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Biologically-based pressure activated thin-fi lm battery 

A pressure activated battery was created using modifi ed 

alkaline battery chemistry in conjunction with fi sh roe that 

served to encapsulate the electrolyte during storage and act 

as an ion-permeable separator upon battery activation.
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d pressure activated thin-film
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Christopher F. Huebner,abe Chip Tonkine and Stephen Foulger*abd

There is an industrial interest in utilizing large volumemanufacturing processes such as printing (e.g. stencil,

roll-to-roll) to produce thin-film functional components. These components will require power sources,

for example thin-film batteries, and it would be advantageous to be able to produce these powering

items in-line with the components. Traditional primary thin-film batteries have limited storage capacities

due to mass limitations and unavoidable losses. The current effort demonstrates a zinc/manganese oxide

reserve battery that has been produced through combination of stencil and roll-to-roll printing on

a polyethylene terephthalate (PET) substrate utilizing fish roe for the ion conducting electrolyte storage

and separator. The creation of a reserve battery which can be activated when power is required by the

deformation of the battery is an approach to extend battery storage times.
1 Introduction

The development of printed electronics that can conform to
traditional printing processes has received intense interest
from industry. The implementation of essential electronic
components such as transistors, diodes, conductive connectors,
and resistors into a printing process that utilizes a exible
substrate has seen an increase in academic and industrial
efforts.1–5 A low cost power source that can also conform to
a high throughput printing processes is necessary to provide
current for these printed devices.6–8 Alkaline batteries offer
qualities including low cost, high energy density, relatively at
discharge, and low internal resistance that make it an excellent
candidate for use in these printed systems.9,10 There are several
challenges associated with the formation of printed batteries
such as the thermal and chemical limitations of industrial
standard substrates and layered architecture.10–13 Another
challenge when using a printing process is the limitation placed
on the thickness of the device which limits the capacity that the
reduced thickness and mass will cause.14 Additionally, the
storage life of a battery which can supply power when its not
required is reduced due to inevitable losses. To ensure that the
battery has power when required, an additional requirement
can be that the battery is activated by mechanical means when
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power is required. A reserve battery is an electrochemical cell
where its components are segregated until the battery needs to
be used, facilitating its long storage life.15,16

To print batteries, a number of techniques have been used to
pattern and deposit the individual components (cathode, anode,
current collector, and the electrolyte) such as dispenser printing,
screen printing, roll-to-roll printing, and stencil printing.3,10,13,17

In this effort, roll-to-roll printing was used for the current
collectors while stencil printing was used for the electrodes. The
inks for the anode and cathode are generally in the form of
a mixture of the electroactive component and a binder.10 Due to
the superior energy density, low internal resistance, and at
discharge characteristics of manganese dioxide and zinc based
alkaline batteries has resulted in the widespread acceptance of
these systems for primary batteries.9,10,18 In the current imple-
mentation of a reserve battery, the electrolyte is stored inside
small round vesicles that separate the electrodes. Upon being
mechanically crushed, the vesicles release their ionically-
conductive liquid contents to ll the void between the elec-
trodes and complete the cell. The outer shell of the crushed
vesicles act as a physical separator and ion conductor. For
a spherical liquid storing vesicle with this latter feature, we can
look to a natural product, specically sh roe.19–22
2 Results and discussion

Fig. 1a presents a schematic of the thin-lm battery developed
in this effort. This battery utilized a modied alkaline battery
chemistry to generate the voltage potential where the half-
reactions at the electrodes are presented in eqn (1) and (2).
The silver current collectors were directly printed on PET
substrates, while the manganese(II) oxide cathode (cf. Fig. 1b)
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic of the thin-film battery developed in this effort; SEM images of (b) manganese(II) oxide cathode with “crushed” fish egg
membrane separator, (c) zinc anode, and (d) fish egg membrane separator with pores that had an average diameter of 112 nm and standard
deviation of 43 nm. Silver current collector is not shown as it was not in the cutting plane.

Fig. 2 Voltage activation (B) with force loading (C) of printed battery
with fish egg electrolyte & separator that has been treated with 5% NaCl
aqueous solution. A constant 15 N force was sufficient to crush the fish
roe and activate the battery. The effective loading area was 1.77 cm2.
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and zinc anode (cf. Fig. 1c) were directly printed on top of the
silver current collectors and PET. The cathode and anode were
printed utilizing a stencil printing method with a polyester
mask cut to the desired shape and the inks utilized a number of
differing components (cf. Experimental section) but both
employed poly(vinylidene uoride-co-hexauoropropene)
(PVDF-HFP) as a binder due to its extensive use in battery
systems as well as being shown to have worked well in printed
alkaline systems.23,24 The anode was printed to a nal thickness
of 75 mm with a weight of approximately 49 mg while the
thickness of the cathode was 170 mm with a weight of approxi-
mately 63 mg. The area of the battery is 2.25 cm2. These latter
two assemblies were separated by an ion permeable layer in the
form of sh roe (cf. Fig. 1d) that had been treated to contain
a dened concentration of a NaCl-based electrolyte. These
vesicles were ca. 1.5 mm in diameter before being deformed,
but the total thickness of the device was roughly 0.5 mm aer
the vesicles were crushed to release their electrolyte and activate
the battery.

Zn(s) / Zn(s)
2+ + 2e� (1)

2(MnO2(s) + H2O(l) + e� / MnO(OH)(s) + OH(aq)
�) (2)

Fig. 2 presents the pressure activation of the battery. The
battery exhibited no potential prior to being pressure activated.
A force of 15 N was applied to the battery (effective loading area
was 1.77 cm2, 84.75 kPa) resulting in the deformation of the sh
roe. This distortion resulted in a large majority of the eggs
splitting open and releasing their liquid contents. In the case of
Fig. 2, the roe were soaked in a 5 wt% NaCl aqueous solution.
When the roe ruptured, this salt solution lls the region
This journal is © The Royal Society of Chemistry 2017
between the anode & cathode and acts as an ionic conductor,
resulting in the activation of the battery. The turn-on of the
battery coincides with the deformation and results in a 1.05
voltage at a 1 mA constant current that quickly stabilizes to 1
volt. Post inspection of an activated battery (cf. Fig. 1b) indi-
cated that the roe are planarized with loading. Fig. 3 presents
the deformation characteristics of a single sh egg as-received
and with a cleaning & soaking in a 5 wt% NaCl aqueous solu-
tion. The abrupt drop in the displacement was indicative of the
egg rupturing. The as-received eggs failed at a loading of 0.26 N
while the cleaned & soaked eggs failed at 0.15 N; the cleaning
and salt solution replacement procedure resulted in the roe
fracturing at a substantially lower loading than the as-received
eggs. It is speculated that the washing and salt soaking treat-
ment altered the internal pressure of the sh roe resulting in
J. Mater. Chem. A, 2017, 5, 6432–6436 | 6433



Fig. 3 Deformation of a single fish egg with loading: as-received (C)
and with 5% NaCl aqueous solution serum replacement (B). The
effective loading area was 1.77 cm2.
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a differing rupture pressure. As indicated previously, the fully
assembled batteries were activated by 15 N force (cf. Fig. 2)
which is an order of magnitude greater than the force which is
required to rupture a single egg.

As indicated earlier, the sh roe were washed extensively
with deionized water prior to being soaked in aqueous salt
solution. The weight ratio of the liquid contents to the egg shell
at this stage was ca. 70%. As Fig. 1d indicates, a typical sh egg
from these tests had a large number of pores with an average
diameter of 112 nm and standard deviation of 43 nm. These
pores facilitated the transfer of the contents of the as-received
roe into the washing/soaking solution during the cleaning
and electrolyte replacement phase of the roe's treatment prior
Fig. 4 Voltage response at 1 mA constant current of printed batteries
with fish eggs treated with varying salt concentrations: 20% (B), 5%
(O), and 10% (C). Inset presents initial voltage decay curves of
batteries with salt concentrations of 0.5%, 1%, 5%, 10%, and 20%;
concentrations of more than 5% exhibited identical initial decay
characteristics.
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to building the battery. Batteries built with sh roe that have
only undergone the cleaning phase failed to generate a potential
when activated. In order to be able to generate a potential, the
contents of the cleaned roe had to be replaced with an ionic
conductor such as a NaCl solution. The eggs were allowed to
soak in solutions containing the desired NaCl concentration for
1 hour to achieve equilibrium; longer soak times did not result
in batteries with differing discharge characteristics. Surpris-
ingly, once the electrolyte of the roe was set by soaking in the
salt solution, the nal battery did not activate unless deformed;
there was insufficient leakage of the electrolyte out of the pores
once the battery was assembled to activate the battery.

The salt concentration in the serum replacement phase
during the pre-treatment of the roe greatly inuenced the
performance of the battery. Fig. 4 presents the discharge curves
of batteries with electrolytes of varying salt concentrations. For
these discharge curves, the batteries were kept under a 15 N
force for the length of the test and were given 10 minutes to
equilibrate under constant current before comparing the
discharge voltage. The voltage response was due to a 1 mA
constant current and indicated that increasing salt concentra-
tions up to 5% resulted in an improvement in battery perfor-
mance, but soaking the roe in salt concentrations greater than
5% NaCl exhibited identical initial decay characteristics. As the
salt concentration of the encapsulated solution increased, the
ionic conductivity of the electrolyte increased reducing the
internal resistance of the battery. The initial discharge charac-
teristics of the batteries with salt concentration of 5%, 10%, and
20% were similar, with the latter battery failing at ca. 200
minutes. Surprisingly, the 5% discharged for 175 minutes,
lasting 25 minutes longer than the battery assembled with roe
soaked in a 10% NaCl solution. The capacity characteristics of
batteries with salt concentrations that were 5% and higher were
generally reproducible from batch to batch, though due to their
hand construction, there was small variability in some aspects
of the performance from battery to battery. Using 0.7 volt as the
end of the useful life of the batteries, the 20% NaCl-based
battery exhibited a 1.12 mA h cm�2 discharge capacity. This
capacity corresponded to consumption of about 3.1 mg of Zn at
the anode and 8.2 mg of MnO2 at the cathode. This led to
approximately 18% of used material in the cathode which
would act as the limiting electrode. The power density of the
battery was 0.011 W cm�3 while the energy density was 100.4 J
cm�3 when discharged at 1 mA. Batteries assembled with roe
with 0.1% and 1% salt concentrations exhibited signicantly
lower initial voltages and shorter discharge lifetimes (cf. Fig. 4
inset).

The as-received sh roe were stored with a NaCl solution (ca.
20 wt% at 23 �C) as a preservative and assembling a battery with
the neat eggs (i.e. no pre-cleaning or salt processing) resulted in
a battery that exhibited discharge characteristics that were
similar to the battery with cleaned roe that had undergone
a 20% NaCl serum replacement (cf. Fig. 4). However, the neat
eggs are also stored with additional additives that could affect
the performance & longevity of the battery. As indicated earlier,
the electrolyte contents of the eggs did not appear to rapidly
diffuse through the pores in the eggs and the batteries could be
This journal is © The Royal Society of Chemistry 2017



Fig. 5 Voltage response at 1 mA constant current of printed batteries
with neat fish eggs (i.e. no pre-cleaning or salt processing) after 3 days
of storage.
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stored for days and would still exhibit a potential when the eggs
were crushed. Fig. 5 presents the discharge characteristics of
a battery which utilized neat sh roe and that had been stored
for three days. The performance, even with the storage time, was
comparable to a freshly assembled battery. Clearly, if the
assembled batteries were effectively sealed to minimize the
dehydration of the sh roe, the storage time could be conceiv-
ably extended to months or years.

Fig. 6 presents the discharge characteristics under varying
constant currents of batteries which utilized sh roe that have
undergone a serum replacement with a 5% salt solution. At
Fig. 6 Voltage response with fish eggs containing a 5% salt solution at
1 mA (B), 0.75mA (O), and 0.5mA (C) constant current. The battery is
considered discharged when it drops below 0.7 V (labeled).

This journal is © The Royal Society of Chemistry 2017
a constant current of 1 mA, the battery's capacity was measured
to be about 2.30 mA h (at a 0.7 V discharge cut-off). When the
constant current is changed to 0.75 mA and 0.5 mA, the battery's
capacity increased to 2.91 mA h and 3.62 mA h, respectively.
Altering the load on the batteries to achieve a constant current of
0.5 mA resulted in a 57% increase in capacity relative to a 1 mA
drain.

3 Conclusions

In this effort, it was demonstrated that sh roe could act as the
electrolyte storing vesicle and ion conducting separator in a prin-
ted & thin-lm reserve battery. Through a serum replacement
method, the ionic conductivity of the sh roe could be altered to
tune the discharge characteristics of the batteries. The batteries
could be activated by a 15N load andwould discharge for up to 200
minutes; total discharge capacity was typically 1.12 mA h cm�2.

4 Experimental
4.1 Reagents and solvents

All the commercial reagents were used without further puri-
cation. All the solvents were dried according to standard
methods. Deionized water was obtained from a Nanopure
System and exhibited a resistivity of ca. 1018 ohm�1 cm�1.

4.2 Printing process

The silver ink was purchased from PChem Associates Inc. (PFI-
722) and used without modication. The silver was printed on
a RK Printcoat Instruments Flexiproof 100 in the shape shown
in Fig. 1 where the top square is 1 cm2 attached to a 2 cm by
0.25 cm rectangle. It was printed at a speed of 70  per minute
and at a pressure of 140 bar on a PET lm of approximately 90
mm thickness to simulate the large scale process. The anilox
roller used was rated at 13 billion cubic microns (BCMs). Aer
being printed, the silver was placed in an oven at 90 �C for two
hours. The two electrode inks were formulated using Zn and
MnO2 as the bases. The MnO2 powder (Tronox) is <10 mm and
the Zn powder (Aldrich) was also <10 mm. The anode ink was
87% Zn, 7% zinc oxide (Alfa Aesar), 4% bismuth(III) oxide
(Aldrich), and 2% PVDF-HFP (Aldrich) (400 000 g mol�1) binder
by weight in n-methyl-2-pyrrolidone (NMP) (Acros) solution. The
cathode ink was 86% MnO2, 8% carbon black (Alfa Aesar), and
8% PVDF-HFP (400 000 g mol�1) binder by weight in NMP
solution. The anode and cathode inks are stencil printed over
the silver electrodes using a square stencil with a 2.25 cm2 area
and a stencil thickness of 180 mm for the MnO2 based electrode
and 90 mm for the Zn based electrode. They were then allowed to
dry for 3 hours in an 80 �C oven.

4.3 Fish roe treatment

The sh roe employed in this study is from Cyclopterus lumpus
and sold as “Romanoff Caviar Black Lumpsh Caviar”. This
commercially obtained roe is dyed black and packed with
sodium benzoate as a mold-inhibitor. Prior to use in these
studies, the roe was placed in a bath of deionized water and
J. Mater. Chem. A, 2017, 5, 6432–6436 | 6435
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allowed to sit for ve minutes at which time the water was
changed. This was repeated until the water remained clear, at
which time the water was changed every hour for two additional
washes. This water washing procedure was preformed to
remove any added dyes and/or inhibitors.

To control the salt concentration of the liquid within the roe,
the washed roe were placed for one hour in solutions composed
of deionized water and a dened amount of NaCl. A number of
salt solutions were made ranging from 0% to 20 wt%. The eggs
were then allowed to dry on a lent free paper towel for ve
minutes to ensure that solution on the outside of the egg did
not allow the battery to activate. The eggs were then placed by
hand in a single layer on top of an electrode. The other electrode
was then placed on top, and the battery can be sealed for storage
or used as is.
4.4 Mechanical and electrical characterization

Mechanical deformation studies were performed with a TA
Instruments DMA 2980 Dynamic Mechanical Analyzer. Electrical
discharge measurements were taken on a CH Instruments Model
660B Electrochemical Analyzer/Workstation. In a typical
deformation/electrical discharge study, the battery was placed in
compression clamps on the DMA and was wired to the electro-
chemical analyzer. The upper compression jig was lowered on the
battery with an idle force of 0.01 N. The force was applied via
a circular metal plate with a 1.5 cm diameter. Once the run is
started, a 15 N force was applied and held constant for 10minutes
while the electrical response wasmonitored. Aer 10minutes, the
DMA could return to its idle force without disturbing the battery
discharge or could be kept in place for the length of the test, and
the battery was allowed to discharge to completion. Energy
density and power density were calculated by integrating the area
under the discharge curve of charge against voltage to nd the
energy of the battery in joules which was converted to watts by
dividing by the time to discharge the battery in seconds. Both of
these values were then divided by the volume of the active mate-
rial and separator where the separator thickness was 0.01 cm.
4.5 Microscope images

SEM images were taken on a Hitachi model S-4800 eld emis-
sion scanning electron microscope. All samples were dried
under vacuum at approximately 23 �C. Samples were then
adhered to an aluminum stage with carbon tape and coated
with a thin layer of platinum before being imaged.
Acknowledgements

The authors thank the Gregg-Graniteville Foundation, the Sonoco
Institute of Packaging Design and Graphics, and the National
Science Foundation (DMR-1507266) for nancial support.
6436 | J. Mater. Chem. A, 2017, 5, 6432–6436
References

1 H. Yan, Z. H. Chen, Y. Zheng, C. Newman, J. R. Quinn,
F. Dotz, M. Kastler and A. Facchetti, Nature, 2009, 457,
679–686.

2 C. F. Huebner, J. B. Carroll, D. D. Evanoff, Y. R. Ying,
B. J. Stevenson, J. R. Lawrence, J. M. Houchins,
A. L. Foguth, J. Sperry and S. H. Foulger, J. Mater. Chem.,
2008, 18, 4942–4948.

3 A. M. Gaikwad, J. W. Gallaway, D. Desai and D. A. Steingart, J.
Electrochem. Soc., 2011, 158, A154–A162.

4 M. Kaltenbrunner, G. Kettlgruber, C. Siket, R. Schwoediauer
and S. Bauer, Adv. Mater., 2010, 22, 2065–2067.

5 T. Sekitani, S. Iba, Y. Kato, Y. Noguchi, T. Someya and
T. Sakurai, Appl. Phys. Lett., 2005, 87, 173502.

6 A. M. Gaikwad, D. A. Steingart, T. N. Ng, D. E. Schwartz and
G. L. Whiting, Appl. Phys. Lett., 2013, 102, 233302.

7 L. Hu, H. Wu, F. La Mantia, Y. Yang and Y. Cui, ACS Nano,
2010, 4, 5843–5848.

8 Y. Xuan, M. Sandberg, M. Berggren and X. Crispin, Org.
Electron., 2012, 13, 632–637.

9 J. W. Long, B. Dunn, D. R. Rolison and H. S. White, Chem.
Rev., 2004, 104, 4463–4492.

10 A. M. Gaikwad, G. L. Whiting, D. A. Steingart and A. C. Arias,
Adv. Mater., 2011, 23, 3251–3255.

11 A. J. Baca, K. J. Yu, J. Xiao, S. Wang, J. Yoon, J. H. Ryu,
D. Stevenson, R. G. Nuzzo, A. A. Rockett, Y. Huang and
J. A. Rogers, Energy Environ. Sci., 2010, 3, 208–211.

12 H. Gleskova, I. C. Cheng, S. Wagner, J. C. Sturm and Z. Suo,
Sol. Energy, 2006, 80, 687–693.

13 A. C. Arias, J. Daniel, B. Krusor, S. Ready, V. Sholin and
R. Street, J. Soc. Inf. Disp., 2007, 15, 485–490.

14 Z. Q. Wang, R. Winslow, D. Madan, P. K. Wright, J. W. Evans,
M. Keif and X. Y. Rong, J. Power Sources, 2014, 268, 246–254.

15 D. F. Smith and J. A. Gucinski, J. Power Sources, 1999, 80, 66–
71.

16 D. F. Smith and C. Brown, J. Power Sources, 2001, 96, 121–
127.

17 A. C. Arias, J. D. MacKenzie, I. McCulloch, J. Rivnay and
A. Salleo, Chem. Rev., 2010, 110, 3–24.

18 F. Y. Cheng, J. Chen, X. L. Gou and P. W. Shen, Adv. Mater.,
2005, 17, 2753–2756.

19 A. Hirai, Jpn. J. Ichthyol., 1988, 35, 351–357.
20 A. Hirai, Jpn. J. Ichthyol., 1993, 40, 227–235.
21 G. E. Bledsoe, C. D. Bledsoe and B. Rasco, Crit. Rev. Food Sci.

Nutr., 2003, 43, 317–356.
22 P. Pourashouri, S. Yeganeh and B. Shabanpour, Iran. J Fish.

Sci., 2015, 14, 176–187.
23 D. Guy, B. Lestriez, R. Bouchet, V. Gaudefroy and

D. Guyomard, Electrochem. Solid-State Lett., 2005, 8, A17–
A21.

24 J. M. Tarascon, A. S. Gozdz, C. Schmutz, F. Shokoohi and
P. C. Warren, Solid State Ionics, 1996, 86–8, 49–54.
This journal is © The Royal Society of Chemistry 2017


	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery
	Biologically-based pressure activated thin-film battery

	Biologically-based pressure activated thin-film battery




