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Reinforced Electrode Architecture for a Flexible Battery
with Paperlike Characteristics
Abhinav M. Gaikwad,[a] Howie N. Chu,[a] Rigers Qeraj,[a] Alla M. Zamarayeva,[a] and
Daniel A. Steingart*[a, b]
Compliant energy storage has not kept pace with flexible
electronics. Herein we demonstrate a technique to reinforce
arbitrary battery electrodes by supporting them with mechanically tough, low-cost fibrous membranes, which also
serve as the separator. The membranes were laminated to
form a full cell, and this stacked membrane reinforcement
bears the loads during flexing. This technique was used to
make a high energy density, nontoxic Zn–MnO2 battery with
printed current collectors. The Zn and MnO2 electrodes were
prepared by using a solution-based embedding process. The
cell had a nominal potential of 1.5 V and an effective capaci-

ty of approximately 3 mA h cm 2. We investigated the effect
of bending and fatigue on the electrochemical performance
and mechanical integrity of the battery. The battery was able
to maintain its capacity even after 1000 flex cycles to a bend
radius of 2.54 cm. The battery showed an improvement in
discharge capacity (ca. 10 %) if the MnO2 electrode was
flexed to tension as a result of the improvement of particleto-particle contact. In a demonstration, the flexible battery
was used to power a light-emitting diode display integrated
with a strain sensor and microcontroller.

Introduction
Low-cost, disposable, flexible batteries, fabricated by using
high-throughput manufacturing techniques, are a prerequisite
for many proposed conformal medical[1] and sensing devices.[2] Recently, there have been many demonstrations of
compliant electrochemical- and capacitive-based power sources such as printed flexible batteries,[3–13] supercapacitors,[14–16]
and stretchable batteries.[17, 18] Currently, commercially available flexible batteries have mechanical limitations and a relatively low areal capacity. Moreover, the discharge performance decreases after repeated flexing.[11] Even with advancements in the fabrication of strain-compliant siliconbased flexible/stretchable electronic devices by leveraging
new architectures, there has been insufficient effort towards
the improvement of the mechanical characteristics of flexible
batteries.[11, 17] We have previously examined an elastic electrode structure.[18] In this work, we fabricate flexible batteries
by using a fibrous membrane template[19] and subsequently
examine the relationship between the mechanical state and
lifetime.
Flexible electronics such as displays,[20] photovoltaic
cells,[21] organic light-emitting diodes (OLEDs),[22] radio-frequency identification (RFID) tags,[23] pressure sensors,[24] and
thin-film-transistor (TFT) backplanes[25] have been demonstrated. The materials used in these devices are inherently
hard and brittle in bulk form but can be made flexible by depositing or patterning them in thin forms.[26–29] Brittle materials can typically be made flexible by reducing their thickness
to 1/1000th of the bending radius.[30] One can use a similar
concept to make flexible batteries.[31] However, batteries are
closed electrochemical reactors, and the capacity of the battery is dependent on the mass of the reactants (anode/cathEnergy Technol. 0000, 00, 1 – 10

ode) enclosed within. Thus, traditional thin-film batteries
have insufficient capacity per area for most applications.[32, 33]
One issue with designs dependent on reduced thickness is
the unnecessary coupling of the mechanical and electrochemical performance. In this work, we use a composite architecture in which we combine a porous membrane with a battery
electrode to improve its flexing characteristics. We used
a nonwoven polyimide (PI) membrane with a high tensile
strength as a scaffold for the two electrodes, which were then
fabricated into a flexible Zn–MnO2 battery. The flexible electrodes were prepared by embedding the anode and cathode
inside the PI membrane. The membrane supports the electrode mix and absorbs the stress generated during flexing.
Printed C and Ag electrodes were used as the anodic and
cathodic current collectors, respectively. The anode and cathode were sealed within two sheets of flexible polyvinylchloride (PVC). The capacity of the battery was cathode-limited
by design. In this work, we discuss the modes of failure in
a thin-film flexible battery and study the effect of the sign of
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curvature on the MnO2 electrode as well as the effect of fatigue on the discharge performance of the battery.
We used a nonwoven PI membrane as a substrate for the
composite battery electrode. PI is not electronically conductive and is used as separator for Ni–Cd batteries. PI is basestable and provides 3D reinforcement for the electrode slurries. PI has a glass transition temperature of 370 8C, and its
ultimate thermal stability is related to that of g-MnO2 before
the loss of the waters of hydration.[37–38] Figure 1 shows a sche-

The chosen current collector/electrode combinations were
designed to chemically stabilize the battery and provide sufficient conductivity. Ag was used with the cathode to maximize the electronic conductivity. However, the Ag ink was
incompatible with Zn because it catalyzed corrosion and H2
generation at the three-phase contact between Ag, Zn, and
the electrolyte. If C ink was used as an anode current collector, the C surface did not catalyze H2 formation. The C ink
was used as the current collector on the Zn electrode. A
small ohmic potential drop was observed during discharge,
which indicated sufficient conductivity of the C and Ag
layers as current collectors for the Zn and MnO2 electrodes,
respectively. In other approaches, researchers have used thin
metallic foils[13] and printed C nanotubes[5] (CNTs) as the current collectors, but they are expensive and increase the cost
of the battery. Even with the sheet resistance of a layer of
CNTs as low as approximately 10 W/sq., this is still two
orders of magnitude higher than that of a Ag layer (ca.
0.015 W/sq.), and a MnO2 electrode with poor electronic conductivity showed a large ohmic potential drop (0.1–0.2 V at
a C/20–C/5 discharge rate) if CNTs were used as the current
collector.

Figure 1. Schematic of the process used to make reinforced flexible battery
electrodes.

Results and Discussion
matic of the process for embedding the membrane with electrochemically active inks. The membrane was embedded by
soaking it in a beaker that contained the electrochemically
active ink for 60 s. The MnO2 ink was a mixture of MnO2
particles, graphite (as a conductive additive), polystyrene
binder, and deionized (DI) water as the solvent. The Zn ink
was a mixture of Zn, ZnO and Bi2O3 (as an additive to
reduce H2 formation), polystyrene binder, and ethylene
glycol as the solvent. Owing to the porous, hydrophilic
nature of the membrane, the ink was readily absorbed. The
membrane was then taken out of the beaker, and excess ink
was removed by passing the membrane the opening of
a doctor blade so that only the ink inside the membrane remained. The solution-based embedding technique is versatile
and could be used with other electrochemically active inks.
The membrane was then heated in an oven at 70 8C for
60 min to remove residual solvent. The concentration of the
inks was optimized to ensure that the ink would easily
occupy all the open spaces in the membrane and leave no
open spaces once the solvent was removed. After the baking
step, a 10 mm layer of Ag and C inks were printed by using
a doctor blade on the MnO2 and Zn electrodes, respectively,
to serve as the current collectors. The Ag and C inks were
baked at 70 8C for 30 min. The thickness of the Ag and C
electrodes after baking was approximately 5 mm. The decrease in thickness is a result of the removal of solvents. The
resistivities of the Ag and C inks after curing were 4.95  10 5
and 2  10 1 W cm 1, respectively. The sheet resistances of the
PI membranes embedded with MnO2 and Zn ink without the
printed current collectors were 3  103 and 2  106 W/sq., respectively.
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SEM characterization
The membrane and the electrodes were examined by using
SEM, for which micrographs of the membrane and the
MnO2 and Zn electrodes are shown in Figure 2. The images
in Figure 2 A–C show the top view and cross-section of the
membrane. The membrane consisted of randomly arranged
nonwoven PI fibers with a thickness of roughly 97 mm and
was highly porous. The fibers were approximately 10 mm in
diameter. The images in Figure 2 D–F and G–I show the top
view and cross-section of the MnO2 and Zn electrodes, re-

Figure 2. (A, B) SEM images of the top view of a nonwoven PI membrane ,
(C) SEM images of the cross-section of the membrane, (D, G) the membrane
embedded with the MnO2 mixture (cathode) and Zn mixture (anode) respectively, (E, F) the cathode with the Ag current collector, (H, I) the anode with C
current collector.
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spectively. The micrographs show that the ink completely occupied all the void space in the membrane. The thicknesses
of the Ag and C current collectors were approximately 5 mm
each with consistent interfacial contact between the current
collector and electrode. The membrane was stable in alkaline
solution with sufficient adhesion to both the electrodes and
no delamination was noticed over 1000 flex cycles. The average loadings of the MnO2 and Zn slurries were 14.8 and
42.0 mg cm 2, respectively. The high anode loading results
from the high density of the Zn slurry. The effective capacity
of the assembled cell was limited by the cathode capacity.
Owing to the fibrous backbone, the electrodes were highly
flexible and had paperlike physical characteristics. The MnO2
and Zn electrodes were flexed to decreasing bend radius and
analyzed for visually observable degradation such as cracking
and delamination. A SEM micrograph of the MnO2 electrode rolled over a 3 mm diameter rod is shown in Figure 3 A, which demonstrates the compliant nature of the

were observed after a few flexing cycles. The only observable
effects of flexing in the electrode at a bend radius of 1.5 mm
were crack nucleation on the Ag and C current collectors on
the MnO2 (Figure 3 E) and Zn (Figure 3 F) electrodes, respectively. The cracks were larger on the Ag current collector than those on the C current collector. Experimentally, no
cracks were observed on the C and Ag electrodes up to
a bend radius of 4 mm. The images in Figure 3 G and H are
photographs of the battery. The MnO2 and Zn electrodes
were sandwiched between two sheets of flexible PVC (with
thicknesses of 75 mm) with a layer of paper soaked with electrolyte used as a separator and to provide ionic conductivity
between the electrodes. The footprint of the active layer was
1 inch2 (  6.45 cm2). Part of the electrode extended out of
the cell and acted as a current lead to contact the battery.
The contact between the tab and the PVC sheet was sealed
with double-sided tape, which did not visibly swell or disintegrate in alkaline solution. The thickness of the assembled
flexible battery with the PVC casing was 450 mm.
Electrochemical study

Figure 3. (A, B) SEM images of the MnO2 electrode flexed over a 3 mm diameter rod with the Ag current collector under tension, and (C) under compression. (D, E, F) Top views of the MnO2 electrode, Ag , and C current collectors,
respectively, flexed to a bend radius of 1.5 mm and under tension. (G, H) Optical images of the flexible battery [scale bar = 1 cm in (G)].

electrode. Cross-sections of the MnO2 electrode flexed to
a bend radius of 1.5 mm are shown in Figure 3 B and C with
opposite stress profiles generated through the thickness. In
Figure 3 B and C, the Ag current collector was under compression and tension, respectively. Figure 3 D shows a top
view of MnO2 under tension and flexed to a bend radius of
1.5 mm. Visually, the MnO2 electrode showed no cracking or
degradation if flexed repeatedly in both directions to a bend
radius as small as 1.5 mm. Similar characteristics were observed with the Zn electrode. The membrane helps to prevent the cracking-induced by strain in the Zn and MnO2
electrodes at a low bending radius. An unsupported electrode of similar thickness was flexible only up to a bend
radius of 15–20 mm, and severe mechanical degradations
Energy Technol. 0000, 00, 1 – 10

We studied the effect of the graphite fraction in the MnO2
electrode on the discharge performance of the battery. Four
MnO2 electrodes with graphite contents of 3.4, 6.7, 13.4, and
23.4 % were prepared, and the capacity of the MnO2 was
shown to increase with the weight fraction of graphite (Figure 4 A). The MnO2 particles alone had poor electronic conductivity; graphite was added to form a composite percolative conductive network to ensure that every MnO2 particle
was in contact with the graphite.[34] MnO2 particles that were
not in contact with the graphite network did not take part in
reactions and decreased the overall capacity of the battery.
Most of the initial electron reaction capacity (1.5–0.9 V) was
accessed if the graphite content was more than 13.4 %.
Beyond 0.9–0.8 V, a dissolution/precipitation second-electron
reaction took place in which Mn3 + and Mn2 + ions crystallized on the graphite surface to form Mn3O4 and
Mn(OH)2.[35–38] This occurred at the three-phase boundary
between the graphite, cathode, and electrolyte. The MnO2
electrode with 23.4 % graphite had a higher surface area and
accessed more of the second-electron reaction capacity compared to that with 13.4 % graphite. MnO2 electrodes with
23.4 % graphite consistently yielded higher overall discharge
capacities and could be discharged at a higher rate without
any significant loss in capacity. Hence, MnO2 electrodes were
prepared with a graphite content of 23.4 %.
We then studied the rate capability of the flexible battery.
Figure 4 B shows the discharge curves for the battery discharged at 0.5 (C/40), 1 (C/20), and 4 (C/5) mA. The battery
had a maximum theoretical capacity of 3100 mA h cm 2 for
the first electron reaction. The discharge characteristic of the
battery was similar to that of a commercially available Zn–
MnO2 alkaline battery. Most of the first electron reaction capacity (ca. 90 %) was accessed up to a C/20 discharge rate
with a capacity decrease of 18–20 % if the discharge rate was
increased to C/5. The Ohmic potential drop during discharge
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0.5 mA, the Mn3 + ions were consumed in the second-electron reaction at a rate slower than that by which they were
formed by the dissolution of MnO2 particles. The Mn3 + ions,
once formed, diffused from the bulk of the MnO2 electrode
to the electrolyte in the separator. Only the Mn3 + ions that
were close to the graphite surface took part in the crystallization reaction to form Mn3O4 and Mn(OH)2 as the discharge
products. Hence the Mn3 + ions that diffused into the separator did not take part in the second-electron reaction, which
led to a lower discharge capacity at a discharge current of
0.5 mA.
The polarization curves are shown in Figure 4 C for an
open-circuit voltage (OCV) of 1.5–0 V at 50 mV s 1 both for
the unflexed battery and for batteries in which the MnO2
electrode was under tension or compression at a bend radius
of 2.54 cm. At 1.0 V, the polarization current for the unflexed
battery was 108.2 mA, which increased to 115.8 or 137.0 mA
by placing the MnO2 electrode under compression or tension, respectively. The increase in current was higher if the
MnO2 electrode was under tension. We performed further
experiments to study the effects of flexing on the electromechanical performance of the battery.

Flexing effects
A flexible thin-film battery can serve as a power source for
compliant electronic devices such as active smart tags or
wearable health-monitoring bandages. In these devices, the
battery would either be in an static state (flat or flexed) or
the battery would be in a dynamic state and experience multiple flex cycles during its operational lifetime. Figure 5
shows a diagram of the stresses generated in a stacked struc-

Figure 4. (A) Discharge curves for batteries with graphite contents of 3.4, 6.7,
13.4, and 23.4 % at a discharge current of 1 mA. (B) Discharge curves for the
battery with a graphite content of 23.4 % at discharge currents of 0.5, 1.0,
and 4.0 mA. (C) Polarization curves for a battery from OCV to 0 V at
50 mVs 1 under flat and flexed condition (Inset: Curve between 1.1 and
0.9 V).

(I  R) increased with the discharge current. The discharge
capacity of the battery below 0.9 V was lower if discharged
at 0.5 mA than that at 1.0 mA. At a discharge current of
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Figure 5. Schematic of mechanical stresses generated in a battery during flexing.
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sistance decreased if the electrode was under tension and inture. There is a neutral (zero-stress) plane that passes
creased if the electrode was under compression. The plots in
through the center of the structure, and tensile and compresFigure 6 C and D show the resistance changes over the first
sive stresses are generated in the body. The magnitude of the
50 flex cycles. The C electrode showed stable behavior after
stress increases linearly with the distance from the neutral
a few flexing cycles and had a high resistance to fatigue complane. In a flexible battery with a sandwich architecture, the
pared to the Ag electrode. The Ag electrode showed
neutral plane passes through the separator and, depending
a steady increase in resistance with increasing number of
on the direction of flex, the MnO2 and Zn electrodes would
flexing cycles after the first 50 flex cycles. The change in rebe in opposing states of compressive and tensile stress. In
sistance with bending direction was at first counterintuitive.
a battery with unsupported electrodes, multiple flex cycles
One would expect the resistance to increase if the electrode
would nucleate cracks commensurate with an increase in the
is under tension and decrease during compression. Upon furcharge-transfer resistance through the cell. Based on the
ther inspection by using SEM, we believe that the observed
stress profile generated during bending, the cause of degrabehavior can be explained by the particle shape in the Ag
dation in a battery during flexing could be any combination
and C current-collector inks. The Ag and C particles were in
of the following: a) a decrease in the electrical conductivity
the form of thin flakes (Figure 6 E and F). The flakes had
of the current collector that causes a large ohmic potential
a thickness of approximately 1 mm and width in the range of
drop during discharge, b) delamination of the current collector from the electrode, and
c) an increase in the chargetransfer resistance through the
cell as a result of crack nucleation and a decrease in interparticle contact in the electrode
during flexing. To prevent these
effects, the active layers in flexible batteries are generally
made as thin as possible and
a higher bend radius limit is set
to minimize the effects of bending stresses on the mechanical
integrity and battery performance.
We investigated the effect of
flexing and fatigue on the conductivity of the C and Ag current collectors printed on the
anode and cathode, respectively. The current collectors were
approximately 5 mm thick and
were uniformly coated on the
Zn and MnO2 electrodes. The
electrodes were flexed repeatedly between the flat and
flexed states, such that the electrodes in the flex state were
either in tension or compression. The plots in Figure 6 A
and B show the resistance
changes over 1000 flex cycles
for the C and Ag electrodes, respectively, flexed to a bend
radius of 1.27 cm between flat–
tension and flat–compression
states. The changes in resistance
are shown in the insets of FigFigure 6. (A, B) Change in resistance of 5 mm C and Ag current collectors, respectively, flexed to a bend radius of
ure 6 A and B in the range of
1.27 cm for 1000 flex cycles. (Inset: Change in resistance between 700 and 720 flex cycles). (C, D) The change in re700–720 flex cycles. For both sistance of the current collectors over the first 50 flex cycles. (E, F) SEM images of the top view of the C and Ag
the C and Ag electrodes, the re- current collectors, respectively.
Energy Technol. 0000, 00, 1 – 10
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5–20 mm. If the electrode was flexed to a tensile state, there
was an improved connection among the flakes along the z-direction, which led to a decrease in the resistance. Similarly,
under compression, the contact between the particles decreases, which increases the resistance. The higher fatigue resistance of the C electrode was a result of a higher fraction
of binder in the ink. The resistance change of both current
collectors was below acceptable limits and would not cause
a drastic increase in Ohmic potential drop during discharge.
The flex and tape tests indicated good adhesion of the current collectors to the electrode, and that delamination would
not occur during flexing.
After studying the effects of flexing and fatigue on the resistance of the current collectors, the effects of flexing on the
discharge performance and the mechanical integrity of the
battery were studied. The plots in Figure 7 A and B show discharge curves for the batteries discharged at 1 mA with the
MnO2 electrode flexed to bend radii of 5.72, 2.54, and
1.27 cm under tension and compression, respectively (Insets:
Tables showing the discharge capacities accessed at 0.8 and
0.6 V at different bend radii). There was a noticeable increase
in the discharge output of the battery if the MnO2 electrode

was under tension. The capacity of the battery increased up
to approximately 10 % at a bend radius of 2.54 cm. A slight
decrease in capacity was observed beyond this point but it
was still higher than that of an unflexed battery. The increase
in capacity may be the result of an improvement in the particle-to-particle contact in the battery, which led to a decrease
in the charge-transfer resistance through the MnO2 electrode.
A small improvement in the capacity (ca. 2 %) of the battery
was observed if the MnO2 electrode was under compression,
and again the maximum capacity was observed at bend
radius of 2.54 cm. The membrane-reinforced MnO2 and Zn
electrodes showed no degradation in performance if flexed
in either direction. The fibers act as a support and absorb
most of the stress if the battery is flexed. There was an
excess of Zn in the battery, and any improvement or degradation in the kinetics of the Zn electrode during flexing
would not change the capacity of the battery accessed.
Therefore, the capacity of the battery was limited by the performance of the MnO2 electrode, and any change in the capacity can be related to structural changes in the MnO2 electrode.
Electrochemical impedance spectroscopy (EIS) was performed to study the effect of
flexing on the structural properties of the battery. The plots in
Figure 7 C and D are EIS
curves for the battery with the
MnO2 electrode under tension
and compression, respectively,
at bend radii of 5.72, 2.54, and
1.27 cm. The charge-transfer resistance (Rc) is the measure of
ease with which charge could
be transferred through the battery and it was measured by fitting the EIS curve at high frequency to a semicircle of which
Rc is the diameter. A change in
Rc would give an indication of
the mechanical integrity of the
battery. The Rc for a battery
under no stress was 0.294 W,
which decreased to 0.254, 0.038,
and 0.080 W if the MnO2 electrode was placed under tension
at bend radii of 5.72, 2.54, and
1.27 cm, respectively. An improvement in the discharge capacity that results from placing
the MnO2 electrode under tension can be correlated with a decrease in Rc. The decrease in Rc
was a result of better particleto-particle contact in the MnO2
Figure 7. (A, B) Discharge curves for batteries with MnO2 electrodes under tension and compression, respectively,
electrode. Rc values of 0.326,
at a discharge current of 1 mA for unflexed batteries and those flexed to bend radii of 5.72, 2.54, and 1.27 cm. (C,
0.262, and 0.249 W were obD) EIS curves for batteries with MnO2 electrodes under tension and compression, respectively, for unflexed batterserved if the MnO2 was under
ies and those flexed to bend radii of 5.72, 2.54, and 1.27 cm.
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compression at bend radii of 5.72, 2.54, and 1.27 cm, respectively. Therefore, flexing the MnO2 electrode in compression
did not cause a noticeable change in the discharge characteristics of the battery. The EIS experiments indicate that if the
composite MnO2/fibrous membrane composite was under
tension, compressive forces are generated in the MnO2/
graphite mix, which cause an improvement in the particle-toparticle contact and decrease Rc. The observed behavior was
the opposite of that expected in a flexed structure. One
would expect that under tension, cracks would form in the
electrode and decrease the particle-to-particle contact. The
reverse trend might be because of the fibrous scaffold architecture of the electrode. While the electrode as a whole was
in tension, tensile stress was generated in the fibers in the
xy-plane and compression occurred along the z-direction,
which brought the MnO2/graphite mix into better contact
and led to a decrease in Rc. The opposite behavior was expected if the MnO2 electrode was placed under compression.
If the battery was flexed predominantly in one direction
during operation, it would be advisable to flex the MnO2
electrode in tension as it improves the charge-transfer characteristics in the electrode.
After studying the effect of a single flex on the discharge
characteristics and structural integrity of the electrode, we
studied the effect of fatigue caused by repeated flexing. The
battery was flexed repeatedly to a bend radius of 2.54 cm
such that the MnO2 electrode was either in tension or compression in the flexed state. The batteries were discharged
and EIS experiments were performed after 1000 flex cycles.
Figure 8 A shows the discharge curves of an unflexed battery
and batteries after flexing for 1000 cycles. The batteries exhibited lower starting potentials (OCV = 1.45 V) after flexing. The decrease in potential could be a result of self-discharge or structural changes in the electrode. However, the
decreased OCV did not affect the capacity accessed if discharged to a potential of 1 V. The potential of the flexed
cells during discharge was lower than that of the unflexed
cells owing to a lower starting potential and a higher Rc. EIS
experiments were performed to study the effect of flexing on
the charge-transfer characteristics of the cell. Rc increased
from 0.294–0.698 W for MnO2 flexed to tension and to
1.817 W for compressive cyclical flexing. The increase in Rc
was higher for the MnO2 electrode under compressive stress
than for that under tensile stress. The results from the fatigue
test indicate that repeated flexing caused an increase in Rc,
which led to a large decrease in the potential during discharge. Flexing the battery such that the MnO2 electrode was
compressed had a larger effect on the Rc than placing it
under tension. However, even with the increase in Rc caused
by flexing, the capacity accessed in the battery did not
change significantly, which is evidence of the good fatigue resistance of the battery system.
In a demonstration, a flexible battery pack (3 V, with two
batteries stacked in series) was used to power a set-up of
a blue light-emitting diode (LED) display controlled with
a programmable microcontroller. A direct-current voltage
convertor (DC-DC) was used to increase the potential of the
Energy Technol. 0000, 00, 1 – 10

Figure 8. (A, B) Comparison of the discharge and EIS curves, respectively, of
an unflexed battery with batteries flexed 1000 times to a bend radius of
2.54 cm such that the MnO2 electrode was flexed either to tension or compression.

battery (2.0-3.0 V) to 3.3 V to power the microcontroller. A
strain sensor was attached to the battery, and the resistance
change during flexing the battery was used as a signal by the
microcontroller to display either FLAT or BEND if the battery was flat or flexed, respectively (Figure 9).
The Zn–MnO2 battery cannot be fully recharged owing to
the irreversible formation of a ZnO–Mn2O3 phase beyond
a potential of approximately 1.15 V. The chemistry can be
made reversible by limiting the final potential of the battery
to a minimum of 1.2 V.[39] The flexible battery demonstrated
here cannot be recharged owing to the oxidation of the Ag
current collector above a potential of approximately 1.65 V.[8]
A rechargeable battery would require highly conductive nonoxidizing printable inks. Cu- and Al-based inks are incompatible with high-pH KOH electrolyte, and other nonoxidizing
printable current collectors such as CNTs and Ni have conductivities lower than that required for the MnO2 electrode.
Further developments in nanoparticle-based highly-conducting Ni ink could help to replace Ag current collectors. Owing
to the low cost of the raw materials associated with a Zn–
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the particles. An improvement in the discharge capacity of
approximately 10 % was observed if the MnO2 electrode was
placed under tension. Flexing the battery to place the MnO2
electrode under compression did not significantly change the
discharge characteristics. An EIS study indicated that if the
MnO2 electrode was in tension, a compressive force was generated through the graphite–MnO2 mixture, which reduced
the charge-transfer resistance and increased the capacity accessed. Fatigue tests showed that the battery was able to
maintain its capacity even after repeated flexing. Flexing the
MnO2 electrode repeatedly to a compressive state caused
a larger increase in the charge-transfer resistance compared
to flexing it to tension. In a demonstration, the flexible battery was used to power a LED display and a microcontroller.

Figure 9. (A, B) Demonstration of a 3 V flexible battery pack (two batteries
stacked in series) integrated with a blue LED display, microcontroller, and
a DC–DC convertor. The LED display showed FLAT (A) or BEND (B) as the
battery was flat or flexed, respectively. (C) A strain sensor attached to the battery was used to control the display. (D) Demonstration of the seven-segment
LED display.

MnO2 battery, the chemistry is ideal for a low-cost primary
flexible battery for inexpensive devices such as active RFID
tags or smart sensors with short life-expectancies. The materials associated with an alkaline Zn–MnO2 battery are nontoxic, and the battery can be disposed of easily after use. The
battery design can be easily customized depending on the
power and voltage requirement of the device.

Conclusion
We have demonstrated a technique to reinforce battery electrodes by embedding the electrode inside a porous nonwoven
membrane by using a solution-based casting process. The
membrane acted as a support, which prevented crack nucleation and took the majority of the load during flexing. The reinforced electrode had improved mechanical properties in
comparison to an unsupported electrode. The technique was
used to fabricate a flexible Zn–MnO2 battery. The electrochemical performances of the batteries were limited by the
MnO2 electrode owing to the intentionally higher capacity of
the Zn electrode because of the high density of the Zn particles. Graphite was used as a conductive additive to improve
the charge-transfer characteristics in the MnO2 electrode.
The capacity of the MnO2 electrode increased with increasing graphite fraction in the electrode. A graphite content of
approximately 23 % showed a good balance between the improvement of the charge-transfer properties and the maintenance of the high capacity of the MnO2 electrode. Printed C
and Ag layers were used as current collectors for the Zn and
MnO2 electrodes, respectively. Flexing tests showed that the
resistance of the C and Ag layers increased under compression and decreased under tension as a result of the shape of
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Experimental Section
A wet-laid nonwoven PI membrane (Freudenberg Vliesstoffe
KG, Germany) was used as a support for the electrode. The
porous membrane was used as a separator for a Ni–Cd battery.
The battery electrode was prepared by embedding the membrane with electrochemically active ink. The MnO2 ink was a mixture (by weight) of 45.3 % MnO2 (Tronox), 10.6 % graphite
(KS6, Timcal), 12.1 % KOH (9 m), 1.8 % polystyrene binder
(LICO Technology Corp.), and 30.2 % DI water. The Zn ink was
a mixture (by weight) of 69.3 % Zn (Sigma–Aldrich), 7.3 % ZnO
nanopowder (Inframat), 10.9 % Bi2O3 (Alfa Aesar), 10.9 % ethylene glycol, and 1.6 % polystyrene binder. The membrane was
soaked in the ink for 60 s. The ink was absorbed into the membrane by capillary action. The electrode was baked in an oven at
70 8C for 60 min to remove any residual solvent. A doctor blade
was used to print a 10 mm Ag ink layer (AG-800, Conductive
Compounds) on the MnO2 electrode and C ink (C210, Conductive compounds) on the Zn electrode. The electrode was then
baked at 70 8C for 30 min. The thickness of the Ag and C layers
after the baking step was approximately 5 mm. A solution of
KOH (5.6 m) and ZnO (0.37 m) was used as the electrolyte, which
was prepared by mixing KOH pellets and ZnO powder in DI
water. The mixture was stirred until a clear solution formed. A
polyvinyl alcohol/cellulose wet-laid nonwoven material soaked in
the electrolyte was used as a separator (Freudenberg Vliesstoffe
KG, Germany).
The electrodes and the separator were cut to a size of 1 inch2 (
 6.45 cm2) with extended tabs to connect to the battery. The
separator was sandwiched between the two electrodes and the
cell was heat sealed between two layers of PVC (75 mm, McMaster). The contact between the tab and the PVC sheet was sealed
with double-sided tape (3M). The tape was stable in high-pH solutions. Alternatively, thin Ni foil can be used to connect the battery. The assembled battery was discharged by using a battery
tester (Arbin Instruments). The polarization and EIS experiments were performed by using a VERSASTAT 4 potentiostat
(Princeton Applied Research). SEM was performed by using
a TM3000 instrument (Hitachi). The battery was flexed by using
a device with programmable stages. The conductivity of the electrodes during the flexing test was measured by using a programmable digital multimeter (Keithley). The seven-segment serial
display, microcontroller (Arduino), DC–DC convertor, and flex
sensor were sourced from Sparkfun Electronics.
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Bend and flex: A high-energy-density,
nontoxic Zn–MnO2 battery with printed current collectors is fabricated. The
Zn and MnO2 electrodes are prepared
by using a solution-based embedding
process. The cell has a nominal potential of 1.5 V and an effective capacity
of approximately 3 mA h cm 2. The effects of bending and fatigue on the
electrochemical performance and mechanical integrity of the battery are investigated.
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