapid ion transport, thereby
enhancing the kinetics of surface diffusion. These syner-
gistic structural features promote Zn** transport and
enable outstanding rate capability. Consequently, the
VN/CF cathode demonstrates superior rate performance,
achieving a remarkable specific capacity of 263.4 mAh g
at 10 A g'. Moreover, the pouch cell assembled with
the VN/CF cathode exhibits a high-rate capability of
249.7 mAh g' at 10 A g' and maintains stable perfor-
mance under bending, demonstrating its potential for flex-
ible energy-storage applications.

2 Materials and methods

2.1 Chemicals

The chemicals used in the experiments and their sources
are as follows: polyacrylonitrile (PAN; AR, Aladdin), N,N-
dimethylformamide (DMF; AR, Adamas), vanadium
triisopropoxy oxide (VOT; 97%, Shanghai Macklin
Biochemical Co., Ltd.), hexadecyl trimethyl ammonium
bromide (CTAB; 99%, Sinopharm Chemical Reagent Co.,
Ltd.), and isopropyl alcohol (C,;H3O; AR, Sinopharm
Chemical Reagent Co., Ltd.).

2.2 Fabrication of PAN-CF

A precursor solution was prepared by dissolving 0.75 g
PAN in 5 mL DMF, followed by heating for 6 h at 45°C in
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a water-bath with stirring to achieve a transparent viscous
solution, which was subsequently degassed via ultrasonica-
tion. The carbon fiber membrane was fabricated through
gas-spinning using 3 mL of this solution loaded into a
syringe equipped with a 30 G needle. A permeable, white,
non-woven fabric was positioned 15 cm away as the collec-
tor. The syringe propulsion rate was 1.5 mL min™ and the
flow rate of the power gas was 15-30 L min™'. Post-spin-
ning, the solvent in the membrane was removed by drying
for 6 h at 80°C, followed by preoxidation by ramping the
temperature to 260°C at 2°C min™', with a 2 h isothermal
hold. Subsequent carbonization at 700°C under 200 sccm
Ar flow for 2 h yielded the PAN-CF flexible substrate for
hydrothermal growth.

2.3 Preparation of VN/CF-T

A precursor solution was prepared by dissolving 400 mg
VOT and 600 mg CTAB in 70 mL isopropanol and stir-
ring for 30 min. The mixture was then transferred to a
100 mL polytetrafluoroethylene (PTFE) liner containing a
3 cm % 4 cm PAN-CF membrane for hydrothermal treat-
ment in the sealed vessel by ramping the temperature to
180°C at 3°C min?, followed by isothermal reaction for
12 h and cooling in the furnace. The resulting membrane
was washed with ethanol multiple times then vacuum
dried at 60°C for 12 h to yield Product 1. Annealing Prod-
uct 1 at 300°C under ambient atmosphere for 1 h
produced Product 2, characterized by a uniform, yellow
surface coating. Subsequent activation by nitridation in
a tube-furnace under NH;:Ar = 3:1 atmosphere by
heating to 600°C at 5°C min™ with a 2 h dwell time yielded
VN/CF-600. For comparison, samples VN/CF-500 and
VN/CF-700 were identically processed at 500°C and
700°C, respectively.

2.4 Material characterization

The morphology of the samples was examined using scan-
ning electron microscopy (SEM; HITACH S4800) and
transmission electron microscopy (TEM; Tecnai G20,
200 kV). The phase and phase-change of the cathodes were
examined using an X-ray diffractometer (XRD; Bruker D8-
Advance) with Cu Ka radiation (A = 1.5406 A). Raman
spectra were acquired using a Raman microscope
(LabRAM HR, 532 nm). The chemical composition and
valence states of the elements were determined using X-
ray spectroscopy (XPS; PHI5300). The absorption and
desorption curves and specific surface areas of the
prepared samples were determined from the nitrogen
adsorption data acquired with a Quantachrome Instru-
ments apparatus (Boynton Beach, USA) using the
Brunauer-Emmett-Teller (BET) method. The pore-size
distribution was calculated using the density functional
theory method.

2.5 Electrochemical measurements

The electrochemical performance of the prepared cath-
odes was evaluated in CR2032-type coin and pouch cells.
All cells were assembled under ambient atmosphere using
a 2 mol/L aqueous Zn(CF;SO;), solution as the electrolyte,
one layer of glass fiber membrane (Whatman GF/D) as the
separator, and Zn foil with a thickness of 50 pm as the
anode. Cyclic voltammetry (CV) and electrochemical
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impedance spectroscopy (EIS) measurements were
conducted using a Biologic VSP-300 device. The voltage
windows of the prepared cathodes spanned 0.01-1.5 V (vs.
Zn/Zn*). EIS data were recorded over the frequency range
of 100 mHz to 100 kHz. Galvanostatic intermittent titra-
tion (GITT) was performed to determine the diffusion
coefficient of Zn** using a battery testing system (LANHE,
CT3002A). For fabrication of the pouch cells, VGS-811
with a diameter of 4 cm and Zn foil were packaged with
Al-plastic film. The galvanostatic charge-discharge (GCD)
tests were conducted on a LANHE CT3002A instrument
over the voltage window of 0.01-1.5 V. All electrochemi-
cal measurements were performed in full-cell configura-
tions with Zn metal as the anode and the active material as
the cathode. The values shown in the CV and GCD curves
correspond to the measured potential difference between
the two electrodes.

3 Results and discussion

Figure la schematically illustrates the fabrication of the
free-standing VN/CF-T. The resulting VN/CF-600
features abundant oxygen defects, vertically aligned

Carbonization

porous nanosheets, and deliberately tuned low crys-
tallinity. To realize this unique structure, we developed a
controllable synthesis strategy in which vertically aligned
V,0; nanosheet templates are grown on gas-spun carbon
fibers, followed by high-temperature NH; treatment. This
approach achieves multiple objectives: (1) V,0; serves as
both the vanadium source and the source of the oxygen
dopant in VN; (2) the vertically aligned V,0; nanosheets
serve as a template that induces the formation of orienta-
tion-consistent VN nanosheets; (3) gas release and lattice
reconstruction during the high-temperature reduction
create pores within the VN nanosheets; and (4) tempera-
ture-controlled reduction moderates low crystallinity.
Initially, a carbon fiber membrane substrate (PAN-CF)
was fabricated via gas-spinning coupled with high-temper-
ature carbonization. SEM imaging reveals fibers with
diameters ranging from several hundred nanometers to
2 um (Figs. Sla-Slc in Supplementary Material). Subse-
quently, V;0,,-6H,0 nanosheets were vertically grown on
PAN-CF through hydrothermal synthesis (Fig. S1d-Slf,
and S4 in Supplementary Material). TEM analysis indi-
cated thicknesses of approximately several tens of
nanometers (Fig. le). The sample was annealed at 300°C

/

a l
X Hydrothermal

Annealing

::ﬁ»", NH, treatmen't

B

VN/CF-T (T = 500/600/700°C)

500~700°C

0. 21 nm
‘VN (200)

Figure 1 Synthesis and characterization of prepared cathodes. (a) Schematic of VN/CE-T synthesis. SEM images of VN/CF-500 (b),
VN/CF-600 (c), and VN/CF-700 (d). (¢) TEM images of the product after hydrothermal synthesis. TEM (f), high-resolution TEM
(HRTEM) (g), and selected area electron diffraction (SAED) (h) images of VN/CF-600.
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under ambient atmosphere for 1 h to yield V,0,/CF (Fig.
S4 in Supplementary Material). As shown in Figs. S1g-S1i
in Supplementary Material, V,05 retained the nanosheet
morphology and dimensions, whereas nanopores emerged
within the V,05 nanosheet. This porosity is attributed to
volumetric shrinkage caused by the loss of water-of-crys-
tallization during annealing. Subsequently, V,05/CF was
treated with NH; at 600°C to generate a vertically aligned,
porous VN nanosheet array on CF (VN/CF-600), as shown
in Figs. 1a, 2a, and Fig. S2 in Supplementary Material. The
TEM image of VN/CF-600 reveals stacked VN nanoparti-
cles with diameters of approximately 10 nm and numer-
ous interparticle pores (Fig. 1f). HRTEM shows lattice
fringes with interplanar spacings of 0.24 and 0.21 nm,
corresponding to the (111) and (200) planes of VN,
respectively (Fig. 1g). The SAED pattern shows four
diffraction rings matching the (111), (200), (220), and
(311) planes of VN (Fig. 1h). Energy-dispersive spec-
troscopy analysis of VN/CF-600 confirms the presence of
V and N (Fig. S3 in Supplementary Material).

The control VN/CF-500 and VN/CF-700 samples were
prepared by treating V,0;/CF with NH; at 500°C and
700°C. VN/CF-500 is structurally similar to VN/CF-600,
with vertically aligned, porous VN nanosheet arrays on the
carbon fiber substrate (Fig. 1b, Figs. S2a and S2b in
Supplementary Material). In the case of VN/CF-700,
partial destruction of the vertical nanosheets and their
agglomeration into larger particles on the carbon fibers are
observed (Fig. 1d, Figs. S2e and S2f in Supplementary
Material). This is caused by volumetric contraction during
transition of the crystal structure at higher temperatures”.

XRD analysis of the full-width-at-half-maximum
(FWHM) of the (002) peak demonstrates values of 0.96°,
0.68°, and 0.26° at 500°C, 600°C, and 700°C, respectively
(Fig. 2a). Analysis using the Scherrer equation indicates an
increase in the grain size and crystallinity of VN at higher
temperatures. The specific surface areas of VN/CF-500,
VN/CF-600, and VN/CF-700 are 253, 294, and 41 m? g,
respectively (Fig. 2b and Fig. S5 in Supplementary Mate-

rial). Increasing the temperature from 500°C to 600°C
enhances both the specific surface area and pore volume.
This improvement correlates with the reduced particle size
of VN observed by SEM, which provides more surfaces
and multiscale porosity. At 700°C, the surface area
decreased sharply owing to loss of the micropores and a
slight increase in the number of mesopores, caused by
grain coarsening of VN, sheet-like aggregation, and struc-
tural degradation of the vertically aligned nanosheets.

Raman analysis (Fig. 2c) shows characteristic VN peaks
at 139, 277, 403, and 989 cm .. The intensity of the peaks
was lowest for VN/CF-600, indicating substantial lattice
defects?. Complementary EPR characterization of
V,05/CF and VN/CF-T (Fig. 2d) revealed centrosymmet-
ric intensity curves at g = 2.003, confirming the presence of
oxygen defects in all materials®”. The XRD results
confirm that VN/CF-T contains only the VN phase, with
no detectable V,05 or other oxides (Fig. 2a). This indi-
cates that oxygen mainly exists in the form of a dopant
within the VN lattice rather than as oxygen vacancies. The
symmetrical EPR signal at g = 2.003 for VN/CF-T is
attributed to lattice distortion and nitrogen vacancies
induced by oxygen doping!>*. For the V,05/CF sample,
the EPR signal arises from oxygen vacancies present in
V,0s. The oxygen defects are generated in VN through the
removal of crystallization water and the V,0;-to-VN phase
transformation during high-temperature annealing under
NH; atmosphere. Quantitative analysis indicates that
VN/CF-600 displays marginally higher EPR peak intensity
than VN/CF-500, corresponding to a slightly higher
concentration of oxygen defects; VN/CF-700 had the
lowest defect content. This trend primarily stems from the
accelerated diffusion of reactive nitrogen derived from
NH; decomposition and its sufficient reaction with vana-
dium at elevated temperatures, which suppresses the
formation of oxygen defects.

XPS analysis indicates differences in the elemental
composition and chemical environment of VN/CE-T
versus V,0s/CF across temperatures. Figure S6a in Supple-

a b ~ c
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Figure 2 XRD patterns (a), N, adsorption/desorption curve (b), Raman spectra (c), electron paramagnetic resonance (EPR) spectra
(d), N 1s (e) and V 2p (f) high-resolution XPS profiles of V,05/CF and VN/CEF-T.
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mentary Material confirms the presence of C, N, O, and V
across all samples, where C is derived from the PAN-CF
substrate and the trace N in V,0s/CF similarly originates
from PAN. Oxygen in VN/CF-T is derived from both
surface oxidation of VN and residual O from incomplete
NH; reduction of V,0,". The high-resolution spectra
(Figs. S6b and S6¢ in Supplementary Material) demon-
strate a decrease in the O content with increasing reduc-
tion temperature. The N 1s XPS profile (Fig. 2e) reveals
intensified N-V bonding post NH; treatment. The V 2p
XPS profile is shown in Fig. 2f. From the V 2p spectrum,
V#-0 (5159 eV, 523.5 eV) and V*-O (517.4 eV, 524.9 eV)
are identified in V,05/CF“), where the V*-O signals indi-
cate incomplete oxidation during annealing, generating
oxygen vacancies. The V 2p XPS profiles of the VN/CF-T
samples were deconvoluted into three contributions: V-N
(513.9 eV, 521.4 eV), V-N-O (515.6 €V, 523.2 eV), and
V-0 (517.1 €V, 524.6 eV)'il.

Coin-type ZIBs were assembled using 2 mol/L
Zn(CF;S0;), electrolyte and the prepared cathodes with
mass loadings of 1.2-1.5 mg cm. The batteries were tested
within the potential window of 0.01-1.5 V (vs. Zn*/Zn).
Figure 3a reveals minimal peak currents during the first
scan, correlating with a lower specific discharge capacity in
the initial GCD cycle (Fig. 3b) and diminished charge
capacity at 1.25 V. These observations collectively indicate
sluggish electrochemical kinetics, insufficient active sites,
and inferior zinc-ion storage. A distinct redox peak
appears at 1.25-1.5 V in the first forward scan, which

corresponds to the extended charging plateau above 1.25 V.
The long tails observed at 1.5 V in the CV curves may be
associated with the occurrence of side-reactions, activa-
tion of internal ion-diffusion channels, and an increase in
the number of electrochemical reaction sites® 2. After
activation, the subsequent CV curves of VN/CF-600
display two prominent redox peak pairs at 1.04/0.91 V and
0.70/0.52 V. These align with the charge-discharge
plateaus in the subsequent cycles, confirming a two-step
reaction pathway®. Analysis of the rate performance
reveals that PAN-CF exhibits limited specific capacity only
below 0.2 A g, while PAN-CF-NH; demonstrates a
capacity retention up to 2 A g (Fig. S8 in Supplementary
Material). In both capacitive cathodes, the capacity is
derived primarily from the surface adsorption of Zn*.
V,05/CF delivers 219 mAh g at 0.1 A g but rapidly
degrades to near-zero capacity at 5 A g In contrast,
VN/CF-T demonstrates better performance. The specific
capacities of VN/CF-500, VN/CF-600, and VN/CF-700 are
468.4, 485.4, and 512.7 mAh g after 5 cycles at 0.1 A g,
respectively (Fig. 3c). With increasing current density, the
change in the capacity indicates minimal decay for VN/CEF-
600 versus maximal degradation for VN/CF-700, yielding
263.4 mAh g versus 206.7 mAh g, respectively,at 10 A g,
VN/CF-600 exhibits exceptional cyclic stability, with a
high specific capacity of 284.3 mAh g and capacity reten-
tion of 92.3% at 5 A g after 8000 cycles (Fig. 3f). It also
maintains a Coulombic efficiency (CE) above 99.18%
during cycling at 0.5, 1 and 5 A g, as well as throughout
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Figure 3 Electrochemical performance of prepared cathodes. (a) Initial three CV curves of VN/CF-600 at 0.2 mV s'. (b) GCD curves
of VN/CF-600 at 0.1 A g'. Rate capability (c), cycle performance at 0.5 A g (d), 1.0 A g (e), and 5 A g*' (f) of VN/CF-T.
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8000 long-term cycles, indicating highly reversible electro-
chemical reactions. Benchmarking against prior studies
(Fig. S9 in Supplementary Material) confirms the superior
rate capability of VN/CF-600, particularly in delivering
high capacity at high current densities and maintaining
cycling durability at 5 A g'. The outstanding performance
can be attributed to the design of oxygen defects and the
vertically aligned, porous nanosheet architecture of
VN/CF-600. Among the samples, VN/CF-600 has the
highest concentration of oxygen defects. These defects
induce lattice expansion in the VN structure, as evidenced
by the shift in the XRD peaks toward lower angles (Fig.
2a), which enlarges the Zn* transport channels. Further-
more, oxygen substitution for nitrogen creates vacancy
defects, providing additional Zn*-transport pathways.
These effects accelerate the kinetics of bulk diffusion
within VN, while the vertically aligned VN nanosheet
array possesses lower charge-transfer resistance, which
enhances the kinetics of surface diffusion. This behavior
arises from two main factors. First, the vertically aligned
nanosheet array exposes a larger and more accessible elec-
troactive surface®*9. Second, the low tortuosity of this
configuration enhances the effective ion-diffusion coefti-
cient (D.g)® according to the equation D, = D(e/7),
where ¢ is the porosity, 7 is the tortuosity, and D is the
ionic conductivity, D is inversely proportional to 7!s,
Therefore, compared to conventional disordered elec-
trodes, the vertically aligned arrays enable more efficient
ion diffusion. Collectively, these features synergistically
improve the overall efficiency of Zn* transport, thus
endowing VN/CF-600 with excellent high-rate perfor-
mance. Moreover, compared to the bulk material, the thin
nanosheet and porous structure of VN facilitates efficient
electrolyte infiltration, enhancing the utilization of VN
and maximizing access to its intrinsic capacity.

In addition, VN/CF-700 affords a larger capacity at
0.1 A g but lower capacities at 0.5-10 A g, compared
with VN/CF-500 and VN/CF-600 (Fig. 3c). This
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phenomenon is likely related to the crystallinity of the
samples. At a low current density (0.1 A g!), the increas-
ing capacity trend aligns well with the enhanced crys-
tallinity. As shown by the XRD analysis (Fig. 2a), the
VN/CF-700 sample exhibits stronger VN diffraction peaks
and a narrower FWHM (0.26°) compared to VN/CF-600
(0.68°) and VN/CF-500 (0.96°), indicating that VN/CF-
700 synthesized at higher temperatures has higher crys-
tallinity. This suggests that higher crystallinity enhances
the capacity at low current densities. However, this trend is
reversed at high current densities, where VN/CF-700
delivers a lower capacity than VN/CF-500 and VN/CF-
600. At high current densities, the capacity is limited by
the ion-diffusion kinetics. Highly crystalline VN has a
dense, ordered face-centered cubic lattice with low defect
density, which in turn inhibits rapid diffusion of
Zn*within VN. This leads to insufficient bulk reactions
and poor rate performance. Additionally, repeated Zn**
insertion/extraction induces greater lattice strain in highly
crystalline VN, increasing the risk of particle pulverization
and capacity decay. Conversely, moderately reduced crys-
tallinity facilitates Zn** diffusion and alleviates the cyclic
lattice strain. Consequently, VN/CF-600 and VN/CF-500
with lower crystallinity and higher defect densities demon-
strate better rate capability and cycling stability compared
to VN/CEF-700.

To investigate the reversibility of Zn* insertion/extrac-
tion and the formation of intermediate phases, ex situ
XRD was performed at 1.5 V (fully charged), 0.01 V (fully
discharged), and other voltages (intermediate states). As
shown in Figs. 4a and 4b, only diffraction peaks of VN and
the stainless-steel sheet are observed at 1.5 V. During
discharge, the (111) peak at 37.6° in the profile of VN
shifts to lower angles, indicating lattice expansion owing to
Zn* insertion. Upon charging, the peak shifts back to
nearly its original position, corresponding to Zn* extrac-
tion”. Two new diffraction peaks appear at 12.3° and
30.5° during discharge, assigned to the (001) and (012)

500 nm

Figure 4 Ex situ characterization of VN/CF-600 electrode after 100 cycles. (a) Characteristic voltage profile of GCD. (b) Ex situ XRD
patterns. SEM images at different voltages: 1.5 V (before discharge) (c-d), 0.01 V (fully discharged) (e-f), and 1.5 V (fully charged)

(g-h). (i) XRD patterns after different cycles.
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planes of the Zn,;(OH),V,0,2H,0 (ZVO) byproduct™.
The intensity of these peaks increases during discharge
and decreases upon charging, and the peaks disappear at
1.5 V. These ex situ XRD results demonstrate that both
Zn* insertion/extraction and ZVO formation/decomposi-
tion proceed in a highly reversible manner. Ex situ SEM
was further employed to track the morphological evolu-
tion. As shown in Figs. 4c and 4d, the VN/CF-600 elec-
trode maintains its original vertically aligned VN
nanosheet morphology on the carbon fibers after 100
cycles in the fully charged state. When fully discharged to
0.01 V, micron-sized ZVO sheets are observed on the
surface of VN (Figs. 4e and 4f). Upon recharging to 1.5 V,
these ZVO sheets disappear and the morphology of the
electrode largely recovers to its pre-discharge state (Figs.
4g and 4h). The XRD patterns acquired after 100, 2000,
5000, and 8000 cycles indicate VN as the dominant phase,
without signs of irreversible vanadium dissolution or
phase degradation (Fig. 4i). These ex situ characterizations
demonstrate that VN/CF-600 exhibits excellent structural
stability and highly reversible phase evolution during Zn?*
insertion/extraction.

The combination of remarkable structural integrity and
highly reversible electrochemical processes supports the
excellent cycling stability of VN/CF-600. This sustained
stability plausibly originates from the porous nanosheet
architecture, low crystallinity, and high concentration of
oxygen defects in VN/CF-600. The pores within the VN
nanosheets accommodate volume expansion and release
stress induced by Zn** insertion/extraction, while low-crys-
tallinity VN with abundant defects mitigates cyclic lattice
strain during cycling. Additionally, the abundant oxygen
defects enhance the kinetics of Zn* transport. Together,
these features enable highly reversible reactions and
prevent structural degradation, thereby supporting excel-
lent long-term cycling stability.

The reaction kinetics of VN/CF-T were further investi-
gated. In the VN/CF-T series, VN/CF-600 possesses the
highest concentration of oxygen defects, followed by

VN/CF-500 and VN/CF-700. As the scan rate increases
from 0.2 to 10 mV s~!, VN/CF-600 retains two pairs of well-
defined redox peaks at 1.04/0.91 and 0.70/0.52 V (Fig. 5a).
In contrast, VN/CF-700 exhibits severe peak distortion
above 2 mV s, where the 0.70/0.52 V peaks vanish and
the polarization increases significantly (Fig. S10b in
Supplementary Material). Compared with VN/CF-500
(Fig. S10a in Supplementary Material), which shares a
similar vertically aligned nanosheet array morphology, the
redox peaks of VN/CF-600 are more stable and there is
less distortion at high scan rates. These results indicate
that oxygen defects promote Zn* diffusion within bulk
VN, supporting the redox reactions and diffusion-
controlled capacity. The diffusion and capacitive contribu-
tion ratios were analyzed from the relationship i = kv +
k,v2. The results reveal that VN/CF-600 exhibits a high
capacitive contribution of over 75%, indicating that the
capacitive contribution accounts for a higher proportion
of the total capacity. This is attributed to its vertically
aligned, porous nanosheet array morphology, which
provides a larger and more accessible electroactive surface,
and the low-tortuosity ion-transport pathways, which
enhance the effective ion-diffusion coefficient. Both
factors significantly improve the kinetics of surface diffu-
sion, resulting in a larger capacitive contribution. Owing
to the enhanced ion-diffusion kinetics, VN/CF-600
demonstrates a higher capacitive contribution ratio than
VN/CF-500 and VN/CF-700 (Figs. S10c and S10d in
Supplementary Material). GITT analysis also reveals a
higher Zn* diffusion coefficient for VN/CF-600 (Figs. 5d
and 5f). This is attributed to VN/CF-600 possessing the
highest oxygen defect concentration and a more favorable
vertically aligned VN nanosheet array.

In a device-level evaluation, VN/CF-600 was used as a
free-standing cathode in flexible zinc-ion batteries. The
extended plateau in the initial charging curve (Fig. 6a)
signifies an activation process. Subsequent GCD cycles
exhibit distinct plateaus at 1.02/0.89 and 0.71/0.57 V,
confirming persistent two-step electrochemical reactions
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——02mVs 1 Diffusion Capacitive
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Figure 5 Reaction kinetics of VN/CF-T. (a) CV curves at different scan rates from 0.2 to 10 mV s™. (b) Capacitive contributions at
0.2 mV s (c) Capacity contribution ratios of VN/CF-600 at various scan rates. (d) Discharge/charge GITT profiles. Corresponding Zn*

diffusion coefficient in discharging (e) and charging (f) processes.
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Figure 6 Characterizations of pouch cells employing VN/CF-600 cathode. (a) GCD curves at 0.1 A g. (b) Rate capability. (c) Cycle
performance at 5 A g. (d) CV curves at different scan rates from 0.2 to 1.0 mV s™. (e) Capacitive contributions at 0.2 mV s'. (f) Capac-
ity contribution ratios at various scan rates. Nyquist plots (g) and cycling performance (h) in different bending states. (i) Specific capac-
ity under different strains. (j) Experiment demonstrating light-emitting diode lit by two integrated pouch cells in bending deformation

at different degrees of curvature.

in the pouch cell configuration. This finding is consistent
with the data from the coin cell. The pouch cell delivers
specific discharge capacities of 472.9, 431.4, 402.7, 371.8,
333.1, 293.8, and 249.7 mAh g at 0.1, 0.2, 0.5, 1, 2, 5, and
10 A g, respectively (Fig. 6b). The corresponding capac-
ity is approximately 12.8 mAh at 0.1 A g*. Notably, the
VN/CF-600 electrode in the pouch cell has a mass of
27.19 mg, which is significantly higher than that in the
coin cells, yet it maintains excellent rate performance
comparable to that of the coin cell. This sustained perfor-
mance under high mass-loading is attributed to the VN
structure with abundant oxygen defects and vertically
aligned nanosheet arrays, which facilitate fast ion diffu-
sion, highlighting the potential of VN/CF-600 for practi-
cal applications. The pouch cell also demonstrates excel-
lent cycling stability, with a capacity retention of 86.8%
after 3000 cycles at 5 A g. This performance highlights
the good stability of the free-standing VN/CF-600 cathode
for device applications. The pouch cell exhibits shape-
invariant CV curves across all scan rates (Fig. 6d), indicat-
ing stable electrochemical processes. It has a capacitance

(8 i#% 4 mar | Sci@pen

contribution of 77.4% at 0.2 mV s' and 84.2% at
1.0 mV s7, revealing the capacitive-dominated storage. To
evaluate the performance under bending deformation, the
pouch cells were wound around cylinders with radii of 4,
2, and 1 cm during testing, corresponding to a curvature
(x) of 0.25, 0.50, and 1.00 cm™, respectively. The EIS
results show that the charge-transfer and ion-diffusion
impedances decrease gradually with an increase in the
curvature from 0.25 to 1 cm™ (Fig. 6g). This impedance
reduction is attributed to enhanced electrode-separator
contact, which shortens the charge-/ion-transport path-
ways. Fifty repeated bending tests were also conducted
at curvatures of 0.25, 0.5, and 1 cm™. After these tests,
the recorded specific capacities were 274.3, 267.8, and
264.4 mAh g, corresponding to capacity retention rates of
98.99%, 96.6%, and 95.3%, respectively (Fig. 6h), demon-
strating exceptional mechanical stability. Quantitative
strain analysis using the formula & = tx/2 (where t is the
thickness®'?) reveals an ultrahigh capacity retention of
98.92%, 96.61%, and 95.35% at applied strains of 1.88%,
3.75%, and 7.5%, respectively (Fig. 6i). The pouch cell
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stably powers a light-emitting diode (LED) across defor-
mation gradients (Fig. 6j). These results collectively
demonstrate the exceptional mechanical and electrochem-
ical stability of free-standing VN/CF-600, confirming its
promise for flexible aqueous zinc-ion batteries.

4 Conclusion

In summary, a free-standing VN/carbon fiber with oxygen
defects and a vertically aligned, porous nanosheet architec-
ture was constructed via V,0; templating and NH; treat-
ment. Abundant oxygen defects were generated in VN by
the removal of water-of-crystallization and V,0s-to-VN
phase transformation during high-temperature annealing
under NH; atmosphere. The optimized structure effec-
tively enhances the kinetics of ion transport, leading to
superior rate capability in AZIBs. Moreover, the corre-
sponding pouch cells exhibit excellent and stable perfor-
mance even under various bending deformations. This
study provides a systematic framework for constructing
advanced flexible AZIBs.
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