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ABSTRACT: The progress of electronic textiles relies on the develop-
ment of sustainable power sources without much sacrifice of convenience
and comfort of fabrics. Herein, we present a rechargeable textile alkaline
Zn microbattery (micro-AZB) fabricated by a process analogous to
traditional resist-dyeing techniques. Conductive patterned electrodes are
realized first by resist-aided electroless/electrodeposition of Ni/Cu films.
The resulting coplanar micro-AZB in a single textile, with an electroplated
Zn anode and a Nij;Coy3;00H cathode, achieves high energy density
(256.2 Wh kg ™), high power density (10.3 kW kg™'), and stable cycling
performances (82.7% for 1500 cycles). The solid-state micro-AZB also
shows excellent mechanical reliability (bending, twisting, tailoring, etc.).
The improved reversibility and cyclability of textile Zn electrodes over
conventional Zn foils are found to be due to the significantly inhibited Zn

dendrite growth and suppressed undesirable side reactions. This work provides a new approach for energy-storage textile with

high rechargeability, high safety, and aesthetic design versatility.
KEYWORDS: resist dyeing, Zn battery, electronic textile, wearable

B INTRODUCTION

such as Zn—NiOOH,"° Zn—AgZO,15 Zn—air,"*™" and Zn—
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Electronic textiles are emerging as ideal platforms of wearable
electronics with various electronic components (transistors, "
light-emitting diodes (LEDs),” displays,” and sensors’")
integrated in fibers/yarns/fabrics for applications such as
sports/healthcare monitoring, personal thermal management,
and even medical therapy. One of the essential challenges is to
power these textile electronics without much sacrifice of
convenience, softness, and comfort of fabrics. Therefore,
efforts have been recently devoted worldwide to developing
wearable textile-based energy-storage devices such as super-
capacitors (SCs) and lithium-ion batteries (LIBs). Though SCs
feature high power density and safety, the insufficient energy
density limits their applications; nonaqueous LIBs possess
significantly higher energy density but suffer from intrinsic
safety and cost issues.” Rechargeable aqueous zinc batteries are
expected to be more promising as textile power sources owing
to their combined advantages of high energy density, safety,
and low cost.'"™"*

Metallic zinc is an ideal anode for aqueous batteries due to
its two-electron redox reaction, low redox potential, and high
abundance. A large family of Zn batteries has been studied,
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MnO,” batteries. Nevertheless, one long-lasting challenge for
rechargeable Zn batteries is their unsatisfactory cycling stability
originating mainly from the Zn dendritic growth. Recently,
progresses have been made to suppress the dendrite formation
by modifying the electrolyte with concentrated additives®" or
designing three-dimensional (3D) porous Zn as the anode,
such as hierarchical ZnO/Zn on carbon cloth***® Zn
nanosheets on carbon nanotube (CNT) paper,”* and 3D Zn
sponges.'” Yet, very few works have been reported to realize
flexible/wearable Zn batteries, and the research on suppressing
Zn dendrite growth is still insufficient.

The mostly investigated approach for wearable textile energy
devices is to fabricate one-dimensional fiber/yarn-shaped
supercapacitors/batteries, which can be later woven into
fabrics. Fiber/yarn-shaped supercapacitors,zs_28 lithium-ion
batteries,”” ™! sodium-ion batteries,>* and recently zinc
batteries have been reported. Another alternative approach is
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Figure 1. Fabrication of textile electrodes and micro-AZBs. (a) Schematic illustration of the fabrication procedures of textile micro-AZB. (b)
Scanning electron microscopy (SEM) image of a Cu-coated finger electrode on the textile. (c) SEM images of Cu films. (d) Electrical properties
and (e) bending stability of the Cu textile. The inset of (d) shows blue LEDs lighted through a Cu textile circuit under bending condition. (f)
Photo of flowers fabricated on polyester fabrics with different coatings (Ni, Cu, Zn, NiCo BOH). (g) Photo shows a bended textile micro-AZB. (h)
Thickness of a micro-AZB (0.1 mm). Scale bars, 1 mm (b), 30 gm (c), and 500 nm the inset of (c).

to directly load electrode materials on two-dimensional fabrics
through dip-coating or printing methods and then assemble
textile electrodes into a stacked sandwich architecture.
Compared with these two approaches, in-plane microbatteries
are more favorable for textile energy devices considering their
higher electrochemical performances and better versatility in
stylish designs.”> However, common fabrication techniques
based on photolithography and metal sputtering coating are
inapplicable to textile substrate with wavy porous surfaces.
Resist dyeing has been a widespread method for applying
predesigned color patterns on fabrics since ancient times.
Certain areas of fabrics are free to absorb the dye, whereas the
undesired areas are blocked by the resist substance such as
wax, rice paste, stencils, and string (tie dyeing). After the
dyeing process and removal of the resist, aesthetic patterns
with fascinating colors are obtained. By replacing the dye with
conductive or electrode materials, it is possible to fabricate in-
plane microbatteries with arbitrary designs.

In this work, we developed a novel resist-dyeing process to
fabricate patterned conductive metal films and in-plane alkaline
Zn microbatteries (micro-AZBs) on textile substrate. Laser-
scribed Kapton film attached on the textile functions as the
resist, and electroless deposition of Ni is analogous to the
dyeing process. Once the conductive pattern of Ni film is
deposited, various different materials can be electrodeposited
above it, such as Cu, Zn, and Ni—Co bimetallic oxyhydroxide
(NiCo BOH). Compared with the previously reported dip-
coating, painting, or inkjet/screen printing of conductive
carbonaceous materials, the thin Cu film offers significantly
improved electron transfer (sheet resistance 0.22 Q sq™') and
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simultaneously maintains the light weight and softness of
pristine textiles. Therefore, the textile micro-AZBs, with Zn as
the anode and (Niy,Coo3)OOH as the cathode, achieved both
high energy density (256.2 Wh kg™') and high power density
(10.3 kW kg™"). By applying the gel-type electrolyte, solid-state
micro-AZBs fabricated on common cloth also showed excellent
mechanical reliability (bending, twisting, cutting, etc.).
Impressively, the textile Zn anode exhibited improved cycling
stability and reversibility and significantly suppressed dendrite
growth compared with the Zn foil electrode mainly due to
porous nature of fabrics and uniform nanosheet morphology of
the electroplated Zn.

B RESULTS AND DISCUSSION

Resist dyeing was adopted for the fabrication of patterned
textiles and micro-AZBs, as illustrated in Figure la. A pristine
polyester textile was sealed by a Kapton resist with desired
patterns, which undergoes the electroless deposition of Ni
coating and subsequent electrodeposition of Cu coating.
During the processes of electroless- and electrodeposition,
the Kapton mask functions as a resist to prevent ions (PdCl,>",
Ni?*, Cu**, etc.) in aqueous solution from reaching the surfaces
of sealed textile fibers. This process is analogous to the
traditional tie dyeing, where the exposed area is dyed but not
the pinched or sealed area (Figure S1). After removing the
Kapton mask, two Cu electrodes with interdigitated config-
uration were coated on the textile substrate. Then, Zn and
NiCo BOH nanosheets were electrodeposited on each of the
Cu electrode, followed by applying aqueous or gel-type
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Figure 2. Morphology and structure characterization of the Zn and NiCo BOH electrodes. (a) SEM images of the Zn nanosheets on the Cu textile
substrate. (b) SEM images and energy-dispersive X-ray spectroscopy (EDS) elemental mapping of the cross-section surface of a Zn electrode. (c, d)
TEM images of the Zn nanosheets. (¢) X-ray diffraction (XRD) profile and (f) Fourier transform infrared (FTIR) spectra of the pristine textile, Ni-
coated textile, Cu-coated textile, and Zn-coated textile. (g) SEM images and (h) X-ray photoelectron spectrum (XPS) of Ni 2p and Co 2p of NiCo
BOH. Scale bars, S ym (a), 1 ym (the inset of (a)), 30 um (b), S00 nm (c), 10 nm (d), 2 nm (the inset of (d)), SO um (g), and S00 nm (the inset

of (g))-

electrolyte to prepare aqueous or solid-state textile micro-
AZBs, respectively.

Detailed schematic illustration is shown in Figure S2. The Ni
coating was only deposited on the sensitized area, where the
fiber surfaces were exposed to PACl,>~ adsorption, whereas the
subsequent electrodeposited coatings (Cu, Zn, NiCo BOH)
can only be formed on top of conductive Ni films, leaving the
sealed area as an insulating gap. The final gap size is close to
that of the pristine Kapton resist (Figure 1b). The smallest gap
size was achieved to be 0.3 mm. The woven textured feature of
pristine fabrics was always maintained (see Figures 1b and S3a
for optical microscope images). The conformal films of Ni and
Cu nanoparticles wrapping up polyester fibers can be clearly
observed from SEM images (Figures lc and S4). The
electrodeposited Cu film is smoother and has a smaller
contact angle than the Ni film, favoring the uniform
electrodeposition of Zn and NiCo BOH nanosheets (Figure
S3).

Moreover, the Cu textile possesses simultaneously high
electrical conductivity and flexibility. The sheet resistances of
the Cu textile were about 1.1, 0.3, and 0.22 Q sq~' when the
deposition times were S, 10, and 15 min, respectively (see
Figure 1d). The estimated electrical conductivity (o) for the 15
min electrodeposition sample was about 1.13 X 10* S cm™.
This value is much higher than most reported conductive films,
such as silver elastomeric fibers,”* layer-by-layer Au/Mxene on
paper,”>* screen-printing carbon nanotube (CNT) silks,*”**
screen-printing Zn textiles,'> and dip-coating CNT fabrics®”
(Figure S6a). The Cu textiles were bent repeatedly to evaluate
mechanical properties. After 4000 bending cycles at 2.7 mm of
curvature radius, the sheet resistance increased slightly by 6.5,
3.4, and 3.1% for Cu textiles with 15, 10, and 5 min deposition
times, respectively (see Figure le). Moreover, the Zn
electrodes prepared by the screen-printing method and our
resist-dyed method were immersed in laundry detergent for 10
min and then dried naturally. Almost no change of the
morphology of resist-dyed Zn textile was observed (Figure S7,
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Supporting Information), proving that Zn-active materials are
strongly bonded on textile substrate.

This resist-assisted deposition method is able to convert the
wavy fabric into cloth with arbitrary conductive patterns and
different colors, which could be promising for applications in
textile circuits and energy textiles. For demonstration, a series
of conductive drawings (a flower, a word “NANO”,
filamentary serpentine design) were fabricated on a polyester
fabric with Ni, Cu, Zn, and NiCo BOH coatings, as shown in
Figures 1f and S6. As conducting lines, a Cu textile was
demonstrated to light commercial light-emitting diodes
(LEDs) at flat and bended conditions (inset in Figure 1d).
As current collectors of energy-storage textile, the textile
electrodes can provide high-speed pathways for electron
transport. Zn and NiCo BOH coatings can be subsequently
applied as anode and cathode materials in micro-ZBs,
respectively (see Figure S8 for the size of the interdigitated
battery design). The average transmittance of 57.5% for
pristine textile changes to 3.3% with Ni and 3.1% with Cu
coatings, respectively (Figure S6b). As the micro-AZB is thin
(0.1 mm, see Figure 1h), the device maintains the mechanical
flexibility of pristine textiles, as confirmed by a bended textile
micro-AZB in Figure 1g.

Though many printing methods can also produce desired
patterns on textiles, our resist-dyeing process, compared with
previously reported printing methods, has the following
advantages. (1) Generally, the printing process, including
screen printing and inkjet printing, involves toxic organic
solvents and polymer binders. Our proposed resist-dyeing
textile involves electroless- and electrodeposition of active
materials in aqueous solution. It is more environmentally
friendly without organic binders. (2) The organic binders
typically make the textile rigid and uncomfortable, whereas the
resist-dyed textile electrodes have excellent flexibility (Figure
le). (3) The resist-dyed textile electrode has higher
conductivity (Figure S6a). (4) The resist-dyed electrode has
stronger bonding with the active coatings (Figure S7).
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Figure 3. Electrochemical performances of the aqueous micro-AZBs. (A) Schematic illustration of the operation of textile micro-AZB during the
charge—discharge processes. (B) Cyclic voltammetry (CV) profiles obtained at different scanning rates. (C) Galvanostatic charge—discharge
(GCD) curves at different current densities. (D) Rate capability of the device at various current rates. (E) Cycling performance of the device at a
current density of 5 A g™". (F, G) Nyquist plots of the Zn textile and Zn foil before cycling and after 200th and 800th cycles. (H) Ragone plot of
the textile in comparison with other Zn batteries made of NaV;04-1.5H,0,”> Zny,sV,05nH,0,* Zn;[Fe(CN)4],,* and Na,V,(PO,),>"

The Cu textile can be directly utilized as a current collector
for flexible power sources due to the high electrical
conductivity and flexibility. Vertically aligned ultrathin Zn
nanosheets were grown on Cu fabrics as anode for micro-AZBs
(Figure 2a). Freestanding Zn nanosheets were homogeneously
grown on Cu films (Figure S9a,b). Importantly, each
nanosheet is “rooted” in the Cu substrate, ensuring favorable
pathways for electron transfers through the interface, as
confirmed by the inset in Figures 2a, and S9¢,d. Additionally,
the cross-section SEM image and energy-dispersive X-ray
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spectroscopy (EDS) elemental mapping of a Zn-coated Cu
textile resolve the distribution of elemental C, O (from
polyester backbone) and Ni, Cu, Zn (from metal coating),
further confirming the uniform deposition of Zn nanosheets on
the textile surface (see Figure 2b). The transmission electron
microscopy (TEM) images in Figure 2c and high-resolution
transmission electron microscopy (HRTEM) images in Figure
2d confirm the crystalline nature of the Zn nanosheets. The
measured lattice fringe of 0.24 nm (inset in Figure 2d) is in
accord with the (002) plane of hexagonal zinc (JCPDS #87-
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0713). The crystallinity of Zn nanosheets is further confirmed
by the X-ray diffraction (XRD) pattern (Figure 2e). The
electroless deposited Ni is amorphous, but the Cu coating is
crystalline, accounting for the high conductivity for the Cu
textile substrate (Figure 1d). In addition, it is essential to
ensure the stability of the polyester substrate in contact with
various metal films via the aqueous plating method. Therefore,
Fourier transform infrared (FTIR) spectra were employed
(Figure 2f), where the existence of polyester can be identified
from three characteristic peaks of 1710 cm™" (asymmetric C=
O stretching), 1243 cm™' (C—O stretching), and 721 cm™
(C—H bending).* Although the intensity is reduced due to
the coating layers, the three characteristic peaks confirm the
stability of the polyester substrate.

Ni—Co bimetallic oxyhydroxide was also electrodeposited
on the Cu textile electrode as the cathode material. The
reversible redox reaction between metallic oxyhydroxides and
hydroxides has been applied in many supercapacitors. Better
electrochemical performances of Ni—Co bimetallic oxyhydr-
oxides over either Ni or Co oxyhydroxide have also been
demonstrated.*"** According to the SEM images (Figure 2g),
densely aligned ultrathin nanosheets were grown on the Cu-
coated fibers, forming a uniform and porous film (Figure S9e).
XPS spectra were further examined to confirm the formation of
bimetallic oxyhydroxides. Besides two satellite peaks (noted as
“sat.”), the Ni 2p XPS spectrum shows two typical peaks
located at 856.8 and 874.5 eV, in accordance with the Ni 2p;/,
and Ni 2p,,, in nickel oxyhydroxide, respectively’' (Figure
2h). Co 2p can be indexed at 781.9 €V (Ni 2p;,,) and 797.6
eV (Ni 2p;,), in accordance with cobalt oxyhydroxide as well
(Figure 2h)."> The two peaks of the O 1s spectrum located at
531.2 and 533 eV suggest the O species in OH groups and
absorbed water molecules, respectively*>** (Figure S9f).
According to the atomic ratio by XPS data, the stoichio-
metrical chemical formula of the oxyhydroxide is determined
to be (Niy,Coy3)OO0H.

Electrochemical performances of textile electrodes and
micro-AZBs were first performed in aqueous electrolyte.
Figure S10 presents cyclic voltammetry (CV) curves of the
textile Zn and (Niy,Co,;)OOH electrode at a scan rate of 0.5
mV s with a saturated calomel electrode (SCE) as the
reference electrode. The full-cell reaction of a Zn—NiCo BOH
battery can be written as

Zn + 2Ni;,Co,;00H + 20H™ + 2H,0

discharge _
=——[Zn(OH),]’” + 2Niy,Co,(OH),
charge

During the discharging process, the Zn nanosheets are oxidized
to Zn?" ions, which further combine with OH™ in the
electrolyte to form zincate ions ([Zn(OH),]*”). Meantime,
the bimetallic oxyhydroxide is reduced to bimetallic hydroxide
at the cathode side. As for the charging process, the redox
reactions are reversibly reversed, as schematically shown in
Figure 3A.

For the fabrication of the micro-AZB full cell, the Zn anode
was oversaturated, and the theoretical capacity ratio of the Zn
anode to the NiCo BOH cathode was estimated to be about
~4. Therefore, current densities, specific capacities, and
energy/power densities were all calculated based on the
weight of cathode materials NiCo BOH. The aqueous
electrolyte contains 1 M KOH, 0.02 M Zn(Ac),, 0.005 M
LiOH, and 0.005 M Ca(OH),. The additives of Zn(Ac),,
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LiOH, and Ca(OH), can induce zincate supersaturation and
enhance the rechargeability of NiCo BOH by suppressing O,
evolution, potentially enhancing the cycling stability of the
Zn—NiCo BOH battery."® Figure 3B shows cyclic voltammetry
(CV) curves of micro-AZBs in aqueous electrolyte at different
scanning rates. The two pairs of redox peaks are consistent
with the two voltage plateaus in the charge—discharge curves
shown in Figure 3C. A high discharge voltage of 1.7—1.8 V was
obtained. When the charge—discharge current densities
increase from 0.5, 1, 2, and S to 10 A g_l, the discharge
capacities of micro-AZBs decrease from 161.1, 145.5, 131.8,
and 111.8 to 90.5 mAh g™/, respectively, much higher than Zn
foil-NiCo BOH battery assembled by stacking Zn foil and
oxyhydroxide textile (dramatically dropping from 156.1 to 60.2
mAh g~!, Figure 3D). This suggests the higher power
performances of textile interdigitated micro-AZBs over the
stacking-structured Zn foil-based batteries. The areal capacity
of the device is about 0.41 mAh cm™ at charge—discharge
current density of 0.5 A g~' (1.25 mA cm™?) (Figure 3D). This
areal capacity is better than or comparable to that of Zn/Ag
batteries (0.19 mAh cm™2)," Zn/Ni batteries (0.35 mAh
em™2),** and Zn/V,Oq batteries (0.544 mAh cm™2)*® but
smaller than that of an all-printed Zn—Ag,O battery (2.5 mAh
cm™2) due to its higher areal mass loading."

The cycling performances of the Zn foil-NiCo BOH
batteries and textile micro-AZBs at 5 A g~' were compared in
aqueous electrolyte (Figure S11). The micro-AZBs exhibited
stable cycling for over 1500 cycles with capacity retention of
82.7% (Figure 3E), whereas the Zn foil-NiCo BOH battery
showed 20.3% capacity decay after only 800 cycles (Figure
S1la). Throughout the course of cycling, the charging—
discharging profiles are stable without significantly increased
polarization (the inset of Figure 3E). In addition, AC
impedance spectra of the textile micro-AZBs after 800 cycles
show much smaller increase in the electrolyte resistance (R,)
and about an order lower charge-transfer resistance (R,,) than
that of the Zn foil-based battery, as shown in Figure 3F,G. The
unstable cycling performances and quickly increased internal
impedance of the Zn foil-NiCo BOH battery are ascribed to
the dramatic dendrite growth and the formation of less
reversible and less conductive Zn oxide/hydroxide at the
anode side,”” which will be further discussed in the following
sections. In addition, we also conducted experiments to
compare the electrochemical performance of two different Zn
textile (screen-printing Zn textile and resist-dyed Zn textile)
batteries. CV and GCD curves of the resist-dyed Zn textile
batteries show much smaller charge—discharge overpotentials
and higher discharge capacities (Figure S12) than that of the
screen-printed Zn textile battery mainly due to the above-
discussed higher conductivity of the electrode.

Table S1 compares the energy density and power density of
NiCo BOH obtained in this work with previously reported
various cathode materials of Zn batteries. As shown by the
Ragone plot (Figure 3H), the highest energy density of our
textile micro-AZBs was estimated to be 256.2 Wh kg_l, which
is higher than that of steel mesh-based Zn/Zn,,;V,O; batteries
(~250 Wh kg™),** Zn/Zn;[Fe(CN);], batteries (%100 Wh
kg™),* Zn/Co;0, batteries fabricated on carbon cloth (241
Wh kg_l),47 and Zn/LiMn,0, batteries on porous carbon
(~180 Wh kg_l)SO and is also comparable to that of Zn/MnO,
batteries on CNT paper substrate (~254 Wh kg™')** and
NiSn/LiMnO, microbatteries”” directly grown on glass slides
(Table S1). The power density of the textile Zn microbatteries
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Figure 4. Electrochemical performances and mechanical properties of solid-state textile micro-AZBs. (A) GCD curves of the device at various
current densities. (B) Cycling performance of the micro-AZB at a current density of 2.5 A g™'. (C) Photos of a micro-AZB conformally attached on
the glove of a bending finger. (D) CV curves at a scan rate of 10 mV s™* recorded under flat, bending, and twisting conditions. (E) Capacity
retention as a function of bending cycles. The radius of curvature R = 4.1 mm. (F) Cutting test of the textile AZBs. The LED cells can still be
powered through the letter (“textile”)-shaped Cu textile circuit after the first, second, third, and fourth cuts of AZBs. (G) Potential retention of the
AZB at different cutting statuses. (H) AZBs in the shape of four letters, that is, “‘BINN”. The letter-shaped AZBs sewed on a garment power a
commercial watch under bending condition. (J) GCD curves of the BINN AZBs. Scale bar, 1 cm (F) and S cm (I).

reached 10.3 kW kg!, generally much higher than most
previously reported Zn batteries (0.51—8.66 kW
kg™1).>>**3175% The total specific capacity and energy density
of the device even considering the weight of Ni/Cu metal
layers (3.1 mg cm™?) are 70.6 mAh ¢! and 114.3 Wh kg™
(0.5 A g"), respectively. The high electrochemical perform-
ances of our device are attributed to the following factors: (1)
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ultrathin nanosheets of Zn and oxyhydroxides rooted in the
highly conductive Cu films favor the high-speed transfer of
electrons; (2) the porous morphology and large surface area of
active materials at both electrodes reduce the electrolyte/
electrode impedance; and (3) the advantage of the in-plane

interdigitated configuration.
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The solid-state micro-AZB was fabricated by coating
interdigitated textile electrodes with a poly(vinyl alcohol)
(PVA) gel-type electrolyte. The specific discharge capacities of
solid micro-AZB at 0.25, 0.5, 1, 2, and 5 A g™ were 147.2,
135.1, 121.6, 102.4, and 83.5 mAh g_l, respectively (Figure
4A). The specific areal discharge capacities of solid micro-AZB
at 0.625, 1.25, 2.5, 5, and 12.5 mA cm™? were 0.36, 0.33, 0.30,
0.25, and 0.21 mAh cm ™, respectively (Figure 4A). Compared
to the above aqueous micro-AZB, these specific capacities
decrease slightly, but are still better than or comparable to
several representative studies on solid-state Zn batteries.”” The
cycling stability of solid micro-AZBs was further studied at 2.5
A ¢! (Figure 4B). Excellent capacity retention of 87.2% was
obtained even after 1000 deep cycles.

Mechanical durability is essential for wearable applications;
therefore, the flexibility of the textile micro-AZB has been
examined under various deformation conditions. The soft
textile micro-AZBs attached on a glove can be easily bended
and twisted (Figure 4C). The CV curves tested in situ at
deformed states show no obvious change compared to the
initial state (Figure 4D). The device was then bent for 1600
cycles by a linear motor (the inset photos in Figure 4E). After
the bending cycles, only 9.4% capacity decay was observed, as
shown in Figure 4E. A red LED can still be lighted by the
textile micro-AZB even at deformed state (Figure S13). These
tests confirm the excellent flexibility of the solid micro-AZBs,
which is mainly attributed to the flexible textile substrate and

5101

the intimate and strong binding between coating materials (Nj,
Cu, Zn, and oxyhydroxide) and fiber surfaces.

Tailoring is usually required for cloth designs, so a self-
powered illuminating textile was designed for demonstration of
the tailoring ability of the textile micro-AZB (see Figure 4F).
Two in-plane AZBs were fabricated and connected in series by
a letter-shaped Cu textile circuit, on which a red LED chip was
soldered. The LED can be lighted by the textile AZBs under
bending or twisting deformation (Movie S1). It is noteworthy
that the AZB can also power the LED after four times of
cutting by a scissor (Figures 4F and S13c,d). The open-circuit
voltage of the AZBs shows only slight decrease after four
cuttings (87% of its initial value), suggesting a negligible
current leakage during the tailoring process (Figure 4G).
These results demonstrate that our solid-state AZB can serve
as a tailorable energy-storing textile.

The resist-dyeing-based fabrication of our micro-AZBs is
facile to convert drawings, paintings, or letters on a cloth into
energy textiles. For demonstration, we designed two AZBs on a
polyester fabric in the form of four letters (BINN). The two
AZBs (“BI” is one device and “NN” is the other one) were
connected in series (Figures 4H and S13f). The devices can be
easily sewed onto a cloth (Figure 4I) and power an electronic
watch under bending condition. The watch kept operating
even when the energy textile was repeatedly bended by casual
arm motions (Movie S2). The representative GCD profiles of
this letter-shaped battery are provided in Figure 4], showing a
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~3.3 V discharge voltage plateau and a discharge capacity of
0.76 mAh. More complicated images, drawings, or letters could
also be designed into comfortable and aesthetic energy textiles
as long as desirable Kapton resist is designed for laser scribing.

The Zn metal anode typically suffers from issues of low
reversibility, caused mainly by the Zn dendrite growth and
irreversible side reactions. Zn/Zn symmetrical cells were
assembled and tested to compare the reversibility of the Zn
foil electrode and the textile Zn electrode in alkaline aqueous
electrolyte. Figure S14 compares the cycling stability of screen-
printed Zn textile with that of resist-dyed Zn textile in alkaline
electrolyte. The screen-printed Zn textile electrode has a sharp
increase in charge—discharge overpotentials after about 60 000
s, whereas the resist-dyed textile electrode shows relatively
more stable performances. Figure S15 shows a comparison of
voltage hysteresis and cycling stability of Zn foil and Zn textile
symmetric cell in aqueous electrolyte, respectively. At a current
density of 1 mA cm ™2, both cells exhibited similar initial
potential, but a sudden increase in polarization of the Zn foil
symmetric cell was observed after cycling for about 77 000 s.
Dramatic increase in polarization of the Zn foil cell was even
observed readily after only several cycles at 3 mA cm™. In
contrast, Zn textile symmetric cells show stable voltage profiles
without significant polarization. Typically, heterogeneous Zn
dendrite growth and formation of Zn oxide/hydroxide are
ascribed to the large polarization of the Zn metal electrode
during cycling.”

To understand these issues, ex situ XRD was examined for
Zn anodes of both aqueous Zn foil-NiCo BOH battery and
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textile micro-AZB at charged state after cycling. After only 200
cycles, peaks of Zn(OH), and ZnO can be observed in the Zn
foil electrode (Figure Sa). The peak intensity of Zn(OH),/
ZnO keeps increasing after 500 and 800 cycles, suggesting
more Zn was continuously transformed into insulating
byproducts along with the cycling. After 800 cycles, the
intensity of ZnO(002) peak is comparable to most Zn peaks,
indicating a thick ZnO layer formed on the Zn foil. In contrast,
no obvious peak of Zn(OH), is identified in the Zn textile
electrode until 1000 cycles (Figure Sb,c). After 1500 cycles, the
peaks of Zn(OH), are noticeable, but throughout the course of
cycling, no obvious peak of ZnO is observed. During the
cycling, the zincates (Zn(OH),)*” and Zn(OH), can trans-
form to ZnO through a dehydration reaction. Ideally, the ZnO
or Zn(OH), can be reduced again into Zn and deposit on the
anode, as suggested by several previous reports.'”*’ However,
the observed ZnO/Zn(OH), here at charged state indicates
that they have not been converted back to Zn and are no
longer reversible or electrochemical active. These irreversible
byproducts consume the active material of Zn metal and also
deteriorate cell kinetics due to their insulating nature.
Compared with the Zn foil, side reactions are largely delayed
and the reversibility is significantly improved for the textile Zn
electrode.

SEM images of charged Zn electrodes after cycling in
aqueous electrolyte were also taken to understand the
morphology evolution. The smooth top surface of the initial
Zn foil (Figure 5d) changes to be highly rough with lots of
aggregated bumps of needlelike Zn dendrites after 500 and 800
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cycles (see Figures S16a and Se, respectively), whereas the
initial Zn nanosheets on fabric fibers (Figure 5f) change into a
smooth and uniform film without noticeable Zn dendrite after
even 1500 cycles (Figures Sg, S16b and S18). The side-view
SEM image of the Zn foil after 800 cycles exhibits a porous and
pulverized morphology (Figure Sh,i). At higher magnifications
(Figure S17), the deposited Zn during the cycling shows a
cactuslike hierarchical morphology with many Zn nanoneedles.
In contrast, dense and conformal Zn film on fabric fibers is
observed for the textile Zn electrode after 1500 cycles (Figure
5j). The EDS mapping confirms the existence of ZnO/
Zn(OH), (Figure 5ij).

The morphology evolution of Zn foil and Zn textile during
cycling can be schematically explained in Figure 6. The
electrochemical reaction of the Zn anode in alkaline electrolyte
is shown as the following equation'”*’

_ discharge 2 _
Zn + 4OH” —— [Zn(OH),]"” + 2e

charge

The electro-oxidation of Zn leads to the stripping of zincate
ions from the substrate, which can be reduced and electro-
deposited back to the surface when the applied external current
is reversed. During the electrodeposition process, the freshly
formed Zn prefers the surfaces of formerly nucleated Zn
particles due to the lower surface energy and shorter ion
diffusion distances. Meantime, the electric field between the
anode and cathode will concentrate at the dendrite tip sites,
which amplifies the local growth of dendrite due to
concentrated ions and electrons at the electrode—electrolyte
interfaces (Figure 6¢).*>*° Simulation of the electric field
distribution generated in Zn foil and Zn textile is depicted in
Figure 6d. An electric field enhancement occurs at the dendrite
tip of Zn foil, which results in charge buildup. This is due to
the lightning-rod effect of the sharp geometry.”” The electric
field is driven out of the top electrode and will converge at the
convex part of the interface. The increase in the magnitude of
the electric field will dramatically amplify the Zn dendrite
growth rate.”® The repeated stripping/depositing of Zn along
with cycling then leads to the pulverization of Zn and
heterogeneous growth of hierarchical dendrites, which,
together with the above-observed byproduct layers, result in
the dramatically increased impedance, worse cycling perform-
ances, and possibly internal short-circuit hazard.

Compared with the flat Zn foil electrode, Zn nanosheets
standing on numerous microfibers of porous fabrics can supply
much larger effective surface areas. The surface of each
ultrathin nanosheet is a preferable site for freshly electro-
deposited Zn during the charging process (Figure 6b). The
electric field tends not to be locally concentrated due to the
parallel configuration of finger electrodes and the nanoscale
porous structures of active materials (Figure 6¢). High-density
Zn nanosheets will disperse the concentrated electric field, and
the electric field will be relatively uniform with no strong
electric field enhancement (Figure 6d). Therefore, the
repeated Zn deposition is much more homogeneous and the
dendrite growth is significantly suppressed.

B CONCLUSIONS

In summary, we have developed a versatile approach to
fabricating textile-based energy-storage devices with the
inspiration from traditional resist-dyeing techniques. Owing
to the wavy surface and porous morphology of fabrics, most
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lithography and coating methods are inapplicable; however,
desired patterns can be prepared on textile substrates by a
variety of dyeing techniques. By combining resist-dyeing and
electroless/electrodeposition methods, arbitrary conductive
patterns (Ni, Cu, or Zn) were realized on textiles. Our
methods also allow the fabrication of coplanar micro-AZBs
(Zn—NiCo BOH) on a single fabric, which showed mainly the
following advantages: (1) high energy/power densities, (2)
excellent tailoring ability and flexibility of gel electrolyte-based
solid-state micro-AZBs, (3) capability in designing AZBs into
arbitrary drawings or letters, and importantly (4) high
reversibility and long-term cycling stability due to the
significantly suppressed Zn dendrite growth and side reactions.
Compared with other printing methods, our resist-dyed
electrodes also have better conductivity, flexibility, and higher
electrochemical performances. The ideal power source for
electronic textile should be in the form of textile as well. Our
proposed textile micro-AZBs, combining the advantages of
high energy density and high safety with minimal sacrifice in
the soft/comfort/stylish requirements of fabrics, have great
promise in powering e-textiles or wearable electronics.

B EXPERIMENTAL METHODS

Fabrication of Patterned Conductive Textile. Polyester or
nylon textile was carefully cleaned by ethanol and deionized (DI)
water in an ultrasonic bath for 40 min. Subsequently, the textile was
sealed with a Kapton mask patterned by a laser scribing system. Ni
was then deposited on the textile substrate by the electroless plating
method similar to our previous report.”® Cu was subsequently
deposited on the previous fabricated Ni film in a 0.1 M CuSO,
aqueous solution for 5, 10, and 15 min with a piece of Cu plate as the
counter electrode and the reference electrode. The pH was adjusted
to ~10 by 10% NaOH solution. After peeling off the Kapton mask,
the Cu cloth was washed with deionized (DI) water and then dried in
a vacuum oven. For 10 min electrodeposition of Cu, the final Ni/Cu
metal layer has an areal weight of ~3.1 mg cm™

Fabrication of Zn Anode and CoNi BOH Cathode. Zn

nanosheets were coated on top of the Cu textile (10 min deposition)
by electrodeposition under —0.9 V in an aqueous solution containing
0.2 M ZnSO,-7H,0 and 0.5 M Na;C¢H;0,-2H,0 for S min using a
piece of Zn plate as the counter electrode and the reference electrode.
After electrodeposition of the Zn anode, the sample was carefully
rinsed with deionized water and dried in air. The sample was put in an
aqueous solution containing 0.1 M NiSO,-6H,0, 0.1 M Co(NO;),
6H,0, and 0.5 M Na,SO, for the electrodeposition of NiCo BOH on
the other finger electrode of the interdigitated Cu film. The NiCo
BOH coating experiment was performed under —1 V for 10 min in a
standard three-electrode cell with a piece of Pt plate counter electrode
and SCE reference electrode. On average, about 2.9 mg cm™? of Zn
and about 2.5 mg cm ™ of NiCo BOH active materials were grown on
Cu textile electrodes. Considering the theoretical capacities of NiCo
BOH positive electrode (242 mAh g_1)41 and Zn negative electrode
(819 mAh g!),*° the theoretical capacity ratio of negative to positive
electrode is about ~4. All the specific capacities, energy densities, and
power densities were calculated based on the weight of cathode
materials NiCo BOH. Finally, the sample was then washed with DI
water and dried in a vacuum oven. The width and the interspace of
the Zn and NiCo BOH microelectrodes were 7.9 mm and 0.4 mm,
respectively. The total area of the device was estimated to be 1.07
cm™2.
Fabrication of Textile Solid-State Micro-AZBs. The aqueous
electrolyte consists of 1 M KOH, 0.02 M Zn(Ac),, and 0.005 M
LiOH and Ca(OH),. Polymeric gel electrolytes were prepared by
stirring 10 mL of DI water and 1.0 g of PVA (M,, 89 000—98 000)
into the above fabricated aqueous electrolyte at 85 °C for 1 h. About
0.3 mL of the electrolyte was dropped to the active area of the device
and was then dried at room temperature.
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Characterizations. The electrochemical performance was meas-
ured by an electrochemical work station (CHI 760E). The CV curves
of the textile Zn electrode and the NiCo BOH electrode were
separately measured at 0.5 mV s™' in a standard three-electrode cell
consisting of a piece of Pt plate counter electrode, an SCE reference
electrode, and 1 M KOH and 0.02 M Zn(Ac), aqueous electrolyte.
The aqueous electrolyte used for all full cells is 1 M KOH, 0.02 M
Zn(Ac),, 0.005 M LiOH, and 0.005 M Ca(OH),. The CV of Zn—
NiCo BOH full cell was measured at different scanning rates between
1.5 and 2.0 V. The GCD cycling values of Zn—NiCo BOH aqueous
cells and solid-state cells were tested by a battery cycler (LAND
CT2001A) at different current densities. The current density, specific
capacity, and energy/power density were all calculated based on the
weight of NiCo BOH at the cathode side. Electrochemical impedance
spectroscopy was measured by AUTOLAB PGSTAT302N in the
frequency range of 0.1 Hz—100 kHz with S mV voltage amplitude.
SEM images were taken with a Hitachi SU8020. TEM images were
characterized using a FEI TECNAI F20. XRD measurements were
performed by a PANalytical instrument (X'Pert 3 Powder). The UV—
vis spectra were obtained by a Shimadzu UV-3600 spectrometer, and
XPS spectra were obtained by ESCALAB 250Xi. FTIR spectra were
taken by Bruker/VERTEXS80v, and the optical microscopy images
were taken by an Axio Imager.M2m. A step motor (Linmot E1100)
was used to test the mechanical stability of the device.

Numerical Simulation. Finite element method was employed to
predict the electric field distribution in different simulation cases. The
simulation was performed by employing an electrical conduction
model®® to simplify the experiment. Zn foil model and Zn textile
model were constructed with a fixed distance of 50 ym between the
two electrodes. A potential of 1.5 V was applied. The magnitude of
the electric field and its vector distribution were studied.
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