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Abstract: Printed textile-based flexible batteries are gaining attention in several applications, but
they are becoming more relevant to the health care industry in terms of realizing wearable and
skin-conformable electronic devices. A flexible battery must ideally be deformable along multiple
directions. In this work, with an aim to develop a fully printed omnidirectional deformable battery,
we report the fabrication process of a novel single-polymer-based flexible non-rechargeable planar
Ag2O-Zn battery on a textile substrate using the stencil printing method. Except for the electrolyte,
all the components of the battery, including the current collectors, the anode, the cathode, and the
separator membrane, are fabricated using a single polymer, namely styrene–ethylene–butylene–
styrene (SEBS). To fabricate the SEBS separator, we introduce the solvent evaporation-induced phase
separation (SEIPS) process. In the SEIPS method, toluene and dimethyl sulfoxide (DMSO) are selected
as the solvent–nonsolvent pair. The SEBS: toluene: DMSO system with a wt% ratio of 6:85:9 showed
improved performance regarding the OCV tests. A polyacrylic acid (PAA)-based alkaline polymer
gel is used as an electrolyte. The demonstrated process is simple, and, with suitable modifications, it
should find its use in the development of digitally printed alkaline batteries.

Keywords: styrene–ethylene–butylene–styrene; solvent evaporation-induced phase separation; silver
oxide–zinc; textile-based; single-polymer-based; stencil printing; flexible battery

1. Introduction

As the applications for wearable electronics continue to increase, the need for the
integration of built-in energy storage devices such as batteries and supercapacitors that
can endure deformation while retaining the performance and safety is becoming more
important. Specifically, batteries with flexible and stretchable properties are gaining at-
tention for powering wearable systems such as electronic skin [1], implantable medical
devices [2], strain sensors [3], and smart bandages [4]. The flexible and stretchable energy
storage devices that have been previously reported in the literature can be broadly catego-
rized into two groups: (1) unidirectional and (2) omnidirectional deformable batteries [5].
Unidirectional deformable or “bendable” batteries are targeted for wearable electronics
with limited contact to human skin and possess moderate flexibility. To this end, a variety
of lithium-ion batteries (LIBs) with cathode materials such as lithium cobalt oxide (LCO),
lithium manganese oxide (LMO), and lithium titanium oxide, etc., [6] have been widely
researched to demonstrate unidirectional deformable batteries due to their high energy
density characteristics. In our previous work, we demonstrated a printed unidirectional
deformable Ag2O-Zn battery using styrene butadiene rubber (SBR) as the anodic binder [7].
In contrast, omnidirectional deformable or “soft” batteries are targeted for wearable health
monitoring systems that are directly attached to human skin and possess high flexibility,
high safety, and medical compatibility. Due to the rigorous safety requirements, aqueous
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electrolyte-based alkaline energy storage systems such as Ag2O-Zn batteries are preferred
over their lithium counterparts.

In an omnidirectional deformable battery, each individual component, including the
current collectors, anode, cathode, separator, electrolyte, and encapsulation layers, must
be deformable along multiple directions. In the prior literature, flexible and stretchable
Ag2O-Zn batteries have been demonstrated using different approaches. One approach is to
use elastic polymers as binder materials during the synthesis of electrode inks. Using this
approach, R. Kumar et al. [8] demonstrated a printed highly stretchable planar Ag2O-Zn
battery that employs styrene–isoprene–styrene (SIS) as the binder material. In this work,
the current collector and electrode inks are prepared using the SIS polymer. The outline of
the printed electrodes is hot-sealed with a polyurethane (PU) sheet that acts as a separator.
The sealed battery is loaded with a polyacrylic acid (PAA)-based gel electrolyte. A highly
elastic thermoplastic polyurethane (TPU) film is used to encapsulate the battery. Using a
similar approach, L. Yin et al. [9] demonstrated a high-performance flexible and stretchable
vertically assembled rechargeable Ag2O-Zn battery that uses SEBS and fluorine rubber as
the elastomeric binders. In this work, the silver current collectors are prepared using the
SEBS polymer. The carbon current collectors and the electrode inks are prepared using
fluorine rubber. The separator ink is prepared using cellulose and titanium powders. The
electrolyte hydrogel is prepared using polyvinyl alcohol (PVA) and polyethylene oxide
(PEO) polymers.

To demonstrate printed batteries, techniques such as stencil, screen, inkjet, gravure,
extrusion, and direct write dispenser printing have been used [10–13]. Each printing process
varies in terms of the ink requirements, print resolution, and achievable throughput. Each
technique has its advantages and disadvantages. For instance, inkjet printing enables
the printing of customizable patterns but suffers from low throughput [14]. The ink or
slurries used to print the individual battery components can have high viscosities ranging
from 0.05 to 10,000 Poise. The size of the particles in the ink can be in the range of
1 to 20 µm [15]. The inks are typically a suspension consisting of electrochemically active
materials, a solvent, and a polymer. The rheological properties, such as the viscosity and
shear modulus of the ink, are highly dependent upon the type of the solvent and molecular
weight of the polymer used. The viscoelastic properties of the inks must be tailored to meet
the requirements of the printing technique used. If multiple different polymers are chosen
to fabricate the different components of the battery, the process of optimizing the inks for
printing becomes complex and remains challenging.

In the existing literature, to fabricate the individual components in an omnidirectional
deformable Ag2O-Zn battery, a number of different polymers are required. To simplify
the battery printing process in this work, we report the fabrication process of a novel
single-polymer-based, flexible planar Ag2O-Zn battery using the stencil printing method.
Except for the electrolyte, all the components of the battery are fabricated using the styrene–
ethylene–butylene–styrene (SEBS) polymer. To fabricate the separator, we introduce the
solvent evaporation-induced phase separation (SEIPS) process. The SEIPS process is
scalable and enables the printing of the separator membrane directly on the surface of
the electrodes.

2. Materials and Methods
2.1. Materials Used

Textile Substrate: An 80% polyester 20% spandex (Joann Fabrics, Fairborn, OH, USA,
serial number 1638-0750) fabric was used as the textile substrate to print different compo-
nents of the battery.

Polymer: To prepare different components of the battery, SEBS (Kraton Polymers,
Houston, TX, USA, serial number G1654) was used as an elastic polymer. SEBS is a
hydrophobic polymer.
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Conductive Filler: Artificial graphite powder (MTI Corporation, Richmond, CA, USA,
serial number EQ-Lib-CMSG) and super P carbon (SP) (MSE Supplies, Tucson, AZ, USA,
serial number BR0121) were used as conductive filler materials.

Solvent: To dissolve SEBS, toluene (Sigma-Aldrich, Milwaukee, WI, USA, serial num-
ber 179418) was used as the solvent.

Electrodes: To prepare the electrode inks, silver oxide (Ag2O) (Sigma-Aldrich, Milwau-
kee, WI, USA, serial number 221163), zinc (Zn) (Sigma-Aldrich, Milwaukee, WI, USA, serial
number 209988), zinc oxide (ZnO) (Sigma-Aldrich, Milwaukee, WI, USA, serial number
205532), and bismuth oxide (Bi2O3) (Sigma-Aldrich, Milwaukee, WI, USA, serial number
223891) powders were used.

Separator: To prepare the separator membrane, dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, Milwaukee, WI, USA, serial number 276855) was used.

Electrolyte: To prepare the gel electrolyte, potassium hydroxide (KOH) (Sigma-Aldrich,
Milwaukee, WI, USA, serial number 484016), lithium hydroxide (LiOH) (Sigma-Aldrich,
Milwaukee, WI, USA, serial number 545856), PAA (Sigma-Aldrich, Milwaukee, WI, USA,
serial number 306215), ZnO, and distilled water were used.

2.2. Preparation of Current Collector and Electrode Inks

The SEBS-based inks were prepared by first dissolving 6 g of SEBS beads in 15 mL
of toluene with a magnetic stirring mixer for 24 h at 400 rotations per minute (rpm).
This mixture was used as the base solution to prepare the current collector and electrode
inks. Toluene was chosen as the SEBS solvent due to their similar Hildebrand solubility
parameters. To prepare the elastic carbon current collector ink, first, 0.8 g of carbon
composite powder constituting 14.25 wt% SP and 85.75 wt% artificial graphite powder was
prepared. Graphite powder and SP were thoroughly mixed using pestle and mortar. Then,
carbon slurry was prepared by adding 0.960 g of base solution and 0.240 g of toluene to
0.8 g of carbon composite powder. To obtain a homogenous blend, the carbon slurry was
mixed using a planetary centrifugal mixer at 2000 rpm for 5 min.

To prepare the elastic Zn ink, first, 2 g of Zn composite powder constituting 70 wt%
Zn, 10 wt% Bi2O3, 15 wt% graphite powder, and 5 wt% SP was prepared. Graphite powder,
SP, Zn, and Bi2O3 powders were thoroughly mixed using pestle and mortar. Then, Zn
slurry was prepared by adding 0.400 g of base solution and 0.120 g of toluene to 0.480 g of
Zn composite powder. To achieve a homogenous blend, the Zn slurry was mixed using a
planetary centrifugal mixer at 2000 rpm for 3 min.

To prepare the elastic Ag2O ink, 1 g of Ag2O composite powder constituting 80 wt%
Ag2O, 15 wt% graphite powder, and 5 wt% SP was prepared. Graphite powder, SP, and
Ag2O powders were thoroughly mixed using pestle and mortar. Then, Ag2O slurry was
prepared by adding 0.400 g of base solution and 0.120 g of toluene to 0.480 g of Ag2O
composite powder. To obtain a homogenous blend, the Ag2O slurry was mixed using a
planetary centrifugal mixer at 2000 rpm for 3 min.

2.3. Preparation of Separator Solution

To prepare the separator solution, first, 1 g of SEBS beads were dissolved in 15 g of
toluene with a magnetic stirring mixture for 6 h. While the solution is being stirred, 1.5 g of
DMSO was slowly added to the mixture using a pipette. The resulting solution was stirred
for 3 h to ensure a homogenous blend.

2.4. Preparation of Gel Electrolyte

The gel electrolyte was prepared by mixing 3 wt% PAA with ZnO-saturated 6 M KOH
+ 1 M LiOH solution using a magnetic stirring mixer for 30 h at 400 rpm. The selected
PAA has a Mw~1,250,000 g/mol. To prepare 6 M KOH solution, 3.36 g of KOH pellets
were dissolved in 10 mL of distilled water. To prepare 1 M LiOH solution, 0.240 g of LiOH
powder was dissolved in 10 mL of distilled water. To prepare 20 mL of 6 M KOH + 1 M
LiOH solution, 10 mL of 6 M KOH solution was added to 10 mL of 1 M LiOH solution.
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Appropriate amount of ZnO was added to 6 M KOH + 1 M LiOH solution and stirred until
saturation. The resulting solution was left undisturbed for 24 h such that the excess ZnO
particles settle down in the beaker. To prepare 5 g of 3 wt% PAA-based gel electrolyte, 0.15
g of PAA was added to 4.85 g of ZnO-saturated 6 M KOH + 1 M LiOH solution.

2.5. Characterization Methods

The electrical conductivity of the printed conductive tracks was measured by using
a four-point probe method (Ossila, Sheffield, UK, serial number T2001A3). Rheology
experiments were performed to determine the viscosity, storage, and loss moduli of the
gel electrolyte using Anton Paar rheometer (Anton Paar, Ashlan, VA, USA, serial number
MCR302) in concentric cylinder configuration. The battery characterization experiments
were performed using Neware battery cycler (Neware Technology, Shenzhen, China, serial
number BTS 4000).

3. Battery Fabrication Procedure

For printing the insulation layer, current collectors, electrodes, and separator stencil
patterns were designed using SolidWorks 2020 software (SolidWorks, Waltham, MA, USA).
To print different layers, stencils with two different thicknesses were used. The stencil
material was composed of polyamide-nylon 6 (PA 6). The stencils were engraved with the
required patterns using a CO2 laser (Boss Laser, Sanford, FL, USA, serial number LS1416).
The thickness of the stencils was designed to be 200 µm (Goodfellow, Coraopolis, PA, USA,
serial number AM301200) for the insulation layer, the current collectors, and the separator,
and 350 µm (Goodfellow, Coraopolis, PA, USA, serial number AM301350) for the electrodes.
The individual layers were stencil-printed using a 6-inch metal squeegee.

The battery printing process is described in the following steps. First, a textile substrate
of size 5 cm × 5 cm is obtained. To prevent the leakage of the gel electrolyte into the fabric,
an insulation layer of size 2 cm × 2 cm using SEBS base solution is printed on the fabric. To
evaporate the solvent, the printed insulation layer is cured in a vacuum oven at 70 ◦C for
10 min. Then, two carbon current collector layers of size 2 cm × 0.5 cm are printed onto the
insulation layer and cured at 70 ◦C for 10 min in a vacuum oven. The spacing between the
current collector layers is 0.5 cm. To print the cathode, using the Ag2O slurry, an electrode
layer of size 1 cm × 0.5 cm is printed onto one of the current collector layers and cured at
65 ◦C for 20 min in a vacuum oven. Similarly, to print the anode, Zn slurry is printed onto
the other current collector layer and cured at 65 ◦C for 20 min in a vacuum oven. After
printing the electrodes, the separator solution is printed onto the electrodes and cured at
room temperature for 24 h. The gel electrolyte is then printed onto the separator layer.
The step-by-step illustration of battery fabrication procedure is shown in Figure 1a. The
cross-sectional view of the corresponding printed layer at each fabrication step is shown in
Figure 1b.
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4. Results and Discussion
4.1. Electrical Conductivity Measurement

The electrical conductivity σ (S/m) of the printed conductive tracks was measured
by using the four-point probe method. The dimensions of the long side and short side
of the conductive tracks were 20 mm and 5 mm, respectively. To ensure repeatability,
three identical conductive tracks were printed, and each track was considered as a sample.
Washability tests were performed to evaluate the durability of the conductive tracks. The
printed carbon tracks were washed in cold water using a portable washing machine. The
duration of each wash cycle is 15 min. For each sample, three conductivity measurements
were recorded, both before and after two, four, six, and eight wash cycles. The average
values were reported in Table 1. The corresponding sheet resistance ρ (Ω/■) values were
reported in Table 2.

Table 1. Electrical conductivity values at different wash cycles.

Before Wash
σ(S/m)

After 2 Wash
Cycles
σ(S/m)

After 4 Wash
Cycles
σ(S/m)

After 8 Wash
Cycles
σ(S/m)

After 12 Wash
Cycles
σ(S/m)

Sample 1 825.1 ± 46.1 800.7 ± 24.4 786.8 ± 38.3 855.5 ± 34.6 801.8 ± 32.3

Sample 2 773.4 ± 37.4 750.2 ± 51.6 818.4 ± 26.5 828.3 ± 44.6 774.2 ± 22.4

Sample 3 780.4 ± 26.7 801.0 ± 35.8 847.6 ± 53.7 856.8 ± 52.8 808.4 ± 14.3

From Table 1, it can be observed that, for up to eight wash cycles, an increasing trend
in the conductivity was observed on all three samples. However, after twelve wash cycles,
the conductivity decreased. This suggests that the conductivity is not homogeneous in the
stencil-printed tracks.

Table 2. Sheet resistance values at different wash cycles.

Before Wash
ρ(Ω/■)

After 2 Wash
Cycles
ρ(Ω/■)

After 4 Wash
Cycles
ρ(Ω/■)

After 8 Wash
Cycles
ρ(Ω/■)

After 12 Wash
Cycles
ρ(Ω/■)

Sample 1 4.2 ± 0.20 4.3 ± 0.24 4.4 ± 0.04 4.0 ± 0.14 4.3 ± 0.14

Sample 2 4.3 ± 0.17 4.5 ± 0.26 4.1 ± 0.11 4.0 ± 0.18 4.3 ± 0.10

Sample 3 4.6 ± 0.13 4.5 ± 0.16 4.2 ± 0.21 4.2 ± 0.22 4.4 ± 0.06

From Table 2, it can be observed that, in all three samples, after subjecting the carbon
tracks to washability tests, there was no significant change in the sheet resistance values.
For instance, the sheet resistance of sample 1 before wash was 4.2 Ω/■. After two, four,
eight, and twelve wash cycles, the corresponding sheet resistance values were 4.3 Ω/■,
4.4 Ω/■, 4.0 Ω/■, and 4.3 Ω/■, respectively. Therefore, it can be concluded that, after 3 h
of cold-water wash, no significant differences in the sheet resistance were observed across
the samples. These experiments confirm that the printed conductive tracks are both flexible
and durable.

4.2. Separator Characterization

The development of high-porosity separators to provide the electrical insulation
between the electrodes is essential for the fabrication of flexible batteries. In this work, to
prepare the separator membrane, a scalable SEIPS method is introduced [16–21]. In this
method, the phase separation takes place upon the evaporation of the solvent in a mixture
of a polymer dissolved in a volatile solvent and a less volatile nonsolvent. In comparison to
the other phase separation methods, the SEIPS method is simple and highly reproducible.
However, the difficulty in finding a suitable solvent and nonsolvent pair for each polymer
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is a well-known disadvantage [22]. Here, we selected toluene as the solvent and DMSO
was used as the nonsolvent. The step-by-step illustration of the pore formation in the SEBS
separator membrane is shown in Figure 2.
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Figure 2. The SEBS separator formation mechanism. (a) Immediately after stencil printing the
separator solution; (b) 15 min after stencil printing and drying; (c) 1 h after stencil printing and
drying; and (d) 24 h after stencil printing and drying.

As illustrated, DMSO was added dropwise into a mixture of SEBS and toluene under
continuous stirring. The mixture was then stencil-printed on a glass slide and dried at
room temperature for 1 h. During the evaporation process, the clear mixture becomes
turbid due to the phase separation between the DMSO and SEBS. After the complete
toluene evaporation, the resulting film was dried under a fume hood to evaporate the
remaining DMSO.

In the SEIPS method, the pore growth mechanism can be mainly divided into three
parts: (a) the evaporation of the solvent phase (toluene) and formation of nonsolvent-rich
droplets (DMSO), (b) the complete evaporation of the solvent (toluene) and growth of
nonsolvent-rich droplets (DMSO) through the entire membrane’s thickness, and (c) the
evaporation of the nonsolvent (DMSO) phase. The pore formation begins after stencil
printing the separator solution on the glass substrate. The solvent starts to evaporate, and
phase separation occurs at the solution/air interface, where the wt% of toluene decreases
and the wt% of the SEBS and DMSO increases. This in turn induces a flow of low-molecular-
weight (MW) fluid (MwDMSO = 78.13 g/mol < MwToluene = 92.14 g/mol) into the zones with
low polymer concentrations, leading to the formation of DMSO-rich droplets [23]. The
evaporation of the solvent rapidly cools off the surface and causes a temperature gradient
between the top and bottom of the casting solution. The convective flow downward and
the solvent diffusion upward regarding evaporation help to accelerate the formation of the
DMSO-rich droplets.

The pore growth mechanism is guided by three important parameters. The first
parameter is the miscibility of the solvent and nonsolvent pair. DMSO is a widely used polar
solvent that is miscible with polar and nonpolar compounds. The miscibility of common
solvents can be found from the Hansen solubility parameters [24]. For uncommon solvents,
their miscibility can be predicted by employing the same rules for solubility, calculated by
the Hansen solubility parameter distance Ra [25,26]. The Ra can be calculated as

Ra =
√

4(δds − δdNS)
2 +

(
δps − δpNS

)2
+ (δhs − δhNS)

2, (1)

where δd, δp, and δh are the dispersive (Van der Waals), polar, and hydrogen bonding
parameters of a liquid, respectively. S–NS denotes the solvent and nonsolvent pair. Using
the Hansen solubility parameters (δd, δp, and δh), the Hildebrand (δt) solubility parameter
can be calculated as

δt =
√

δ2
d + δ2

p + δ2
h. (2)

In Table 3, the Hansen, Hildebrand solubility parameters, corresponding miscibility
Ra values with toluene, and relative evaporation rates (RER) to n-butyl acetate for seven
different solvents are presented.
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Table 3. The Hansen, Hildebrand solubility parameters, corresponding miscibility Ra values with
toluene, and relative evaporation rates (RER) to n-butyl acetate. Data are taken from [23].

Solvent δd

(
MPa1/2

)
δp

(
MPa1/2

)
δh

(
MPa1/2

)
δt

(
MPa1/2

)
Ra

(
MPa1/2

) RER to n-Butyl
Acetate

Acetone 15.5 10.4 7 19.9 11.4 6.3
Butanol 16 5.7 15.8 28.7 13.9 0.93
DMSO 18.4 16.4 10.2 26.7 17.1 0.026

Methanol 15.1 12.3 22.3 29.6 24 2.1
Water 15.6 16 42.3 47.8 43.2 0.3

Toluene 18.0 1.4 2.0 18.2 - -
Tetrahydrofuran 16.8 5.7 8 19.4 7.8 6.3

From Table 3, it is evident that, for the toluene (solvent) and DMSO (nonsolvent)
pair, the Ra value is 17.1 MPa1/2. Similarly, for the THF (solvent) and DMSO (nonsolvent)
pair, the Ra value can be calculated as 11.38 MPa1/2. The high Ra value for the toluene
and DMSO pair indicates that the two solvents have low affinity compared to the THF
and DMSO pair. This property leads to a slow formation of DMSO-rich droplets and
contributes to a porous membrane formation. The second factor contributing to porosity is
the difference in the volatilities of the solvents. From Table 3, it is evident that the DMSO
has a much lower evaporation rate, which explains the slow nucleation, growth, and
coalescence of the DMSO. The third factor is the polymer concentration. A low polymer
concentration reduces the solution viscosity and facilitates convection, which benefits the
growth and coalescence of the DMSO-rich droplets. Considering these three factors, the
SEBS: toluene: DMSO system having a wt% ratio 6:85:9 resulted in the formation of a
porous SEBS membrane desirable for the battery.

4.3. Rheology Characterization

The rheology experiments were performed to evaluate the effects of printing and
flexing on the PAA-based gel electrolyte. The viscosity, storage, and loss moduli measure-
ments were conducted using a co-axial concentric cylinder rheometer. The inner and outer
cylinders had diameters of 26.7 mm and 28.9 mm, respectively. Also, to avoid slippage
during shearing, a serrated inner cylinder and a sandblasted outer cylinder were used. The
viscosity of the gel electrolyte was measured by pre-shearing the electrolyte at 100 s−1 for
120 s and applying a logarithmic shear rate sweep from 0.02 to 100 s−1 for 60 s. The rheology
tests were performed on 1.5 wt%, 2 wt%, 2.5 wt%, and 3 wt% PAA in ZnO-saturated 6 M
KOH + 1 M LiOH electrolytes. All the tests were performed at 20 ◦C. The viscosity versus
shear rate curves are shown in Figure 3.
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Figure 3 shows that, independent of the PAA concentration, all four gel electrolytes
exhibit high viscosity at lower shear rates and a decrease in viscosity with an increase in
shear rate. This shear thinning behavior of the gel electrolytes plays an important role
in the development of packaging protocols for the printed alkaline batteries. The high
viscosity at low shear rates suggests the high resistance of the electrolyte to deformation,
which can help with the shape stability after extrusion [27], while the low viscosity at
high shear rates suggests that the electrolyte can be easily extruded during the printing
process. As highlighted in Figure 3b, the shear thinning ability of the electrolyte increased
with an increase in the PAA content from 1.5 wt% to 3.0 wt%. Electrolytes with higher
shear thinning ability, i.e., 3.0 wt% PAA, were preferred for the printing process to improve
the shape stability, reduce the possibility of leakages due to cell rupture, and enhance the
extrudability during printing.

In addition to the viscosity measurements, oscillatory strain sweep experiments were
performed on the gel electrolyte to assess the storage modulus and the loss modulus. For a
viscoelastic material like the gel electrolyte, the storage modulus reflects the elastic behavior
of the material when it is deformed, while the loss modulus indicates the flow behavior of
the material when it is deformed. Oscillatory strain sweep experiments were performed on
1.5 wt% and 3.0 wt% PAA in ZnO-saturated 6 M KOH + 1 M LiOH electrolytes at a 1 Hz
frequency with the strain rates ranging from 0.050% to 100% on a logarithmic scale. The
obtained results are shown in Figure 4.

Textiles 2024, 4, FOR PEER REVIEW 8 
 

 

sିଵ for 120 s and applying a logarithmic shear rate sweep from 0.02 to 100 sିଵ for 60 s. 
The rheology tests were performed on 1.5 wt%, 2 wt%, 2.5 wt%, and 3 wt% PAA in ZnO-
saturated 6 M KOH + 1 M LiOH electrolytes. All the tests were performed at 20℃. The 
viscosity versus shear rate curves are shown in Figure 3. 

 
Figure 3. Effect of PAA concentration on viscosity as a function of (a) shear rate in the range of 0.02 
to 100 sିଵ and (b) shear rate in the range of 1 to 100 sିଵ. 

Figure 3 shows that, independent of the PAA concentration, all four gel electrolytes 
exhibit high viscosity at lower shear rates and a decrease in viscosity with an increase in 
shear rate. This shear thinning behavior of the gel electrolytes plays an important role in 
the development of packaging protocols for the printed alkaline batteries. The high vis-
cosity at low shear rates suggests the high resistance of the electrolyte to deformation, 
which can help with the shape stability after extrusion [27], while the low viscosity at high 
shear rates suggests that the electrolyte can be easily extruded during the printing process. 
As highlighted in Figure 3b, the shear thinning ability of the electrolyte increased with an 
increase in the PAA content from 1.5 wt% to 3.0 wt%. Electrolytes with higher shear thin-
ning ability, i.e., 3.0 wt% PAA, were preferred for the printing process to improve the 
shape stability, reduce the possibility of leakages due to cell rupture, and enhance the 
extrudability during printing.  

In addition to the viscosity measurements, oscillatory strain sweep experiments were 
performed on the gel electrolyte to assess the storage modulus and the loss modulus. For 
a viscoelastic material like the gel electrolyte, the storage modulus reflects the elastic be-
havior of the material when it is deformed, while the loss modulus indicates the flow be-
havior of the material when it is deformed. Oscillatory strain sweep experiments were 
performed on 1.5 wt% and 3.0 wt% PAA in ZnO-saturated 6 M KOH + 1 M LiOH electro-
lytes at a 1 Hz frequency with the strain rates ranging from 0.050% to 100% on a logarith-
mic scale. The obtained results are shown in Figure 4. 

 
Figure 4. Storage and loss moduli results for (a) 3 wt% PAA and (b) 1.5 wt% PAA. Figure 4. Storage and loss moduli results for (a) 3 wt% PAA and (b) 1.5 wt% PAA.

From Figure 4a,b, it can be observed that, independent of the PAA wt%, both the
storage and loss moduli are constant within the strain range of 0.05% to 6%. The constant
values of storage and loss moduli within this strain range indicate linear viscoelastic
behavior for the gel electrolyte. Furthermore, the significantly higher storage modulus
compared to the loss modulus within the strain range of 0.05% to 6% suggests that the
electrolyte primarily behaves as an elastic material when subjected to deformation. These
modulus results suggest that the gel electrolyte can withstand the deformation when a
battery is flexed and returns to its original position when the flexing force is removed
without significant loss in the structural integrity of the gel electrolyte.

Comparing Figure 4a,b, the increase in the PAA dosage from 1.5 wt% to 3.0 wt%
resulted in an increase in the storage and loss moduli values by 115% and 170%, respectively.
The higher values of storage and loss moduli for the gel electrolyte with 3.0 wt% PAA
are preferred for the printing process as they ensure less damage during the flexing of
the battery.

4.4. Battery Characterization

The experiments were performed to study the effect of a separator membrane on the
open circuit voltage (OCV) of the printed battery. Two batteries, one with the separator
membrane and another without the separator membrane, were fabricated. The OCV data
were obtained for both the batteries. The obtained results are shown in Figure 5.
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From Figure 5, it can be observed that, for a battery without the separator membrane,
the OCV dropped from 1.5 V to 0.8 V in approximately 3 h. On the other hand, for a battery
with the SEBS separator membrane, the OCV dropped from 1.5 V to 0.8 V in approximately
22 h. By stencil printing the separator membrane on top of the electrodes, a stable OCV was
obtained for a duration of 18 h, whereas, for a battery without the separator membrane,
the OCV was stable for only a duration of 2.5 h. Therefore, from the OCV data, it can
be concluded that the SEBS separator membrane is porous enough to maintain the ionic
contact and electrical insulation between the electrodes. This experiment confirms that the
SEBS separator fabricated using the SEIPS method is functional and has the potential to
enhance the battery performance.

5. Conclusions

We presented the fabrication process of a novel single-polymer-based flexible planar
Ag2O-Zn battery on a textile substrate using the stencil printing method. The current
collectors, electrodes, and the separator were fabricated using the SEBS polymer. The
washability tests were performed to evaluate the durability of the conductive tracks and
revealed that, after 3 h of a cold-water wash, no significant differences in the electrical
conductivity and sheet resistivity values were observed. The SEBS separator membrane was
fabricated using the SEIPS method. In the SEIPS method, toluene and DMSO were chosen
as the solvent and nonsolvent pair because of their high miscibility value, a property that
leads to the slow formation of DMSO-rich droplets resulting in the formation of a porous
membrane. The separator solution constituting 6 wt% SEBS, 85 wt% toluene, and 9 wt%
DMSO resulted in the formation of a porous SEBS membrane desirable for the battery.

The rheology tests demonstrated that the shear thinning ability of the gel electrolyte
increased with an increase in the PAA content from 1.5 wt% to 3.0 wt%. Therefore, a
gel electrolyte with higher shear thinning ability, i.e., 3.0 wt% PAA, is preferred for the
printing process as it reduces the possibility of leakages due to cell rupture and enhances
the extrudability during printing. The strain sweep experiments demonstrate that the
increase in the PAA dosage from 1.5 wt% to 3.0 wt% resulted in an increase in the storage
and loss moduli values by 115% and 170%, respectively. The higher values of storage and
loss moduli ensure less damage to the gel electrolyte, with 3.0 wt% PAA during the battery
flexing process. The OCV characteristics reveal that a battery with and without the SEBS
separator membrane provides a stable OCV for durations of 18 h and 4 h, respectively.
Hence, it can be concluded that the SEBS separator membrane is porous enough to maintain
the ionic contact and electrical insulation between the electrodes.

This work successfully demonstrated a novel Ag2O-Zn battery fabrication process
using the SEBS polymer, which can simplify the printing process of flexible Zn-based
batteries on textile substrates. By utilizing this process, the resulting omnidirectional
deformable aqueous Ag2O-Zn batteries can be a preferred alternative to lithium batteries
in wearable health monitoring systems.
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