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ABSTRACT

We report a simple approach to develop transient microbial
fuel cells with the capability of dissolving in water after stable
power generation within a programmed period. This novel water-
soluble biobattery makes use of the integration of a dissolvable
paper-based substrate, a simple pencil-drawn graphite anode, and
a Prussian-blue (PB) cathode. The device features (i) a low cost
transient paper-based platform, (ii) easily accessible electrode
materials and simple fabrication steps and (iii) a time-controlled

operation by using the number of serpentine microfluidic channels.

The biobatteries reached to a maximum power of 0.5uW and a
current 15.6puA and achieved full dissolution in less than 60
minutes.

INTRODUCTION

Transient electronics is an emerging technology with the
interesting characteristics to physically disappear on demand [1].
Future research efforts in this realm will continue to revolutionize
the fields of temporary biomedical implants, environmental
friendly electronics, data-secure memory devices, and disposable
consumer electronics [2-4]. However, there are significant
challenges in developing transient electronics at a system level
that contains an integrated, transient power source [5-9]. The
transient power source is essential to creating an all transient
system that can work independently and self-sustainably [5, 6].
Despite the vast promise and demand, however, research efforts
on transient power sources or energy storage devices were quite
limited. Several transient power sources such as lithium-ion
batteries and nanogenerators were proposed to degrade into the
surrounding environment by the external triggers such as light,
temperature, pH, or special liquid [8, 9]. However, they do not
sustain stable performance in a controllable manner and still
contain a large amount of non-renewable and non-biodegradable
heavy metals and polymers [10-14].

In this work, we report a bacteria-powered biobattery on a
dissolvable paper that can be decomposed in a controlled manner
after stable operation (Figure 1). Single sheet transient microbial
fuel cells (MFCs) were directly created from a 2-D sheet of water-
soluble paper consisting of four functional layers; (D an anode, @
a reservoir, (3 a proton exchange membrane (PEM), and @ a
cathode (Figure 2) [15, 16]. The hydrophilic microfluidic channels
for microbial energy production were defined with hydrophobic
wax boundaries which efficiently delayed the fast destruction of
the substrate in water. A pencil-drawn graphite anode and a
Prussian blue (PB) cathode were constructed on water-soluble
paper [17], and electricity-producing bacterial cells were pre-
inoculated and freeze-dried in the patterned channels. When the
bottom of the device was dipped in water, the liquid was
transported vertically via capillary force, rehydrating the freeze-
dried cells and activating their respiration by transferring electrons
to the anode (Figure 1) [18, 19]. Simultaneously, transiency was
triggered while the water dissolved the paper substrate from the
bottom. With the number of serpentine microfluidic channels, the
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Figure 1: Schematic diagrams of our transient biobattery and
its operating principle.
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Figure 2: (a) Photo image of the devices with different number
of serpentine microfluidic channels (n=1~6), (b) top and (c)
bottom view of the device.

transiency was controlled and programmed. This fabrication and
material breakthrough allowed the creation of a novel on-demand
transient microbial fuel cell (MFC) platform made only of simple
and low-cost materials. A maximum power of 0.5uW and current
15.6pA were achieved.

EXPERIMENTAL SET-UP
Materials

Poly(3,4-ethylened  ioxythiophene):polystyrene  sulfonate
(PEDOT:PSS), dimethyl sulfoxide (DMSO) and Nafion solution
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were purchased from Sigma Aldrich. Prussian Blue (PB) was
obtained from Spectrum Chemical. Graphene was purchased from
Angstron Materials, and dissolvable papers were obtained from
Uline.

Device fabrication

Transient MFC devices were fabricated by using a wax
printing technique. The hydrophobic wax patterns were designed
using AutoCAD software and printed out onto the dissolvable
paper using Xerox Phaser printer (ColorQube 8570). The printed
paper was then placed in an oven set at 100°C for 50s, and the
hydrophobic wax melted into the paper substrate, defining device
boundaries and fluidic channels, forming PEMs, and mechanically
strengthening the paper to delay rapid dissolving of the paper in
water (Figure 2a).

Anodes on paper

To prepare pencil-graphite anode electrodes, an HB grade
pencil was purchased from American Tombow Inc [20]. The
electrodes were prepared by simple drawing on the pre-defined
anodic microfluidic channels (Figure 2b). The pencil trace
generated the coverage of graphitic layer on top of the
reservoir/fluidic channel. The average surface resistance of 310 &
was obtained throughout the anodic channel.

Cathodes on paper

The Prussian-Blue (PB)-based cathode was constructed by
providing a conductive pencil trace layer on top of the wax-based
proton exchange membrane (PEM). The drawn graphite provided
the high conductivity of the cathode. The cathode material for
each lem® area was prepared with 8mg of PB and 3mg of
graphene in a conductive binder solution followed by
ultrasonication for 10min. The conductive binder solution was
prepared with (i) 30uL of PEDOT:PSS solution, (ii) 5 uL of 5 wt%
Nafion, (iii) 100 pL of isopropanol. The mixture was brush coated
on the pre-defined pencil-traced cathodic side of the paper (Figure
2¢).

Inoculum

Shewanella oneidensis MR-1 were grown from -80°C glycerol
stock cultures by inoculating 20mL of L-broth medium with gentle
shaking in air for 24h at 35°C. The L-broth media consisted of
10.0g tryptone, 5.0g yeast extract and 5.0g NaCl per liter. Both
cultures were then centrifuged at 5,000rpm for S5min to remove the
supernatant. The bacterial cells were re-suspended in a new
medium and used as an anolyte for the device.

Freeze-drying (lyophilization) procedure

After the MFC devices were inoculated with bacterial cells,
they were placed in a low freeze drier (FreeZone Plus 2.5 Liter
Cascade Benchtop Freeze Dry System, Labconco, MO, USA), the
drying operation was performed at a pressure of 0.06atm for 12h
with freezing and sublimation processes. During the freezing, the
chamber temperature dropped to —50°C and then progressively
increased back to room temperature. The device was not affected
by the lyophilization processes.

Measurement setup

We measured the potentials between the anodes and the
cathodes with a data acquisition system (National instrument,
USB-6212), and recorded the readings every 1 min via a
customized LabView interface. An external resistor was connected
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Figure 3: Operation period of the devices with different
number of channels.

between the anode and the cathode to close the circuit. The current
through this resistor was calculated using Ohm’s law.

RESULT AND DISCUSSION

To effectively control and purposely prolong the device
operation time, we defined the different lengths of microfluidic
channels. The increase in the length of channels with the wax-
printed boundaries as well as the pencil-drawn graphite channels
prevented the biobattery from the instant dissolving of battery in
the water. During operation, the devices were partially placed in a
water container. The freeze-dried bacteria cells were activated
through rehydration as the water flowed up the channel while the
output voltage and current were monitored.
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Figure 4: Voltage and current outputs of the transient
biobattery (n=6)
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Figure 5: Polarization curve/output power for the transient
biobatteries (n=4 & n=6) as a function of current.

Microfluidic channel numbers (n)

In this work, we tested six different designs with the different
number of serpentine microfluidic channel curves (n=1~6). The
open circuit voltage (OCV) for each device was continuously
measured during the dissolving process. As shown in Figure 3, the
increase in the channel length resulted in the prolonged device
operation. The n=1 device operated only for 4min. while the
voltage generation of the n=6 one was sustained for more than
22min. We further tested the n=6 device with three different
resistors (100KQ, 10 KQ and 1 KQ) to measure the current
outputs (Figure 4). For 25min, the device successfully operated,
generating current outputs in response to the resistors. Figure 5
shows the polarization curve and the power output of the devices
with n=4 and n=6 channels. A maximum power of 0.5uW and
current 15.61A were produced from the biobattery (n=6).

Dissolvability
The dissolvability of the biobattery and its components (i.e.
the substrate, printed wax boundaries and membrane, pencil-
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Figure 6: Transient test of the device (n=6) in water. After 60
min, the device completely dissolved in water.

drawn electrodes and Prussian-Blue cathode) were evaluated in
water. The substrate itself could completely dissolve within the
less than 2 min while the wax-printed boundaries and the pencil-
drawn traces required more time for the dissolution. Figure 6
demonstrates the dissolving courses of the entire battery with n=6
in water at the room temperature. For the complete dissolution of
the device, it took about 60 min.

CONCLUSION

This work provided a novel technique to develop a transient
biobattery by using a microfluidic control for programmable
dissolution. The transient paper-based MFC used the dissolvable
paper as a substrate, the pencil-drawn graphite anode and the
Prussian-blue (PB) cathode. The different lengths of the
microfluidic channels controlled the operation time of the battery.
The freeze-dried bacteria cells pre-loaded on paper can be very
useful for on-demand battery operation in resource-limited
environments. This work will provide an innovative strategy to
develop a transient battery with an easy-to-use and inexpensive
alternative fabrication method.
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