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A Composite Strategy on H,V;0O; and Carbon Fibers:
Boosting the Mechanical and Electrochemical Performance
of the Fiber Cathodes in Zinc-lon Fiber Batteries

Jiayi Xu, Zhen Zhu, Linfeng Hu,* Jing Wang, Jingsong Liu, Kang Yan, and Kongjun Zhu*

Flexible fiber batteries can be integrated into irregular spaces, allowing
conventional structures to store energy. Preserving electrochemical
performance while improving mechanical strength can substantially broaden
their application potential. Here, H,V;O; and nickel-plated carbon fibers are
combined for the first time to construct a composite fiber cathode for zinc-ion
fiber batteries. A continuous wet spinning and pressing method is employed
to fabricate the fiber cathode, leveraging the respective advantages of the core
and active materials. The nickel-plated carbon fibers, which exhibit high
electrical conductivity, serve effectively as current collectors, and their
favorable mechanical properties confer excellent flexibility and an ultimate
tensile strength of 361.9 MPa to the fiber electrode. Owing to the
deformability of carbon fibers and the pressing step, the electrode acquires a
rectangular cross-section, which contributes to improved electrochemical
performance. When assembled with a zinc/carbon fibers composite anode
and a hydrogel electrolyte into a battery, it delivers a specific capacity of 138
mAh g~ at 3 A g1 after 1500 cycles. This work demonstrates a balance
between mechanical and electrochemical performance in fiber electrodes,
supporting their potential for structural energy storage applications.

adaptability allows deployment in irregu-
lar spaces, improving volumetric utiliza-
tion in various structures and providing en-
ergy storage capacity. This broadens the ap-
plication prospects of fiber batteries and
places higher demands on energy storage
capacity, strength, and safety. Zinc-ion bat-
teries feature low cost, high theoretical ca-
pacity, and good safety, making them a
competitive option for fiber batteries.?l
Fiber electrodes are a fundamental com-
ponent of fiber batteries, and their im-
provement can directly enhance both elec-
trochemical and mechanical performance.

Improvements in the electrochemical
performance of fiber electrodes primarily
rely on optimization of the active mate-
rials. Vanadium materials have received
much attention because of their mul-
tivalency, low cost, large layer spacing,
and high theoretical capacity.’! Among
them, H,V, 0, possesses structural features

1. Introduction

In recent years, 1D fiber batteries have attracted considerable re-
search interest due to their flexibility, which enables application
in textile batteries and flexible electronic devices.[!! Their shape
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that confer specific advantages for zinc-

ion batteries. H,V;04 consists of stacked

V, 04 layers connected by hydrogen bonds,
with each layer comprising VO, octahedra and VO, trigonal
bipyramids.[®! The large interlayer spacing favors intercalation
of Zn**, while the hydrogen bonds between V,O4 layers stabi-
lize the structure during charge/discharge, enabling long-term
cycling stability.l”®] Therefore, H,V, Oy is a promising active ma-
terial for high-performance zinc-ion fiber batteries.

Achieving both high energy storage capacity and mechanical
strength in fiber electrodes requires research into their struc-
tural design. Fiber electrodes without cores rely only on poly-
meric bonding and support, resulting in lower tensile strength.
Core—sheath fiber electrodes offer greater advantages, with ac-
tive materials built on a core such as metal wires,*1% polymer
fibers,[''12] or carbon nanotube fibers.['*! However, the core ma-
terial is typically utilized only as a substrate to maintain structure
during fabrication, which has led to a lack of further research on
cores. Carbon fiber (CF) is a favorable core material because it is
lighter and more flexible than metal wires, exhibits higher ten-
sile strength than polymer fibers, and is less expensive than car-
bon nanotube fibers. However, the high resistance of CF limits
its use in fiber electrodes. In previous work using CF as the core,
the active materials were often modified to improve the overall
electrical conductivity of electrode,!'*'*] but this also complicated
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Figure 1. Schematic of the setup. a) Synthesis process for H,V;Og nanowires. b) Preparation process for the H,V;O03 @ Ni@CF//Zn fiber batteries.

the fabrication process. Therefore, direct optimization of CF can
offer greater applicability and convenience.

Unfortunately, no efficient method has been developed
for forming a composite of H,V;0; and CF. Among com-
mon composite strategies,'*2° the coating method suffers
from low slurry utilization, and electrodeposition is not suit-
able for vanadium oxides. Given the limited active sites on
the CF surface, direct growth of H,V;04 on it also shows
much difficulty. Hence, it is challenging to develop a uni-
versal method for fabricating fiber electrodes with compos-
ite structures, which can exert the electrochemical asdvan-
tage of active materials and the mechanical superiority of CF
simultaneously.

Herein, a high-performance H,V;04/CF composite cathode
for zinc-ion fiber batteries was developed. High-purity H,V,0,
powder was synthesized by a simple one-step high-temperature
hydrothermal method. Instead of traditional CF, the nickel-plated
carbon fiber (Ni@CF) was used as the core, providing improved
conductivity as a current collector. H,V;O; was then adhered to
the Ni@CF by core-containing extrusion. Benefiting from the de-
formability of CF, the fiber electrodes were pulled and pressed
into a rectangular cross-section before assembly, unlike conven-
tional electrodes with circular cross-sections. The wet spinning
and pressing method provided a more compact structure and im-
proved the electric field distribution near the electrodes, which
was suitable for fiber batteries with a parallel electrode arrange-
ment. The composite fiber cathode achieved an ultimate tensile
strength of 361.9 MPa. When assembled into a fiber battery with
a zinc strip as the counter electrode, the fiber cathode demon-
strated a specific capacity of 225 mAh g~' at a current density of
3 A g!. To ensure overall flexibility, a zinc/CF composite elec-
trode was used as the negative electrode, and a polyacrylamide
(PAM) hydrogel was employed as the electrolyte. This configu-
ration enabled efficient cycling performance for 1500 cycles, de-
livering 138 mAh g=! at 3 A g~!. These results indicate that the
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fabricated fiber electrodes possess favorable electrochemical and
mechanical performance.

2. Results and Discussion

2.1. Morphological Characterization of the H,V,0, Nanowires

Figure 1a illustrates the one-step hydrothermal synthesis of
H,V,0, using a high-temperature mixed method. Detailed
preparation procedures are provided in the experimental sec-
tion. This synthetic strategy avoids the formation of interme-
diate phases and defects that commonly occur during tradi-
tional hydrothermal heating ramp-up. Therefore, reaction time
is reduced, and the crystallinity of the samples is signifi-
cantly enhanced.?!l Therefore, large quantities of powder can be
synthesized efficiently, supporting subsequent large-scale fiber
preparation.

The microstructure of the H,V,;0, powder was analyzed by
scanning electron microscopy (SEM). As shown in Figure 2a,
the sample consisted of ultrathin nanowires. X-ray diffraction
(XRD) was performed to analyze the crystal structure. As shown
in Figure 2b, all diffraction peaks were indexed to the standard
powder diffraction file (PDF) card for orthorhombic H,V;O4 (No.
85-2401), confirming excellent crystallinity. Raman spectrum
(Figure 2c) further confirmed the structure. The principal peaks
below 1200 cm™ at 125, 267, 390, 512, 675, 862, and 980 cm™"
were assigned to H,V,04.[22] The peaks at 267 and 390 cm™ cor-
responded to the bending vibrations of V—0O, while those at 512,
675, and 862 cm™! were attributed to the stretching vibrations of
V—O. The strong peak at 980 cm™! originated from the termi-
nal oxygen (V=O0) stretching vibration. The peak at 125 cm™~! was
ascribed to the stretching mode of (V,0,),, reflecting the chain
translation.[?)] X-ray photoelectron spectroscopy (XPS) was used
to analyze chemical composition and elemental valence states.
The survey spectrum (Figure 2d) indicated the presence of only
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Figure 2. Structural characterization of the H,V;Og3 powder. a) SEM image. b) XRD patterns. c) Raman spectrum. d) XPS spectrum. e,f) High-resolution

XPS spectra of V and O.

V, O, and C. Figure 2e presents the high-resolution V 2p XPS
spectrum, where peaks at 515.8 and 517.3 eV corresponded to V
2p;,, and those at 523.6 and 524.9 eV corresponded to V 2p, ,.
Peaks at 515.8 and 523.6 eV were assigned to V**, and those at
517.3 eV and 524.9 eV to V°*. The V 2p spectrum confirmed
the coexistence of V4 and V>*, consistent with the XRD results.
The high-resolution O 1s spectrum (Figure 2f) displayed peaks
at 529.9, 530.8, and 532.7 eV, attributed to O—V>*, HO—V, and
O—V** bonds, respectively.

2.2. Design and Realization of the Composite Fiber Cathode

Given that fiber batteries may be subjected to tensile loading in
practical applications, a core—sheath structure was designed for
the fiber electrodes. The core enhanced mechanical properties
and served as the current collector, requiring both high mechani-
cal strength and electrical conductivity. CF was selected for its ex-
cellent tensile strength. However, conventional CF exhibited high
resistance, making it unsuitable as a current collector in the fiber
electrode. The high resistance was attributed to the surface sizing
agent, and this did not improve after acetone treatment. There-
fore, Ni@CF was utilized in this study (Figure S1, Supporting
Information). The 1k Ni@CF achieved a line resistance of 0.25 Q
cm™!, a significant reduction compared to untreated 1k CF (7.50
Q cm™!) and acetone-treated 1k CF (6.07 Q cm™!) (Figure S2, Sup-
porting Information).

The structure of the fiber electrode and the design of its fabri-
cation process are closely linked. It is challenging to synthesize
H,V,0, directly on CF due to the lack of active sites on its surface.
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The wet spinning method offers a simple and efficient process
suitable for large-scale fiber production. This study employed a
special nozzle with coaxial dual channels (Figure S3, Supporting
Information) to continuously prepare the composite fiber elec-
trode. The fabrication process is illustrated in Figure 1b. The
special tapered concave nozzle allowed the slurry to adhere ef-
fectively to the core. This method imposes no limitation on the
choice of active and core materials, enabling a successful combi-
nation of H,V;0, and Ni@CF.

The fiber cathodes were flexible and could be knotted, bear
heavy loads, and be wrapped (Figure 3a-d). The SEM image
(Figure 3e) showed the surface morphology of the H,V,Oq fiber
electrode with the Ni@CF core (H,V;0,@Ni@CF), revealing
good uniformity. The magnified image (Figure S4, Support-
ing Information) displayed H,V,0O4 nanowires within the fiber
electrode, matching those in Figure 2a. Energy-dispersive X-ray
(EDX) mappings (Figure 3f~h) confirmed the uniform distribu-
tion of the electrode materials on the fiber surface, where V in-
dicated the active material (H,V,;0;) and F indicated the binder
(polyvinylidene fluoride, PVDF). Ni, which indicated Ni@CF,
was hardly observed, illustrating that the coating effectively en-
veloped the core.

2.3. Structural Optimization of the Fiber Cathodes
The cross-sectional SEM image and EDX mappings
(Figure 4a—c) clearly demonstrated the structure of

H,V,;0,@Ni@CF. The active material coating tightly ad-
hered to the Ni@CF core. The cross-sectional shape of fiber
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Figure 3. Photographs and structural characterization of H,V;O0; @Ni@CF. a) A reel of H,V;0; @ Ni@CF. b—d) Flexibility and load-bearing capability:
b) knotting, c) weight loading, and d) wrapping. e) Surface SEM image of H,V;03 @ Ni@CF. f-h) EDX mappings of H,V;O0s @ Ni@CF.
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Figure 4. Analysis of the cross-section of H,V;Og@Ni@CF. a) SEM image of the cross-section. b,c) EDX mappings of the cross-section. d,e) Pho-
tographs of H,V;03 @ Ni@CF from front and side views. f,g) Electric field intensity simulations of fiber batteries with circular and rectangular electrodes.
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electrodes is typically circular, determined by the existing prepa-
ration process and the core material selection. For core-sheath
fiber electrodes, the metallic or polymeric fiber cores usually
have a circular cross-section. When active materials are coated
or grown on these cores, the resulting electrodes also exhibit a
circular cross-section. For fiber electrodes without cores, which
are fabricated by extrusion or 3D printing, their cross-sections
also tend to be circular because round nozzles are used to reduce
friction and maintain flow stability during extrusion. Therefore,
fiber electrodes with a circular cross-section are common. It
is generally challenging to alter the cross-sectional shape due
to the resistance to deformation along the radial direction in
metallic wires and polymeric fibers. Notably, Khudiyev et al.
fabricated fiber batteries with a rectangular cross-section by
employing a special thermal stretching technique and cuboid
raw materials.[?*]

In contrast to rigid metallic or twisted polymeric fibers, CF
provides satisfactory shape deformability. The Ni@CF core used
here consists of 1000 parallel CF filaments. Therefore, the fiber
electrode could be mechanically pulled and pressed to transform
its cross-sectional shape from circular (Figure S5, Supporting In-
formation) to rectangular (Figure 4a,d,e). Pressing the electrode
densified the active material. In addition, when both cathode and
anode adopt a parallel arrangement, the rectangular fiber elec-
trodes conferred electrochemical advantages over circular ones.
A brief explanation follows. Ion transport in the electrolyte oc-
curs primarily through diffusion and migration, as convection
can be neglected under typical battery conditions without exter-
nal forces.

The total current i at any position within the battery can be
described by Equation (1).1%]

2A 9
_1;;\ a‘l’z 2DC+FAZzD— 1)

F is Faraday constant and R is gas constant. For a substance j, A
(area), T (absolute temperature), z; (charge on species j in signed
units of electronic charge), and D; (diffusion coefficient of species
Jj) is invariant. C; is concentration of species j. The second term
in Equation (1) represents the diffusion current, primarily gov-
erned by the concentration gradient of ions (5 ). Therefore, ion
transport near the electrode surface is dominated by diffusion,
controlled by surface redox reactions. The first term indicates the
migration current, which depends on the gradient of electric po-
tential ( ) or electric field intensity. Further from the electrode,
where the ionic concentration gradients are small, ion transport
is driven primarily by migration, influenced by the electric field.
Compared to circular electrodes (Figure 4f), fiber electrodes with
arectangular cross-section (Figure 4g) yield a more uniform elec-
tric field between electrodes and a higher overall electric field
intensity, thus achieving a more uniform current distribution
and an increased current. This structural optimization enhances
long-term cycling stability and zinc ion transport.

2.4. Electrochemical Performance of the H,V,0, @ Ni@CF

The electrochemical performance of the H,V,0; fiber electrode
was evaluated using a zinc strip as the counter electrode, sepa-
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rated by a glass fiber separator, with electrolyte injected. All com-
ponents were packaged in a fluorinated ethylene propylene (FEP)
membrane and heat-sealed. Electrochemical tests were con-
ducted within a voltage window of 0.2 to 1.6 V. Figure 5a presents
the cyclic voltammograms (CV) curves of the H,V,0, @ Ni@CF
battery for the first two cycles ata scan rate of 1 mV s~!. The nearly
overlapping cycles indicated good reaction reversibility. Multiple
reduction and oxidation peaks were observed. The cathodic peaks
at 0.39 and 0.87 V corresponded to the intercalation of zinc ions,
and the anodic peaks at 0.80 and 1.05 V corresponded to the dein-
tercalation of zinc ions.

Figure 5b compares the cycling stability of rectangular and cir-
cular H,V,0, @Ni@CF electrodes at a current density of 3A g1
The rectangular electrode achieved capacities of 235, 234, and
225 mAh g7! at the 50th, 100th, and 200th cycles, respectively
(Figure 5c¢), demonstrating high capacity and good cycling stabil-
ity. A pronounced increase in specific capacity was observed in
the first 20 cycles, which was attributed to the gradual saturation
of the electrode by the electrolyte. The circular fiber electrode was
included as a reference. Unlike the rectangular electrode, the cir-
cular fiber did not exhibit a significant specific capacity increase,
indicating that the rectangular structure was denser and required
a longer activation period. The rectangular electrode maintained
a higher specific capacity and a more stable cycling profile than
the circular electrode, which showed capacity decay after several
cycles. These results highlight the advantages of the pressing pro-
cess and the rectangular electrode design, as the denser structure
effectively retards capacity loss during cycling.

Subsequent electrochemical characterization focused on the
rectangular fiber electrode. Figure 5d presents the rate perfor-
mance of H,V,;0,@Ni@CF at various current densities. The
discharge specific capacities were 410, 308, 269, 212, 122, and
66 mAh g! at current densities of 0.1, 0.5, 1, 2, 5,and 10 A g7,
respectively (Figure 5e). Upon returning the current density to
0.1 A g7', the electrode delivered a specific discharge capacity of
361 mAh g~!, demonstrating robust rate capability. The Nyquist
plot (Figure S6, Supporting Information) confirmed that the fiber
battery exhibited low series resistance (R,) and charge transfer re-
sistance (R), indicating efficient electron and ion transport dur-
ing operation.

The CV curves at different scan rates (Figure 5f) further re-
vealed the reaction kinetics of the fiber electrode and the advan-
tages of H,V, 0, as the active material. Analysis of the relation-
ship between peak current and scan rate (Figure S7a—c, Support-
ing Information) showed that the charge storage was dominated
by a surface-controlled process, rather than diffusion. The high
capacitive contribution indicates rapid reaction kinetics, result-
ing in excellent rate performance. This feature also stabilizes the
H,V,0Oq structure, mitigates volume expansion, and yields stable
cycling.12¢]

The zinc-ion storage mechanism of H,V,;0, @ Ni@CF during
charge/discharge was investigated by ex situ XRD and XPS. The
ex situ XRD patterns (Figure 5g,h) captured structural evolution
at various charge/discharge states. The pristine spectrum dis-
played characteristic peaks of H,V;Og. Upon discharge to 0.6V,
new diffraction peaks emerged. Full discharge to 0.2 V led to
the intensification of peaks at 12.3°, 30.1°, and 36.5°, indicat-
ing the formation of a new phase. During charging from 0.2 to
1.0V, these peaks weakened and eventually disappeared after full
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Figure 5. Electrochemical performance and zinc-storage mechanism analysis of H,V;03 @Ni@CF. a) CV curves at 1 mV s™'. b) Cycling stability of
rectangular and circular H,V;0, @Ni@CF at 3 A g~'. ¢) Galvanostatic charge—discharge(GCD) profiles of rectangular H,V;03 @ Ni@CF at 3 A g~'.
d) Rate capability of rectangular H,V;0; @ Ni@CF. e) GCD profiles at different current densities. f) CV curves at scan rates from 0.1to 1.0 mV s™'. g)
Ex situ XRD patterns at different charge/discharge states. h) Corresponding GCD curves after 5 cycles. i) XPS spectra after 5 cycles.

charge, confirming the reversibility of the reaction. Additionally,  creased, indicating reduction from V>* to V**. After charging,

the (200) peak shifted from 10.44° to 10.65° during discharge, the valence state returned to the initial condition, confirming

reflecting a decrease in layer spacing due to the strong electro-  the reversibility of the redox process. XPS spectra after 50 cycles

static attraction between Zn?* and the two negatively charged  (Figure S9, Supporting Information) were similar to those after

V, 04 layers.[62728] Ag the electrode was charged to 1.6 V, the (200) 5 cycles, demonstrating good long-term cycling stability. Surface

peak returned to its original position, further supporting the high ~ SEM images (Figures S10 and S11, Supporting Information) of

reversibility of Zn?* insertion/extraction. H,V,;0,@Ni@CF after 50 cycles revealed preserved structural
XPS spectra (Figure 5i) at different charge/discharge states  integrity. EDX mappings at 1.6 and 0.2 V confirmed Zn?* extrac-

were used to examine valence changes during cycling. After  tion/insertion during charge/discharge.

discharge to 0.2 V, two strong peaks at 1022.7 and 1045.8 eV

appeared in the Zn 2p region, indicating Zn** intercalation.

The intensity of these peaks was higher at full discharge than  2.5. Mechanical Performance of the H,V;0, @ Ni@CF

at full charge, confirming Zn?* extraction from the cathode

during charging (Figure S8a, Supporting Information). High-  The preceding tests established the good electrochemical per-

resolution V 2p XPS spectra (Figure S8b, Supporting Informa-  formance of H,V,0, @ Ni@CF fiber electrodes. A standard ten-

tion) showed peaks at 516.0 and 517.5 eV, corresponding to V¥*  sile test was performed on H,V,0,@Ni@CF, with the 1k

and V**, respectively. After full discharge, the V¥ /V>* ratio in-  Ni@CF also tested for comparison. Figure Ga presents the
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Figure 6. Mechanical performance of H,V;03 @ Ni@CF and electrochemical performance of H,V;03 @Ni@CF//Zn@Ni@CF fiber battery. a) Force—
displacement curves of H,V;0, @Ni@CF and Ni@CF. b) Ultimate tensile strength of various fiber electrodes. c,d) Capacity retention at 3 A g~! at
different c) bending angles and d) bending cycles. e) Photographs of an LED powered by two straight (top) and bent (bottom) fiber batteries. f) Cycling

stability of H,V;03 @Ni@CF//Zn@Ni@CF fiber battery at 3 A g~!

force—displacement curves for both fibers. The ultimate tensile
strength of H,V;0, @ Ni@CF was 361.9 MPa, while Ni@CF ex-
hibited 922.6 MPa. The similar maximum force for both fibers
indicates that the presence of the active material does not signif-
icantly compromise the mechanical properties of the composite
structure. The decrease in ultimate tensile strength is primarily
attributed to the increase in cross-sectional area due to the coat-
ing, in agreement with the mechanical behavior of composite ma-
terials.

Figure 6b compares the ultimate tensile strengths of fiber
electrodes reported in previous studies.>?°-3¢ Core-sheath fiber
electrodes generally show superior mechanical properties. Fiber
electrodes without cores are formed by directly mixing the ac-
tive material, conductive agent, and binder, with organic poly-
mers providing mechanical support. This results in relatively low

Adv. Funct. Mater. 2025, e10244
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. g) Specific capacity versus cycle number for different fiber batteries.

tensile strength, which limits processability and suitability for
load-bearing applications. Owing to the use of CF as the core,
H,V,0,@Ni@CF achieves higher tensile strength than most
previously reported fiber electrodes.

2.6. The CF Current Collector Battery

In the above tests, zinc strips were used as anodes with aqueous
electrolyte to assess the electrochemical performance of the fiber
cathodes and minimize external interference. However, zinc, as
a metal, lacks the mechanical flexibility of fiber cathodes with
CF cores. For example, zinc strips cannot bend freely in multi-
ple directions, limiting the flexibility of the assembled fiber bat-
tery. To meet structural energy storage requirements, a flexible

© 2025 Wiley-VCH GmbH
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fiber anode based on CF is needed. Benefiting from the electrical
conductivity of Ni@CF, a zinc fiber anode (Zn@Ni@CF) was
prepared via electrochemical deposition. In addition, a PAM hy-
drogel electrolyte replaced the aqueous electrolyte to enhance
flexibility and prevent severe liquid leakage in the event of bat-
tery damage.

Figure 6¢ demonstrates the electrochemical performance of
the fiber battery at different bending angles. Bending and sub-
sequent recovery to the original shape did not affect battery per-
formance. The nearly identical galvanostatic charge—discharge
(GCD) profiles at different bending angles (Figure S12, Support-
ing Information) supported this conclusion. The fiber battery was
subjected to repeated bending (Figure 6d). Capacity retention de-
clined slightly after 500 cycles, then stabilized. After 3000 bend-
ing cycles, the battery retained 94% of its initial capacity, as shown
by the GCD profiles in Figure S13 (Supporting Information). Two
fiber batteries in series could power an LED, maintaining func-
tion even under bending (Figure 6e).

Figure 6f shows the cycling performance of the CF current col-
lector battery. The device displayed a long cycle life of 1500 cy-
cles at a current density of 3 A g1, with a specific capacity of
138 mAh g! at the final cycle and a Coulombic efficiency con-
sistently above 95%. An initial decline in specific capacity was
noted during the first 35 cycles, and the final capacity was lower
than that observed in electrode-level tests. Two main factors con-
tributed to this: First, Zn@Ni@CF served as the anode instead
of a zinc strip. Although pressed to approximate the geometry of
a zinc strip, Zn@Ni@CF inherently possesses a more complex
surface, which introduces interfacial complexity. Additionally,
zinc tends to form dead zinc during cycling, further contribut-
ing to capacity loss. Second, hydrogel electrolytes generally pen-
etrate the fiber electrode less efficiently than liquid electrolytes.
To minimize prolonged activation time, the electrodes were pre-
soaked in aqueous electrolyte before assembly, potentially result-
ing in higher water content. This could gradually dissolve some
vanadium oxide from the fiber, causing active material loss and
reduced specific capacity. Despite these challenges, the fiber elec-
trode in this study exhibited advantages in specific capacity and
cycling life when compared to reported devices (Figure 6g, with
detailed data in Table S1, Supporting Information).**-*?] Rate per-
formance tests of the CF current collector battery (Figure S14,
Supporting Information) revealed discharge specific capacities of
186, 140, 112, and 93 mAh g~ at current densities of 2, 3, 4, and
5 A g7, respectively.

This work highlights the advantages of the high-performance
fiber cathode, which enables flexible and robust batteries.
H,V,;0,@Ni@CF achieved an energy density of 131 Wh kg™
at a power density of 1.65 kW kg~!, based on the active mass
of the cathode in electrode-level tests. The fiber electrode also
demonstrated promising energy storage in comparison with sim-
ilar reports (Table S1, Supporting Information). When consid-
ering the total mass of the full battery (cathode, electrolyte, an-
ode, and encapsulation), the energy density was 5.0 Wh kg=! ata
power density of 0.05 kW kg~!. This reduction is mainly due to
the significant mass contribution from the hydrogel electrolyte
and encapsulation materials. Thus, optimizing the fiber cathode
is only the first step in fiber battery development. The next pri-
orities are: 1) integrating zinc with fiber materials to match the
mechanical properties of the cathode and anode; 2) addressing
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the dendrite formation issue associated with the complex mor-
phology of zinc/CF composite anodes, an issue more severe than
for planar zinc strips;*)! and 3) developing quasi-solid-state,**!
and solid-state electrolytes,[*! and novel encapsulation materi-
als to ensure reliable battery operation under deformation and
stress.[*647] These directions represent promising areas for future
research.

3. Conclusion

A fiber cathode suitable for zinc-ion fiber batteries was developed
using H,V, Oy as the active material for its high specific capacity
and nickel-plated CF as the core material for their strength, flex-
ibility, and electrical conductivity. The combination of these ma-
terials resulted in a fiber electrode with enhanced electrochem-
ical and mechanical performance. A pressing process, leverag-
ing the shape deformability of CF, was employed to optimize the
fiber shape, which increased the specific capacity and maintained
long-cycle stability. In the preparation process, efficiency and uni-
versality were prioritized. A wet-spinning method enabled the
continuous, simple, and cost-effective fabrication of fibers, sup-
porting large-scale production. The H,V;0, @ Ni@CF fiber cath-
ode achieved an ultimate tensile strength of 361.9 MPa and a
specific capacity of 225 mAh g=! at 3 A g~'. When assembled
with a Zn@Ni@CF fiber anode and PAM hydrogel electrolyte
into a CF current collector fiber battery, it demonstrated satisfac-
tory flexibility and shape conformability. At a current density of
3 A g7!, the battery maintained a specific capacity of 138 mAh
g1 after 1500 cycles, demonstrating favorable electrochemical
performance. This work presents a strategy integrating structure
design, material synthesis, and process engineering, achieving
a balance between electrochemical and mechanical performance
by utilizing the properties of CF. The results support the devel-
opment of flexible electronics and structural energy storage tech-
nologies.

4. Experimental Section

Materials:  Vanadium pentoxide (V,05, 98%, Sigma-Aldrich), D-
glucose monohydrate (CgH1,04-H,0, 98%, Aladdin), polyvinylidene flu-
oride (PVDF, analytical reagent, Arkema), acetylene black (Hefei Kejing
Material Technology Co., Ltd.), zinc sulfate monohydrate (ZnSO,4-H,0,
99.9%, Aladdin), sodium citrate (CgHsNa3; O, 98%, Aladdin), N-methyle-
2-pyrrolidone (NMP, 99.5%, Aladdin), zinc trifluoromethanesulphonate
(Zn(CF3S03),, 98%, Macklin), nickel-plated CF (1k, Suzhou Xinna New
Material Technology Co., Ltd.), zinc strips (0.05 mm thick, Hefei Shushan
Wenghou Metal Material Co.), acrylamide (AM, 99%, Aladdin), N,N’-
Methylenebisacrylamide (MBAA, AR, Macklin), and ammonium persulfate
((NH,),S,0g, 98%, Shanghai Lingfeng Chemical Reagents Co., Ltd.).

Preparation of the H,V3;Og4 Fiber Electrodes (H,V;03@Ni@CF): To
prepare the H,V;Og nanowires, 0.436 g of V,0O5 and 12 mL of deionized
water were first placed in one side of a Teflon-lined multichambered auto-
clave. In the other side of the autoclave, 0.048 g CgH1,04-H,0 and 12 mL
of deionized water were added. When the reaction solution was heated to
240 °C, the rotating Teflon-lined multichambered autoclave started to mix
the two sides of the solution, and the reaction was continued for 1 h. The
product was collected by vacuum filtration. The green powder sample was
obtained after vacuum drying at 80 °C for 24 h.

For the fabrication of H,V;03 @ Ni@CF, H,V;0g (70 wt.%) and acety-
lene black (10 wt.%) were thoroughly ground, and then mixed with PVDF
(20 wt.%) to form a uniform slurry in NMP. The resulting slurry (250 mg

© 2025 Wiley-VCH GmbH
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mL~1) was loaded into a syringe barrel for wet spinning. This syringe
barrel was fitted to a special tapered concave nozzle with coaxial dual chan-
nels. The Ni@CF passed through the inner channel, while the slurry was
extruded through the outer channel. The extruded slurry entered a coagu-
lation bath (water) at a speed of 23 mm s~'. After a solvent exchange in the
coagulation bath, stable fibers formed. These fibers were pulled, dried, and
then pulled again to change the cross-section initially. Afterward, the fiber
electrodes were pressed between two plates to yield a rectangular cross-
section. The effective mass loading of the active material was 1.31 mg

www.afm-journal.de
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