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ABSTRACT: Seawater batteries (SWBs) are green aqueous power

sources with great potential in marine applications. So far, SWBs g
are mainly built on rigid substrates, which hinders their adaptability -
to marine textile applications. Herein, we constructed a
rechargeable yarn-shaped SWB consisting of nickel hexacyanofer-
rate (Ni-HCF)-modified carbon yarn (positive electrode), glass
fiber diaphragm, and polyimide (PI)-modified carbon yarn
(negative electrode). To improve the performance of carbon
yarn-based electrodes, a twisting-after-coating (TAC) technique
was developed to replace the conventional twisting-before-coating
(TBC) technique for immobilizing active materials. The TAC
technique could fully utilize the internal spaces between adjacent fibers in carbon yarns and avoid the accumulation of active
materials on the electrode surface. Taking the Ni-HCF-modified electrode as an example, its maximum specific capacity could reach
64.2 mAh/g, significantly higher than that (54.5 mAh/g) of the electrode prepared by the TBC technique. The improvement could
be explained by embedding the active materials in the yarn and the close contact between the active materials and the carbon fibers
caused by the twisting. The Ni-HCF-modified and PI-modified yarn electrodes prepared by the TAC technique were assembled to
construct a yarn-shaped SWB that exhibits good rate performance, excellent flexibility, and high cycling stability. The yarn-shaped
SWBs were further woven into a fishing net-like textile. After being soaked with seawater and electrically charged, the textile can
successfully power a light panel composed of 10 light-emitting diodes, demonstrating the potential of yarn-shaped SWBs for power
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B INTRODUCTION

Seawater covers 71% of the Earth’s surface, therefore being one
of nature’s most abundant water resources." It is a multi-
component natural electrolyte comprising cations including
Na', K*, Ca**, and Mg*', as well as anions such as CI~, SO,*,
Br~, HCO;™, and CO,>". Its ionic conductivity can reach 50

—12
mS-cm™ L

Seawater batteries (SWBs), which use natural
seawater as an electrolyte, are green and environmentally
friendly aqueous power devices.” The first generation of SWBs
are primary batteries that use active metals as the anode
materials.""® Since the active metal anodes are continuously
consumed during the operation, the batteries are unsuitable for
long-term high-power applications. A new generation of
rechargeable SWBs has been developed to store electrical
energy using seawater as the cathode for sustainable power
supply. These batteries utilize a Na super ion conductor
(NASICON) membrane to separate the nonaqueous anolyte
and the aqueous seawater catholyte.”™'® The closed anode
selectively harvests sodium ions from the open cathode during
charging. Meanwhile, during discharging, the sodium ions are
transferred back to the seawater side to supply the electricity.
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Active metals such as Zn, Mg, and Al have been used as
anode materials to construct rechargeable SWBs with a
completely open structure to avoid the use of excessively
active Na metal, organic electrolytes, and brittle ceramic
membranes.''~"? The cathode materials in these batteries
could be carbon-based bifunctional electrocatalysts,'* carbon
felt—polypyrrole—silver chloride composite,”” and Prussian
blue analog.'® Since Na* is the most abundant cation in
seawater with a concentration of up to 0.47 M, the rapid
progress of the aqueous sodium-ion battery inspires the
development of rechargeable open-structure SWBs. In “rocking
chair” sodium-ion batteries, the sodium ions are shuttled back
and forth between the positive and negative electrodes by
reverse intercalation and deintercalation during the charge/
discharge cycles.'” Therefore, the anode and cathode materials
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Figure 1. Yarn-shaped electrode prepared using conventional twisting-before-coating (TBC) method. (a) Hydrophilicity of carbon yarn before and
after electrochemical treatment; SEM image (b) and XRD pattern (c) of Ni-HCF; (d) schematic diagram of the conventional TBC method for
carbon yarn modification; (e) field emission SEM (FESEM) and energy dispersive spectroscopy (EDS) mapping images showing the surface of a
yarn-shaped electrodes prepared with the TBC method; (f) FESEM and EDS mapping images showing the internal fibers in a yarn-shaped

electrode prepared with the TBC method.

determine the overall performance of the sodium-ion battery.
The lattice-expanded anatase TiO, has been prepared as an
anode material to intercalate multiple cations (Na*, Ca**, and
Mg**) in seawater with high capacities for constructing
membrane-less open-structure SWBs.'® Polyimide (PI) has
also been coupled with nickel hexacyanoferrate (Ni-HCF), a
Prussian blue analog, as active materials to fabricate a
rechargeable open-structure SWB.'” Charging of the battery
involves the association of Na* at the reduced carbonyl groups
of PI and the deintercalation of Na* from the open lattice
structure of Ni-HCF. During discharging, the sodium ions

dissociated from the oxidized carbonyl groups of PI are
embedded in the Ni-HCF cathode.

Textiles are used in marine applications such as sail suits,
fishing nets, life jackets, mooring ropes, and diving suits. A
power supply is also vital for illuminating, tracking, and
communicating at night or in the deep sea. Various textile-
based energy systems have been developed to power wearable
electronic devices in the past few years.””>' Fiber- or yarn-
shaped batteries have attracted the most interest due to their
lightweight, flexibility, and weavability.22 Fiber-shaped lithium-
ion batteries, incorporating organic and gel electrolytes, have
been successfully manufactured at an industrial scale, serving as

https://doi.org/10.1021/acsami.4c16439
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Figure 2. Yarn-shaped electrode prepared using TAC method. (a) Schematic diagram of the TAC method for carbon yarn modification; (b)
FESEM and EDS mapping images showing the surface of a yarn-shaped electrode prepared with the TAC method; (c) FESEM and EDS mapping
images showing the internal fibers in a yarn-shaped electrode prepared with the TAC method; micrographs (d) and SEM images (e) of yarn-shaped
positive electrodes with different twist levels; (f) specific capacity of yarn-shaped positive electrodes with different twist levels prepared by TAC and
TBC methods; (g) specific capacity of yarn-shaped positive electrodes with different lengths.

a viable power source for textile electronics.”” In recent works,
yarn-shaped sweat-activated batteries with segmental and
core—sheath architectures have also been fabricated to power
sensing devices for wearable exercise monit01'ing.24’25 Although
SWBs have demonstrated outstanding potential in marine
applications, the current SWB designs are primarily based on
rigid substrates, which limits their flexibility and compatibility
with traditional textile tezchnologioe,s.26’27 Therefore, there is a
need to explore novel approaches to address these challenges
and improve the adaptability of SWBs for marine textile
applications.

Herein, we constructed a rechargeable high-performance
yarn-shaped SWB consisting of nickel hexacyanoferrate (Ni-
HCF)-modified carbon yarn (positive electrode), glass fiber
diaphragm, and polyimide (PI)-modified carbon yarn (neg-
ative electrode). In contrast to the traditional electrode

71040

preparation method, in which active materials are coated on
pretwisted carbon yarns (twisting-before-coating method,
TBC), Ni-HCF or PI materials are modified on neatly aligned
carbon fiber bundles, which are then twisted to form yarn
electrodes (twisting-after-coating method, TAC), for weavable
SWBs. The proposed TAC method can avoid the accumu-
lation of active materials on the electrode surface and fully
utilize the internal space between adjacent carbon fibers.
Taking the Ni-HCF-modified electrode as an example, the
TAC method can significantly increase the specific capacity.
The capacity of the yarn electrode can be customized by
adjusting the twist level of the yarn. The positive (Ni-HCF-
modified) and negative (PI-modified) electrodes prepared by
the TAC method were combined in a parallel structure to
fabricate yarn-shaped SWBs with high capacity, excellent

https://doi.org/10.1021/acsami.4c16439
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Figure 3. Possible mechanism for the high performance of the yarn electrode prepared via the TAC method. (a) Force analysis of an outermost
fiber on the yarn surface; (b) schematic diagram showing an untwisted yarn electrode (UYE) and a twisted yarn electrode (TYE); (c) SEM images
showing the width of a UYE and a TYE; (d) cross-sectional SEM images and gap ratios of a UYE and a TYE.

retention, and good flexibility. Their potential applications in
seawater were also demonstrated as nets and fabrics.

B RESULTS AND DISCUSSION

Carbon yarns have been widely used as current collectors to
prepare flexible batteries and supercapacitors due to their
excellent conductivity and chemical stability.”® In the present
study, active materials were coated on carbon yarns to fabricate
one-dimensional electrodes for SWBs. Since enhancing
wettability of yarns can facilitate the adhesion of active
materials for high-performance electrodes,”” the carbon yarn
was treated with 2 M H,SO, solution under cyclic voltammetry
to introduce oxygen-containing hydrophilic groups on its
surface. The hydrophilicity of the treated carbon yarns was
significantly improved compared to the original carbon yarns
(Figure 1la). Prussian blue and its analogs (PBAs) are
transition metal hexacyanoferrites with metal—organic frame-
work (MOF) structures. As a typical Ni-doped PBA, Ni-HCF
exhibits extremely high lattice stability during intercalation and
deintercalation of Na*.>"** Therefore, we synthesized Ni-HCF
powders using the coprecipitation method to serve as the
active material of the positive electrode. As shown in Figure 1b,
the as-prepared products are cubic-structured particles with a
microscale size. The X-ray diffraction pattern exhibits eight
peaks at 17.28, 24.51, 34.84, 38.86, 43.38, 49.89, 53.23, and
56.42°, corresponding to the (200), (220), (400), (420),
(422), (440), (600), and (620) crystal planes of Ni-HCF,
respectively (Figure lc). The scanning electron microscopy

(SEM) image and the XRD spectrum prove the successful
synthesis of the MOF-structured Ni-HCF material.

As shown in Figure 1d, Ni-HCF-based yarn electrodes were
fabricated using the conventional TBC technique. Carbon
fibers are wound together to form a stable yarn structure.
Then, the Ni-HCF-based slurry was pasted onto the carbon
yarn to obtain the yarn-shaped positive electrode. Compared
with the fiber bundles observed in the SEM image of the
pretwisted carbon yarn (Figure S1), the yarn surface was
coated by a thick film with many cracks. In addition, the EDS
mapping images clearly show the uniform distribution of Ni
and Na elements in the surface-coating layer (Figure le). To
further check the distribution of active materials in the yarn,
the as-prepared yarn electrode was disassembled to remove the
surface-attached materials and unravel the carbon yarn. Unlike
the dense accumulation of Ni-HCF on the yarn’s surface,
almost no active material was attached to the carbon fibers
inside the yarn. The EDS images also show the absence of Ni
and Na elements (Figure 1f). The results reveal that the active
materials can be modified on the surface of the carbon yarn
using the conventional TBC method but not in the internal
space. The external buildup of active materials may increase
electrode resistance and does not fully utilize carbon fibers
inside the yarn.

To overcome the drawbacks of the conventional method, we
propose a new method called the TAC technique for
fabricating yarn-like electrodes. Carbon yarns purchased from
the market were untwisted to obtain parallel aligned carbon
fibers. Ni-HCF slurry was plated onto the untwisted carbon

https://doi.org/10.1021/acsami.4c16439
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Figure 4. Electrochemical performance of UYE and TYE. (a) GCD curves of UYE and TYE under a current density of 1.0 A/g; (b) rate
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prepared with UYE and TYE.

yarns to ensure sufficient coating of each fiber. Then, the
modified carbon yarns were twisted to obtain yarn-shaped
positive electrodes (Figure 2a). The twisted fibers and surface-
attached particles can be seen from the SEM images. EDS
images further demonstrate the uniform distribution of Ni-
HCEF on the electrode surface (Figure 2b). High-magnification
SEM and EDS images show the attachment of Ni-HCF
particles and the presence of characteristic elements (Ni and
Na elements) on each internal fiber, respectively (Figure 2c).
The above results indicate that using the TAC technique, the
active materials can be embedded into the internal part of the
carbon yarns to modify each carbon fiber uniformly. In
addition, the surface accumulation of active materials observed
in the TBC method can be avoided entirely, leading to the
effective utilization of active materials and current collectors.
Twist is a critical process in yarn production that can hold
the fibers together.”® The level of twist could affect the size of
the gaps between adjacent fibers in the yarn. In the present
study, the yarn electrodes with twist levels of 160, 250, 330,
and 380 turns/m were prepared to examine the effects of twist
level on the electrode performance. The structure of the
carbon yarn gradually changes from loose to dense as the twist
level increases from 160 to 330 turns/m (Figure 2d). As the
gaps between the neighboring fibers narrow, the active
materials prepasted on the fibers extrude from the gaps to
form extrudates on the yarn surface (Figure 2e). Electro-
chemical tests were conducted using a three-electrode system
to measure the specific capacity of each Ni-HCF-modified
electrode. Since there is no significant difference in the CV
curves obtained in pure seawater and 0.5 mol/L NaCl solution
(Figure S2), the NaCl solution was used to mimic seawater to
investigate the electrochemical performance of the electrodes.
It is worth noting that the ionic strength of the electrolyte may
affect the intercalation and deintercalation of ions in the
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electrode materials, subsequently affecting the performance of
the SWBs. Under the conditions mentioned above, the yarn-
shaped electrodes prepared via the TAC method exhibit a
superior specific capacity compared to those prepared through
the conventional TBC method. As the twist level increases
from 160 to 330 turns/m, the specific capacity of the yarn
electrode prepared by the TAC method gradually enhances,
reaching a maximum value of 64.0 + 1.0 mAh/g at 330 turns/
m (Figure 2f). An increase in twist to 380 turns/m results in a
notable decline in specific capacity. As shown in Figure 2g,
there is no significant variation in the specific capacity of the
yarn electrodes with different lengths, indicating that the
electrodes prepared via the TAC method possess excellent
uniformity. The results suggest that the TAC approach may
avoid the accumulation of active materials on the external
surface and effectively utilize the internal gaps of the yarn to
achieve a high specific capacity. Furthermore, the performance
of the yarn-based electrode can be tuned by tailoring the twist
level of the yarn after the coating process. Given that the
highest specific capacity was obtained at a twist level of 330
turns/m, it was selected as the optimal twist level for preparing
the yarn electrode via the TAC method in subsequent
experiments.

During the twisting process, the outermost fibers parallel
with the yarn axes gradually incline to form an angel, finally
wrapping around the yarn. A force analysis was performed on a
fiber located at the outermost part of the yarn to explore the
mechanism for the twisting-caused enhancement of the specific
capacity. As shown in Figure 3a, a segment of the outer fiber
with the length of | twists around the yarn, forming a central
angle of 0. The twisting causes the stretching of the fiber along
its axial direction to generate the tension f, which further
results in the compression force q toward the core. The

https://doi.org/10.1021/acsami.4c16439
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Figure S. Performance of a yarn-shaped SWB (YSWB). (a) Schematic diagram of a YSWB manufactured with twisted yarn-shaped electrodes; (b)
digital photo of a YSWB; (c) CV curve of a YSWB; (d) rate performance of a YSWB (current density from left to right is 0.5, 1.0, 2.0, 3.0, 4.0, and
0.5 A/g); (e) GCD curves of a YSWB at different current densities; (f) cyclic performance of a YSWB; (g) GCD curves of a YSWB at different

bending angles; (h) durability testing of a YSWB.

compression force can be expressed with the following
equation34

= 2tsin?
q sin S 1)

As the twist level increases, both the central angle € and the
stretching tension ¢ gradually increase, ultimately leading to an
increase in the compression force of the outer fiber toward the
inner layer. Compared to the UYE, the adjacent fibers in the
TYE are much closer. The active materials preloaded on the
yarn electrode also change from a loose state to a dense state
during the twisting process (Figure 3b). The twisting-induced
structural change of the yarn from untwisting to twisting
configurations could be verified with SEM. The SEM analysis
reveals a substantial reduction in the overall dimensions of the
TYE compared to the UYE, evident from both surface and
cross-sectional views (Figure 3c). To quantify this phenom-
enon, the gap ratios of both electrodes were analyzed using
Image] software based on the cross-sectional SEM images.
Notably, the gap ratio of the UYE is ~30%, whereas that of the
TYE is less than 12% (Figure 3d). Undoubtedly, this intimate
contact between the active materials and carbon fibers in the
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TYE enhances its electrochemical performance in congruence
with the findings presented in Figure 2f. However, it is crucial
to recognize that an excessive increase in compression force
may lead to the extrusion of active material slurry from internal
spaces, potentially diminishing the specific capacitance of the
TYE. This phenomenon could be observed in the yarn
electrode prepared with the TAC technique at the twist level of
380 turns/m. Therefore, the twist should be controlled
moderately in the TAC-based fabrication process to achieve
the optimal performance.

The electrochemical performance of the UYE and TYE with
the identical loading of Ni-HCF was measured to further verify
the contribution of twisting. In comparison to the low specific
capacity of 54.5 mAh/g obtained with UYE, a much higher
reversible specific capacity of 64.2 mAh/g could be reached
using TYE (Figure 4a). When the charge/discharge current
density increases from 1.0 to 5.0 A/g, the specific capacity of
the UYE reduces by 41.7%. In contrast, the specific capacity of
the TYE decreases by only 21.5% (Figure 4b). The closer
contact between the active material and fibers in the TYE may
facilitate the quick transfer of ions and electrons, resulting in
improved performance at greater charge/discharge current
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Figure 6. Feasibility of YSWBs. Rate performance (a), GCD curves (b), and cycling performance (c) of YSWBs in seawater; rate performance (d),
GCD curves (e), and cycling performance (f) of YSWBs in 1.0 M Na,SO, solution; (g) LEDs powered with a fishing net woven with YSWBs; (h)
energy storage fabric woven with YSWBs; (i) a timer powered by the energy storage fabric for 1 h.

densities. The cycling performance of the electrodes was also
tested at a current density of 1.0 A/g, showing that both have
very similar retention rates after 200 cycles (Figure 4c).

To investigate the charging mechanism of Ni-HCF
materials, the CV curves of the UYE and TYE were collected
at scan rates ranging from 0.5 to 10 mV/s. In addition to the
capacitive process, the surface redox reactions are also involved
in the performance of the electrodes. Thus, the total current of
the electrode can be described by the following equation

i=a ()

where a and b are variable parameters, and v is the scanning
rate. For the charging process controlled by the surface redox
process, the current is proportional to the scanning rate, b = 1.
However, for the diffusion-controlled charging process, the
current is proportional to the square root of the scanning rate,

b = 0.5. Formula (2) can be converted into the following
equation

logi=loga + blogv 3)

Parameter b could be obtained from the CV curves measured
at different scanning rates (Figure S3). It can be calculated
from Figure 4d that b values for the UYE and TYE are 0.77 and
0.82, respectively, showing that the charge-storage mechanism
of Ni-HCF follows both diffusion-controlled and capacitive-
controlled processes.

During the ion intercalation/deintercalation, the diffusion
process is slow and tends to be the control step. The diffusion
coeflicient is positively correlated with the reaction rate in this
process. According to the Randles—Sevcik eq (25 °C)*°

— 3/2 1/2.1/2
I, =26900n™" "ACD ""v (4)
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where n, A, C, D, and v represent the number of electrons
transferred during the redox process, the working electrode
area, the concentration of ions participating in the reaction, the
diffusion coefficient, and the scanning rate, respectively. Since
n, A, C, and v remain unchanged during the test, the diffusion
coeflicients can be compared qualitatively by comparing the
slopes of the Ip—vl/ 2 plots.>” As shown in Figure 4e, the slope
of the TYE is much higher than that of the UYE, indicating
that the TYE possesses a higher sodium ion diffusion
coefficient. PI, as a negative electrode active material, is
capable of interacting with a range of monovalent and
multivalent cations present in seawater.’® In addition, PI has
high capacity, excellent cycling performance, and good rate
capability.’”** Thus, a PI-modified yarn was fabricated as the
negative electrode to prepare a full battery (Figures S4—S6).
The impedance spectra of the yarn-shaped SWBs were tested
to analyze the charge transfer process (Figure 4f). The
semicircle diameter of the curve for the TYE-based SWB is
smaller than that for the UYE-based one, indicating the faster
charge transfer in the TYE-based SWB. The above data further
verify that twisting of the fibers could improve the electro-
chemical performance of the yarn-shaped electrode by
accelerating the charge transfer process.

The Ni-HCF-modified and PI-modified yarn electrodes
prepared using the TAC technique with a twist level of 330
turns/m were assembled to construct a yarn-shaped SWB
(YSWB). The two electrodes were separated with a glass fiber
diaphragm. A nonwoven fabric was used to encapsulate the
SWBs for manufacturing a 5 cm-long battery due to its great
hydrophilicity and excellent water permeability (Figure Sa,b).
The CV curve of the YSWB shows a pair of redox peaks at 1.1
and 0.9 V (Figure Sc). Figure Sd,e exhibit the rate performance
and the GCD curves at the current densities ranging from 0.5
to 4.0 A/g. The capacity of the YSWB was maintained at 76.1%
of its original level after 200 charge/discharge cycles at a
current density of 1.0 A/g (Figure Sf). Considering its
potential applications in marine textiles, the flexibility of the
YSWB should be evaluated in the present study. At bending
angles of 0, 45, 60, and 90°, the battery exhibits relatively stable
charge and discharge performance (Figure Sg). Moreover, after
4000 cycles of bending and release, its capacity only decreases
by 12.1% (Figure Sh), which is sufficient to demonstrate the
excellent tolerance of the YSWB to deformation.

The YSWB’s performance in seawater was measured further
to verify its potential in practical applications. As the charge
and discharge current density increases from 0.5 to 4.0 A/g,
the specific capacity of the device reduces from 26.2 to 15.2
mAh/g (Figure 6a,b). After 200 charge—discharge cycles, the
retention rate of the specific capacity is 86% (Figure 6c). The
performance of the YSWB in seawater is quite similar to that
obtained in a 0.5 mol/L NaCl solution (Figure Sd—f), fulfilling
the requirements of energy supply in deep sea. It is worth
mentioning that the performance of the YSWBs in seawater is
slightly better than that in 0.5 mol/L NaCl, which may be
attributed to the intercalation/deintercalation of the cations
other than Na*, such as K" and Mg**, with PL*® The Na,SO,
solution has been widely used as an electrolyte in aqueous
sodium-ion batteries."’ The present study also examined the
performance of the YSWB in 1.0 mol/L Na,SO, solution. As
shown in Figure 6d—f, the performance of the YSWB in the
Na,SO, solution is comparable to those in seawater and 0.5
mol/L NaCl solution. The YSWBs were woven into a fishing
net-like textile to demonstrate their potential in practical

applications. The textile was immersed in seawater to fully
absorb the electrolyte. After charging, the fishing net can
successfully power a light panel composed of 10 LEDs (Figure
6g), proving the potential of the YSWB as an energy source in
seawater. It should be noted that the YSWB could also
function as a weavable aqueous sodium-ion battery for textile
electronics after encapsulation. Figure 6h shows an energy
storage fabric woven with the Na,SO, solution-soaked YSWBs
encapsulated with thermoplastic tubes. The flexible energy
storage fabric can be applied as a rechargeable energy source to
power a timer for more than 60 min (Figure 6i),
demonstrating the great potential of YSWBs for powering
wearable devices. Four YSWBs were woven into the textiles at
a series-parallel circuit, as illustrated in the inset of Figure 6g.
Further experiments were conducted to investigate the impact
of the YSWBs on Chlorella vulgaris, a species of green
microalga. The findings indicate that the presence of the
YSWBs does not markedly influence the growth of the
microalga (Figure S7). Consequently, the SWBs may
potentially be employed in marine environments without
disrupting the ecosystem.

B CONCLUSIONS

In summary, we have reported a TAC method, which involves
modification of active materials on parallel aligned carbon
fibers and moderate twisting of the fibers, for fabricating high-
performance yarn-shaped electrodes. Using this technique,
active materials could be distributed in the internal spaces and
on the outermost surface of the carbon yarn, making full use of
each carbon fiber. In addition, the twist level could affect the
performance of the yarn electrode. The optimal twist level
could facilitate the close contact between carbon fibers and
active materials to reduce the charge transfer resistance, thus
achieving an enhanced specific capacity. Under the same
conditions, applying the TAC technique can increase the
specific capacity of the yarn-shaped positive electrode by about
15.9%, reaching 64 mAh/g, compared with the conventional
TBC technique. YSWBs were constructed using the Ni-HCF-
modified and PI-modified electrodes prepared using the TAC
method. The devices showed a specific capacity of 24.3 mAh/
g, a capacity retention rate of 76.1% after 200 cycles, and
tolerance to 4,000 times bending. The YSWBs could be woven
into a fishing net-like textile to power a light panel composed
of 10 LEDs. This work introduces a universal method for
fabricating high-performance carbon yarn-based electrodes. It
may inspire the development of weavable 1-D YSWBs for
marine and deep-sea applications.

B EXPERIMENTAL SECTION

Materials and Reagents. Ethylenediamine (EDA), N-methyl-
pyrrolidone (NMP), and poly(vinylidene fluoride) (PVDEF) were
purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Ni(NO;),-6H,0 was purchased from Adamas
Reagent Co., Ltd. (Shanghai, China). Trisodium citrate was
purchased from West Asia Chemical Co., Ltd. (Shandong, China).
1,4,5,8-Naphthalene tetracarboxylic dianhydride (NTCDA) and
Na,[Fe(CN)¢] were bought from McLean Biochemical Technology
Co., Ltd. (Shanghai, China). Carbon fiber yarns were purchased from
Shanghai Qjjie Carbon Company. Other chemicals were of analytical
grade and directly used without purification. The seawater is collected
from the Bohai Sea. The nonwoven fabric was commercially
purchased from the local market in Chongging, China.

Material Synthesis and Electrode Preparation. Ni-HCF
Preparation. Three mmol Ni(NOj;),-6H,0 and 3.6 mmol trisodium
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citrate were dissolved in S0 mL of pure water to prepare solution A.
Three mmol Na,[Fe(CN),] were dissolved in S0 mL of pure water to
prepare solution B. The two solutions were mixed under vigorous
stirring for 30 min to obtain a blue-green suspension. After stirring at
60 °C for another 15 h, the precipitate was collected via centrifugation
at 7000 rpm for 15 min. After water-washing and vacuum-drying, the
final products were harvested and stored at ambient conditions.

Preparation of Pl. Twenty mmol NTCDA and 20 mmol EDA
monomers were mixed in pure water, stirring at 80 °C for 2 h. The
mixture was then transferred into a high-pressure autoclave, reacting
at 200 °C for 12 h. The PI precipitate was collected via centrifugation
at 7000 rpm for 10 min. After water-washing and vacuum-drying, the
PI powder was obtained and stored at ambient conditions.

Preparation of Yarn-Based Electrode. The active material,
conductive carbon black, and PVDF were mixed in a weight ratio
of 8:1:1 to create a slurry containing an appropriate quantity of NMP
as the solvent. In the case of the TBC method, the parallel carbon
yarns were subjected to a twisting using a homemade apparatus at a
specific speed, after which they were evenly coated with the slurry at a
density of 0.225 mg/cm’. In the TAC method, the slurry was initially
scraped onto the parallel fibers and subsequently twisted to form a
yarn-based electrode. The resulting yarn electrodes were then
incubated in a vacuum oven at 80 °C for a period exceeding 12 h
to thoroughly evaporate the solvent.

Fabrication of Yarn-Shaped Batteries. The yarn electrodes
modified with Ni-HCF and PI were utilized as positive and negative
electrodes, respectively, to produce yarn-shaped batteries. A positive
electrode prewrapped with a S mm-wide diaphragm was aligned with
a negative electrode in parallel. After covering it with a layer of
nonwoven fabric, a yarn-shaped SWB was obtained. An aqueous
sodium-ion battery containing the same electrodes was prepared with
a Na,SO, solution as the electrolyte and a thermoplastic tube as the
encapsulating layer for performance comparison.

Characterization and Electrochemical Measurement. The
morphologies of active materials and yarn electrodes were
characterized using field-emission scanning electron microscopy
(FESEM; JEOL, Tokyo, Japan). The crystal structure of Ni-HCF
was measured using an X-ray diffractometer (XRD-7000 Shimadzu
Corporation, Japan). Fourier transform infrared spectroscopy (FTIR,
Nicolet 6700 Waltham, Massachusetts) was conducted to check the
surface functional groups of PI. The hydrophilicity of yarn electrodes
and carbon fibers was measured with a contact angle tester (model JC
2000D, Shanghai Zhongcheng Industrial Co., Ltd., China).

The electrochemical properties were measured with a three-
electrode system consisting of a 1 cm-long yarn electrode (working
electrode), a 1 cm? platinum plate (counter electrode), and a calomel
electrode (reference electrode) in a 0.5 M NaCl solution. The CV
curves and Nyquist plots were collected using a CHI 660E
electrochemical workstation (Chenhua Instrument Co., Ltd.). The
rate performance and cycling properties were tested using an
automatic battery tester system (CT2001A, Wuhan LAND
Electronics, China). Before each electrochemical test, N, gas was
continuously introduced into the electrolyte for 40 min to purge O,
efficiently. The repeated bending of the yarn-shaped battery was
conducted on a flexibility tester (FT 2000, Prtronic, Shanghai Mifang
Electronic Technology Co., Ltd., China) at a frequency of 0.5 Hz.
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