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Abstract: Flexible power sources such as batteries are essential to realize wearable and conformable
electronic devices. The mechanical stability of the electrodes plays an important role in determining
the overall flexibility of the battery. Styrene block copolymers-based elastomers have the potential
to be used as binder materials in the electrodes for retaining their structural integrity under flexing
during regular use. In this work, we demonstrate a stencil-printed flexible primary Ag,O-Zn battery
on a nonconductive nylon mesh substrate that uses styrene-butadiene rubber as the anodic binder. A
polyacrylic acid-based alkaline polymer gel is used as an electrolyte. The flexible alkaline battery
achieved discharge capacities of 2.5 mAh and 1.6 mAh without and with a bend radius of 0.8 cm,
respectively, under a constant current load condition of 0.1 mA.

Keywords: conformable; elastomer; flexible battery; silver oxide-zinc; styrene-butadiene rubber

1. Introduction

Flexible batteries are promising power sources for the next generation of electronics
such as body conformal sensors [1], wearable biosensors [2,3], thin-film transistors [4],
implantable medical devices [5], wearable memories [6], and foldable printed circuit
boards [7]. In a flexible battery, the overall flexibility depends on the mechanical properties
of substrate, electrodes, electrolytes, and packaging. To demonstrate flexible batteries, two
different approaches have been used. In the first approach, the electrochemically active
materials of a battery are loaded onto a flexible conductive yarn to form one-dimensional
(1D) fiber electrodes. Carbon nanotube (CNT)-based conductive yarns are used to fabricate
1D battery electrodes. Using this approach, a variety of 1D flexible lithium-ion, MnO,-Zn,
and Ag-Zn batteries have been demonstrated [8-14]. In the second approach, the electrode
materials of the battery are loaded onto the scaffold of flexible two-dimensional (2D) or
three-dimensional (3D) substrates. The substrates can be either electrically conductive or
nonconductive. In the former case, a carbon cloth is typically used as the host matrix. In the
latter case, the non-conductive substrate can be made of either a fabric or a polymer. To load
the active materials conformally onto the carbon cloth, methods such as electrodeposition,
carbonization, and chemical bath deposition have been used. Using these methods, 3D
flexible Ni-Zn and Ni-Fe batteries have been reported [15,16]. Printing methods such as
screen printing and dip coating are used to design 2D flexible batteries using nonconductive
substrates. Using the flexible polymer and textile substrates, a variety of 2D alkaline MnO,-
Zn and AgyO-Zn batteries have been demonstrated [17-22].

Primary flexible batteries with emphasis on minimizing toxicity and a low-cost fabrica-
tion process have mostly used zinc as the anode, with a metal oxide such as MnO, and Ag,O
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as the active cathode material. In wearable electronic applications, aqueous electrolyte-
based alkaline MnO,-Zn and Ag,O-Zn chemistries are preferred over flammable inorganic
electrolyte-based lithium-ion chemistries due to biosafety reasons. For instance, lithium
hexafluorophosphate (LiPF4), which is used as an inorganic electrolyte in a lithium-ion
battery, is flammable [23]. Furthermore, unlike lithium-ion chemistry, alkaline chemistries
are not air sensitive. Therefore, for alkaline chemistries, an inert atmosphere is not required
during the fabrication process. However, several challenges are involved in the fabrication
of flexible alkaline batteries because of the compatibility issues between different layers
of a battery, the thermal budget imposed by textile and plastic substrates, and stability
issues during bending [24]. To improve the mechanical stability of electrodes in a flexible
battery, one of the approaches is to design very thin electrodes, thereby reducing the strain
on the electrode during bending [25]. This approach will confine the cell capacity because it
limits the quantity of active material available in the electrode. Another approach is to use
elastic polymers as binder materials during the synthesis of electrode inks. Styrene block
copolymers-based elastomers such as styrene-isoprene-styrene (SIS), styrene-butadiene
rubber (SBR), styrene-ethylene-butadiene-styrene (SEBS), and styrene—ethylene—isoprene—
styrene (SIBS) have the potential to be used as the binder materials in flexible electrode
inks. There are two types of printed battery architectures: the planar and the vertical type.
In planar type architecture, the battery electrodes are in the same plane with a separator or
electrolyte connecting the top surfaces of the electrodes. As the separation distance between
the two electrodes varies from few mm to cm, planar batteries typically suffer from high
impedance. This leads to non-uniform current distributions [26]. The energy density of the
planar battery is also low, due to a large fraction of electrolyte and encapsulation layers.
On the other hand, in the vertical type, the electrodes are aligned face-to-face. This is an
ideal architecture that minimizes the electrode separation distance and affords high energy
density due to the more compact volume. Batteries printed in the vertical configuration
allows for a more uniform current distribution, which can potentially reduce dendrite or
filament formation in Ag,O-Zn batteries. Using SIS as the electrode binder, a stretchable
planar Ag,O-Zn battery has been demonstrated on a textile substrate [22]. In our previous
work, we demonstrated a 2D planar primary Ag,O-Zn battery on a textile substrate using
polyvinylidene fluoride (PVDEF), which is an inelastic polymer as the electrode binder [27].
To overcome the drawbacks in the planar printed Ag,O-Zn batteries, in the current work,
we report a 2D printed flexible vertically assembled primary Ag,O-Zn battery, using SBR
elastomer as the anodic binder. In a printed battery, each individual component (i.e., cur-
rent collector, anode, cathode, electrolyte, and separator) should ideally be printable. In
this work, with the exception of the separator, all the other components of the battery are
printed using a low-cost stencil printing method. To improve the discharge capacity of the
battery under bending conditions, a flexible 12 um thick non-printed polyethylene sheet is
used as the separator material. The demonstrated battery achieved discharge capacities
of 2.5 mAh and 1.6 mAh without and with a bend radius of 0.8 cm, respectively, under a
constant current load condition of 0.1 mA.

2. Materials and Methods
2.1. Materials Used

Substrate: A 50 x 50 mesh size nylon mesh (McMaster-Carr, Cleveland, OH, USA, serial
number: 9318T95) is used as the flexible substrate to print different layers of the battery.

Current Collector: The current collector layer is printed using silver ink (Creative
Materials, Ayer, MA, USA, serial number: 127-07). The obtained silver ink is used without
any further modifications.

Cathode: To prepare the silver oxide ink, 5 wt% polyethylene oxide (PEO) (Sigma-
Aldrich, Milwaukee, WI, USA, serial number: 182028) binder is used. The mechani-
cal strength of a polymer depends on its average molecular weight (M,,). The My,
of PEO typically varies from 12,000 g/mol to 600,000 g/mol. For the stencil printing
process, PEO with higher M, exhibits good mechanical strength [26]. Therefore, PEO
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having M, ~600,000 g/mol is selected. To prepare 10 g of 5 wt% PEO gel, 0.5 g of
PEO (My ~ 600,000 g/mol) is dissolved in 9.5 g of distilled water. To prepare a ho-
mogenized PEO gel, it is stirred for 4 h at room temperature on a magnetic stirrer at
500 rpm at room temperature. The silver oxide ink contains 95 wt% Ag,O (Sigma-Aldrich,
serial number: 221163) as the active material and 5wt% PEO as the binder. To prepare 1 g
of 95:5 silver oxide ink, 950 mg of Ag,0 is added to 1 g of 5 wt% PEO binder. To obtain a
homogeneous Ag,0O ink, it is mixed for 15 min in a Thinky AR-100 conditioning mixer.

Anode: To prepare the zinc ink, 1.6 wt% SBR (MT1, USA, serial number: EQ-LIB-SBR)
binder is used. To dissolve the SBR, ethylene glycol (EG) (Sigma-Aldrich, Milwaukee,
USA, serial number: 102466) is used as the solvent. The zinc ink contains 70 wt% Zn
(Sigma-Aldrich, Milwaukee, WI, USA, serial number: 209988), 7 wt% zinc oxide (ZnO)
(Sigma-Aldrich, Milwaukee, WI, USA, serial number: 205532), 11 wt% bismuth oxide
(BiyO3) (Sigma-Aldrich, Milwaukee, WI, USA, serial number: 223891), 1.5 wt% SBR, and
10.5 wt% EG. To prepare 1 gm of zinc ink, 700 mg of Zn, 70 mg of ZnO, 110 mg of Bi, O3,
and 15 mg of SBR are added to 105 mg of EG. The approximate size of the Zn and ZnO
particles is <10 um and <5 pm, respectively. The Zn ink is also homogeneously mixed for
15 min using the AR-100 conditioning mixer.

Separator: A flexible 12 um thick non-printed polyethylene (ENTEK, Lebanon, OR,
USA) sheet is used as the separator material.

Electrolyte: The gel electrolyte is prepared by adding 1.5 wt% of polyacrylic acid
(PAA) (Sigma-Aldrich, Milwaukee, WI, USA, serial number: 306215) in ZnO saturated 8 M
potassium hydroxide (KOH) (Sigma-Aldrich, Milwaukee, WI, USA, serial number: 484016)
solution. The selected PAA hasa M,y ~ 1,250,000 g/mol. To prepare 8 M KOH solution,
4.48 g of KOH is dissolved in 10 mL of distilled water. Appropriate amount of ZnO is added
to 8 M KOH and stirred until saturation. Excess ZnO is removed by filtration. To prepare 5 g
of 1.5 wt% PAA, 0.075 g of PAA is added to 4.925 g of ZnO saturated 8 M KOH solution.

Encapsulation: A 150 pm thick polyethylene (Thermwell Products Co, Mahwah, NJ,
USA, serial number: P1025/6W) sheet is used an encapsulation material.

2.2. Battery Fabrication Procedure

The battery fabrication process is as follows. First, two nonconductive nylon mesh
substrates of size 6 cm x 6 cm are obtained. Using a 350 pm thick polyamide-nylon 6
(PA 6) (Goodfellow, Coraopolis, PA, USA, serial number: AM301350) stencil, on one side of
the mesh, the silver current collector layer of size 4 cm x 1.5 cm is printed on each of the
substrates. To evaporate the residual solvent in the silver ink, the printed current collector
layers are dried at 100 °C in a vacuum oven for 30 min. After drying, on the underside
of the mesh, the silver oxide and zinc electrodes are printed. Using a 350 um thick PA 6
stencil, electrodes of size 2.5 cm x 1.5 cm are printed onto the underside of the individual
current collector layers. The printed silver oxide electrode is dried in air for 12 h, while the
zinc electrode is dried in a vacuum oven at 70 °C for 1 h. After drying, the weight of Ag,O
in a silver oxide mesh electrode is found out to be approximately 29 mg. To estimate the
theoretical capacity of a cathode, it is essential to determine the weight of active material
present in it. The theoretical calculations to determine the weight of Ag,0O in a silver oxide
electrode printed on a non-conductive substrate are reported previously [26]. Similarly,
the dry weight of zinc electrode is found out to be 0.2 g. Using the polyethylene sheet, the
mesh electrodes are used to assemble the flexible battery in the following order: anode, gel
electrolyte, separator, and cathode to make a pouch cell. The PAA-based gel electrolyte is
printed on the zinc electrode using a 500 pm thick polyethylene terephthalate (PET) stencil.
A CO; laser (Boss Laser, Sanford, FL, USA, serial number: LS1416) is used to engrave the
stencils with required patterns. The battery fabrication steps are illustrated in a flow chart
shown in Figure 1a. The cross-sectional view of the corresponding printed layer at each
fabrication step is shown in Figure 1b. The cross-sectional view of an assembled Ag,O-Zn
pouch cell is shown in Figure 1c.
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Obtain two nonconductive mesh substrates

Print the silver current collector (CC) layer on one side of both
the mesh substrates and cure them at 100 °C for 30 min

L

On the first mesh substrate print the zinc layer on the underside of
the CC layer and dry itat 70 °C for 1 h

On the second mesh substrate print the silver oxide layer on the
underside of the CC layer and dry it at room temperature for 12 h

Place the polyethylene separator on top of the silver oxide layer

Print the PAA based gel electrolyte on top of the zinc electrode

L

Assemble the individual components of the battery in a sandwich
type architecture to make a pouch

(a)

+— Mesh substrate

Silver current
collector layer

Electrolyte layer 1 1

L

Separator layer

Figure 1. Cont.
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Figure 1. (a) Flow chart illustrating the flexible Ag,O-Zn battery fabrication procedure; (b) cross-
sectional view of the corresponding printed layer at each fabrication step; and (c) the cross-sectional
view of different layers in an assembled Ag,O-Zn pouch cell.

2.3. Characterization Methods

The surfaces of different printed layers are characterized using high resolution scan-
ning electron microscope (HRSEM) (Hitachi High Technologies America Inc., Dallas, TX,
USA, serial number: S-4800). The elemental composition of the electrodes is determined
using environmental scanning electron microscope (ESEM) coupled with energy dispersive
X-ray spectroscopy (EDX) (Zeiss, White Plains, NY, USA, serial number: Zeiss EVO50
with EDAX Genesis 2000). The ionic conductivity of the gel electrolyte is determined
by performing electrochemical impedance spectroscopy (EIS) using Solartron impedance
analyzer (Ametek Scientific Instruments, Oak Ridge, TN, USA, serial number: Solartron
1260). Rheology experiments are performed to determine the viscosity, storage, and loss
moduli of the gel electrolyte using Anton Paar rheometer (Anton Paar, Ashland, VA, USA,
serial number: MCR302) in concentric cylinder configuration. The battery characterization
experiments are performed using Neware battery cycler (Neware Technology, Shenzhen,
China, serial number: BTS 4000).

3. Results

The macroscopic images of different printed layers are shown in Figure 2a—c. The
image of a printed Ag,O-Zn battery assembled in a pouch is shown in Figure 2d. Figure 2e
shows the image of an assembled battery when flexed to a bend radius of 0.2 cm.



Batteries 2022, 8, 74

6 of 13

Figure 2. Printed (a) silver current collector layer; (b) silver oxide layer; and (c) zinc layer. The image
of a printed flexible Ag,O-Zn battery (d) assembled in a polythene pouch; and (e) flexed to a bend
radius of 0.2 cm.

3.1. HRSEM Characterization

The top surface of the printed silver current collector and the silver oxide and zinc
layers are characterized using HRSEM. The surface morphology of the printed layers is
shown in Figure 3a—c. The cross-sectional HRSEM images of the mesh-embedded Ag,O
and Zn electrodes are shown in Figure 3d,e, respectively. From Figure 3a it can be observed
that the surface of the stencil printed silver layer is conformal and it occupies the void
spaces in the mesh substrate. The presence of unoccupied voids will increase the electrical
resistance between the electrode and the silver current collector layer. Figure 3b,c shows the
surface morphology of the Ag,O and Zn layers, confirming a tight and densely distributed
particle structure on the surface. Figure 3d,e shows the existence of good electrical contact
between Ag,O and Zn with the silver current collector layer. The dotted line in Figure 3d,e
highlights the cross-section of mesh between the current collector and electrode layers.

Figure 3. Top surface of the (a) silver current collector; (b) silver oxide electrode; and (c) zinc electrode.
Cross-sectional SEM image of the (d) silver oxide electrode; and (e) zinc electrode.
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3.2. EDX Characterization

To determine the elemental composition of the electrodes, EDX analysis has been per-
formed. The EDX spectrum of the silver oxide and Zinc electrodes is shown in Figure 4a,b,
respectively.

kV: 20 Mag: 1410 Takeoff: 14.9 Live Time(s): 100 Amp Time(us): 7.68 Resolution:(eV)  130.1

Element Weight % Atomic %

OK 17.38 60.47
AgL 69.37 35.79
AuL 13.25 3.74

(a)
kV: 20 Mag: 1533 Takeoff: 14.9 Live Time(s): 100 Amp Time(ps): 7.68 Resolution:(eV) 130.1
B Element  Weight%  Atomic %
OK 20.9 53.25
BiM 3.12 0.61
ZnK 72.98 45.52
AuL 3 0.62
s e B - - - S . A

Figure 4. EDX spectrum of the (a) silver oxide; and (b) zinc electrode.

The EDX spectrum of the silver oxide electrode confirms the presence of silver and oxy-
gen. Similarly, the EDX spectrum of the zinc electrode reveals the presence of zinc, oxygen,
and bismuth. Before obtaining the EDX spectrum, to enhance the electrical conductivity
of the silver oxide and zinc electrode samples, they are sputtered with gold. Therefore, in
the EDX spectrum of both the silver oxide and zinc electrodes, a corresponding gold peak
arises. In Figure 4b, the oxygen peak arises due to the presence of zinc oxide and bismuth
oxide in the zinc electrode. The elemental distribution maps of the silver oxide and zinc
electrodes are shown in Figures 5 and 6, respectively.

From Figures 5 and 6 it can be concluded that the individual elements present in the
silver oxide and zinc electrodes are uniformly distributed.
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Figure 5. The elemental distribution of (a) silver; (b) oxygen; and (c) gold in the silver oxide electrode.

Figure 6. The elemental distribution of (a) zinc; (b) bismuth; and (c) oxygen in the zinc electrode.

3.3. EIS Characterization

EIS tests are performed to study the effect of PAA concentration on the gel electrolyte
used in the battery. The ionic conductivity of the gel electrolyte has been obtained for
different PAA concentrations. The PAA concentrations are varied from 1 wt% to 2 wt%. To
perform the EIS experiment, the PAA-based gel electrolyte is loaded into a CR2032 coin cell
with stainless steel (SS) electrodes. The area of the SS electrodes is 2.85 cm?. A 12 um thick
polyethylene sheet is used as the separator. Using a 5 mL pipette, approximately 3 mL
of gel electrolyte is drop casted on top of the SS electrode. The components of the coin
cell are assembled in the following order: SS electrode, gel electrolyte, separator, and SS
electrode. After preparing the coin cell, it is connected to a Solartron impedance analyzer
to obtain the EIS plots. Using a 50 mV alternating current (AC) voltage with a frequency
ranging from 10 Hz to 1 MHz, EIS plots are obtained by varying the wt% of PAA in the
gel electrolyte. The EIS plot of the gel electrolyte with 1.5 wt% PAA is shown in Figure 7a.
The effect of PAA wt% on the ionic conductivity of the gel electrolyte is shown in Figure 7b.
The real impedance (Z,,;) and imaginary impedance (Z; | g) are plotted on the x and y axes,
respectively. The x-intercept on the plot is taken as the electrolyte resistance (R,;,) and is
converted to ionic conductivity using (1)

ionic conductivity = A
ele

)

where, t is the thickness of the separator and A is the area of the SS electrode.

From Figure 7a it can be observed that the resistance of the electrolyte is found out to
be 6.085 Q. Using (1), the ionic conductivity can be calculated as 6.91 x 107> S/cm. From
Figure 7b it can be observed that as the wt% of PAA increases from 1 wt% to 1.5 wt%,
the ionic conductivity increases from 3.4 x 107> S/cm to 6.91 x 107> S/cm, respectively.
This is expected because the absorption of the aqueous KOH electrolyte by PAA depends
on its My,. PAA with a higher M,, results in a higher absorption of KOH. Therefore, the
ionic conductivity increases with an increase in the wt% of PAA. However, when the wt%
of PAA further increased from 1.5 wt% to 2 wt%, the ionic conductivity decreased from
6.91 x 107 S/cm to 1.15 x 107° S/cm. Hence, 1.5 wt% PAA is considered to prepare
the gel electrolyte. The ionic conductivity can be further increased by utilizing salts
such as potassium polyacrylate (PAAK) and poly (acrylic acid-co-maleic acid) in the gel
electrolyte [28,29].
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Figure 7. (a) EIS plot of the gel electrolyte with 1.5 wt% PAA; and (b) plot illustrating the effect of
PAA wt% on the ionic conductivity of the gel electrolyte.

3.4. Rheology Characterization

Rheology experiments are performed to evaluate the effects of printing and flexing
on the PAA-based gel electrolyte. The steady state rheological measurements are obtained
using a co-axial concentric cylinder rheometer. The serrated inner cylinder of diameters
26.7 mm and a sandblasted outer cylinder with 28.9 mm is used to avoid slippage during
shearing. The gel electrolyte is pre-sheared at 100 s~! for 120 s and a logarithmic shear
rate sweep from 0.01 to 100 s~ ! is applied for 60 s. Rheology tests are performed on 1 wt%,
1.5 wt%, and 2 wt% PAA in ZnO-saturated 8 M KOH. All the tests are performed at 20 °C.
The viscosity versus shear rate curves are shown in Figure 8a. Figure 8a shows that at low
shear rates, the gel electrolyte exhibits a high viscosity. The viscosity of the gel electrolyte
plays an important role in the development of packaging protocols for the printed alkaline
batteries. The high viscous gels can simplify the packaging and prevent the leakages in the
event of cell rupture. Furthermore, in Figure 8a, as the shearing rate increases, the viscosity
decreases. Hence, it can be concluded that a shear thinning behavior is observed for all the
three different gel electrolytes. The shear thinning behavior of the gel electrolyte indicates
that it could be printed using extrusion- or dispenser-based printers. The high viscosity at
a low shear rate suggests a high shape retaining ability after extrusion as well as leakage
prevention [30], while the low viscosity at a high shear rate can indicate that a low energy
is needed for the extrusion of the gel electrolyte.

40 30
_ —%—BM KOH+ZnO+1,0% PAA
—8— BM KOH+ZnO+1.5% PAA
—A— BM KOH+Zn0+2.0% PAA

Storage Modulus
Loss Modulus

400

w
=]
1

]
S

300+

200

Viscosity [Pa‘s]

Storage Modulus [Pa]
8
5
3
Loss Modulus [Pa]

100 4

=
1

T T T T T 0 T T T 0
0.01 01 1 10 100 0.1 1 10 100

Shear Rate [1/s] Strain [%]

(a) (b)

Figure 8. Effect of PAA concentration on (a) viscosity as a function of shear rate; and (b) storage and
loss moduli as a function of strain.

The effect of flexing to different bend radii on the gel electrolyte is studied by per-
forming strain sweep experiments. Oscillatory strain sweep experiments are performed
on 1.5 wt% PAA in ZnO-saturated 8 M KOH at a 1 Hz frequency with strain rates ranging
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from 0.050% to 100% on a logarithmic scale. The obtained results are shown in Figure 8b.
The strain sweep is carried out at a 1 Hz frequency to simulate the bending behavior within
the battery, when the battery is flexed from a flat position once per second. The storage
modulus indicates an elastic (solid-like) behavior while the loss modulus indicates a vis-
cous (liquid-like) behavior of the gel electrolyte. From Figure 8b, it can be observed that
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 range indicate a linear viscoelastic
behavior for the gel electrolyte. This behavior suggests that the structural integrity of the
gel electrolyte is maintained during flexing.

3.5. Discharge Characteristics

The discharge profiles of the battery under constant current load conditions of 0.1 mA,
0.5 mA, and 1 mA when no bending is applied are shown in Figure 9. Without bending,
the voltage of the battery declined from 1.5 V to 0.7 V in roughly 24 h, 8 h, and 4 h while
discharging the battery at 0.1 mA, 0.5 mA, and 1 mA, respectively. This is expected because
discharging the battery at higher load currents will decrease the discharge duration.

i 5 —a— 0.1 mA
i : ‘ ‘ L 05 mA
! : : f Lo A
) ‘ ‘
s 7 0 OO VO ST, (SRUIS (NODRVE . STRMS . =~ s SRRSO, R -
=)
(]
o
& 12}
©
-
)| e e S e Y s e e S e
FI B ¥ i i

H i I i ¥ i "
00:00 04:00 08:00 12:00 16:00 20:00 24:00
Time (h:min)

Figure 9. Discharge profiles of the flexible battery when discharged at 0.1 mA, 0.5 mA, and 1 mA
without bending.

The performance of the battery during flexing is characterized by bending the battery
around cylinders with diameters of 1.25 cm and 0.8 cm, while discharging at 0.1 mA. The
discharge characteristics are shown in Figure 10.

—a— Flat
16 b
§ —*—+—1.25cm
i : —e—08cm

14+
—_ .
s =
z )
8 121 &
S ©
= >

10+

0.8 s

L i i h ! : 07 T T T T ¥
00:00 04:00 08:00  12:00  16:00  20:00  24:00 0.0 05 10 15 20 25
Time (h:min) Capacity (mAh)

(a) (b)

Figure 10. Discharge characteristics of the flexible battery when flexed to different radii of curvature
while discharging at 0.1 mA. (a) Discharge voltage versus time; and (b) discharge voltage versus capacity.
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From Figure 10a, it can be observed that under the flat case, i.e., without bending the
battery, the discharge voltage dropped from 1.5 V to 0.7 V in 24 h. Compared to the flat
case, as the bend radii is decreased from 1.25 cm to 0.8 cm, the discharge voltage dropped
from 1.5V to 0.7 V in approximately 18 h and 16 h, respectively. Figure 10b shows the plot
of discharge voltage as a function of discharge capacity under flat and flexing conditions.
From Figure 10b, it can be observed that without bending, the demonstrated flexible battery
achieved a discharge capacity of 2.5 mAh. Under flexing conditions, as the bend radius
is decreased from 1.25 cm to 0.8 cm, the discharge capacity is dropped from 1.75 mAh to
1.6 mAh, respectively. With an active electrode area of 1.0 in. x 0.5 in. (3.2 cm?), without
bending, and with a bend radius of 1.25 cm and 0.8 cm, the corresponding areal capacities
are 0.78 mAh/cm?, 0.55 mAh/cm?, and 0.50 mAh/cm?, respectively. The dry mass of
Ag>0 in the silver oxide electrode is 29 mg. With reference to the active mass, without
bending, and with a bend radius of 1.25 cm and 0.8 cm, the corresponding specific capacities
are 86.21 mAh/g, 60.34 mAh/g, and 55.17 mAh/g, respectively. In Table 1, the battery
capacities achieved under different test conditions are illustrated.

Table 1. Illustration of battery capacities with reference to the active mass and the electrode area for
different test cases.

Case Discharge Current Discharge Capacity Specific Capacity Areal Capacity
(mA) (mAh) (mAh/g) (mAh/cm?)
Without bending (Flat) 0.1 2.5 86.21 0.78
Bend radius of 1.25 cm 0.1 1.75 60.34 0.55
Bend radius of 0.8 cm 0.1 1.6 55.17 0.50

Compared to the flat case, when the battery is flexed to different radii of curvature,
a decrease in the discharge capacity is observed. For instance, in Figure 10b, compared
to the flat case when the bend radius is decreased to 0.8 cm, the discharge capacity is
decreased from 0.78 mAh/cm? to 0.50 mAh/cm?. This is because decreasing the battery
bend radius to 0.8 cm has ultimately led to the structural disintegration of the zinc electrode.
Furthermore, after 10 bending cycles with a minimum bend radius of 0.8 cm, delamination
of the zinc electrode from the mesh substrate is observed, which can be attributed to the
styrene content in the SBR binder. The percentage of styrene in the SBR binder used in the
current work is in the range of 23% to 25% and is not elastic enough to withstand the strain
incurred during the bending cycles. The mechanical properties of the SBR binder can be
improved by increasing the styrene content [31]. The effects of structural disintegration
and delamination from the mesh substrate can be avoided by using an SBR binder that has
a styrene content greater than 25% in the Zn electrode. However, under flexing conditions,
the discharge capacity achieved by the demonstrated flexible battery is superior to other
alkaline batteries demonstrated using SBR as the anodic binder. For instance, the reported
discharge capacity of the printed primary Zn-MnO, battery, which used SBR as the anodic
binder and polyvinyl alcohol (PVA)/cellulose as the separator material, is 0.8 mAh [20].
Furthermore, the minimum bend radii achieved by the demonstrated flexible battery is
0.8 cm, which is smaller than the minimum bend radii of the currently available commercial
Zn-MnO; flexible battery, which is 3.5 cm [32]. For wearable electronic devices, the power
requirements can vary from low voltage and high amperage to relatively high voltage and
low amperage. The demonstrated flexible battery design can be readily customized to
power wearable devices with various energy and power requirements.

4. Conclusions

In this work, a stencil printed flexible primary Ag,O-Zn battery is demonstrated on
a non-conductive nylon mesh substrate using SBR as the anodic binder. The HRSEM
characterization of the printed layers shows the existence of good electrical contact between
the Ag,O and Zn with the silver current collector layer. The elemental distribution maps
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obtained by performing the EDX characterization reveal that the individual elements in the
Ag,0O and Zn electrodes are uniformly distributed. To improve the mechanical stability of
the electrolyte in the battery, a PAA-based gel electrolyte is used. The ionic conductivity
tests reveal that gel electrolyte with a 1.5 wt% PAA achieved the highest ionic conductivity.
Rheological tests demonstrate the shear thinning behavior of the gel electrolyte, which
suggests its use in the dispenser- or extrusion-based print systems. The strain sweep
experiments reveal that the gel electrolyte with a 1.5 wt% PAA has a linear viscoelastic
region in the strain sweep range of 0.05% to 6%. This behavior suggests that the structural
integrity of the gel electrolyte is maintained during flexing. The discharge characteristics
reveal that without flexing, the demonstrated flexible battery achieved a discharge capacity
of 2.5 mAh. Under flexing conditions, with a minimum bend radius of 0.8 cm, the achieved
discharge capacity is 1.6 mAh. Compared to the flat case, a decrease in the discharge
capacity has been observed under flexing conditions. This can be avoided by increasing
the elasticity of the polymer used in the anodic binder. Repeated bending cycles with a
minimum bend radius of 0.8 cm has resulted in the delamination of the zinc anode from the
mesh substrate that can be attributed to the styrene content of the SBR binder. The effects
of structural disintegration and delamination of the zinc anode under different flexing
conditions can be avoided by using an SBR binder that has a styrene content greater than
25%. The achieved discharge capacities under flexing conditions are superior to other
alkaline batteries demonstrated using SBR as the anodic binder. The demonstrated flexible
battery can find its use in powering wearable electronic devices.
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